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Abstract

Small molecule inhibitors of the mTORC2 kinase (torkinibs) have shown efficacy in early clinical 

trials. However, the torkinibs under study also inhibit the other mTOR-containing complex 

mTORC1. While mTORC1/mTORC2 combined inhibition may be beneficial in cancer cells, 

recent reports describe compensatory cell survival upon mTORC1 inhibition due to loss of 

negative feedback on PI3K, increased autophagy, and increased macropinocytosis. Genetic models 

suggest that selective mTORC2 inhibition would be effective in breast cancers, but the lack of 

selective small molecule inhibitors of mTORC2 have precluded testing of this hypothesis to date. 

Here we report the engineering of a nanoparticle-based RNAi therapeutic that can effectively 

silence the mTORC2 obligate cofactor Rictor. Nanoparticle-based Rictor ablation in HER2-

amplified breast tumors was achieved following intra-tumoral and intra-venous delivery, 

decreasing Akt phosphorylation and increasing tumor cell killing. Selective mTORC2 inhibition in 

vivo, combined with the HER2 inhibitor lapatinib, decreased the growth of HER2-amplified breast 

cancers to a greater extent than either agent alone, suggesting that mTORC2 promotes lapatinib 

resistance but is overcome by mTORC2 inhibition. Importantly, selective mTORC2 inhibition was 

effective in a TNBC model, decreasing Akt phosphorylation and tumor growth, consistent with our 

findings that RICTOR mRNA correlates with worse outcome in patients with basal-like TNBC. 

Together, our results offer preclinical validation of a novel RNAi delivery platform for therapeutic 

gene ablation in breast cancer, and they show that mTORC2-selective targeting is feasible and 

efficacious in this disease setting.
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Introduction

Approximately 20% of breast cancers overexpress HER2, which activates the PI3K/Akt/

mTOR signaling cascade that drives tumor cell growth, survival, metabolism, and motility 

(1). Targeting HER2 therapeutically using trastuzumab or tyrosine kinase inhibitors (TKIs; 

e.g., lapatinib, neratinib) inhibits PI3K/Akt/mTOR signaling and decreases growth and 

survival of HER2+ breast cancers. The development of anti-HER2 therapeutics has 

significantly improved clinical outcomes for patients with HER2+ breast cancers (2). 

However, resurgent PI3K/Akt/mTOR signaling allows tumors to evade cell death in response 

to HER2 inhibition, is associated with tumor recurrence, and is a major cause of therapeutic 

resistance for anti-HER2 treatment strategies. Moreover, PI3K/Akt/mTOR signaling is 

aberrantly elevated in up to 60% of clinical breast cancers across all subtypes (HER2+, ER+, 

PR+, and TNBC), due to genetic alterations in PIK3CA, AKT1-3, PTEN, and increased 

expression or activity of growth factors and their receptors (3, 4). Given its prevalent 

activation in breast cancers and prominent role downstream of HER2, there is significant 

motivation to pursue new treatment strategies targeting the PI3K/Akt/mTOR signaling axis.

The intracellular serine/threonine kinase mTOR exists in two structurally and functionally 

distinct complexes that lie downstream of HER2 and PI3K (5). The protein Rictor, in 

association with mTOR, is a defining and required feature of mTOR complex 2 (mTORC2), 
while the protein Raptor is a required cofactor for mTOR complex 1 (mTORC1), although 

the two complexes affiliate with other common (e.g., mLST8) and distinct (e.g., PRAS40; 

Sin1) protein cofactors that support complex stability, negative regulation, and substrate 

affinity. The two complexes are differentially inhibited by rapamycin and rapamycin-related 

drugs called rapalogues; mTORC1 is extremely sensitive, but mTORC2 is insensitive to this 

drug class, although in some cell types an extended treatment with rapamycin can impair 

mTORC2 signaling (6). These two complexes are functionally disparate as well. Signaling 

through mTORC1 is responsive to intracellular levels of oxygen, amino acids, and ATP, 

among others, activates anabolic cellular metabolism (e.g., DNA synthesis, protein 

translation), and inhibits biological processes associated with nutrient deprivation (e.g., 

autophagy, macropinocytosis) (7). Interestingly, mTORC1 signaling also dampens PI3K 

signaling via a negative feedback cycle involving IRS-1 (8–10).

In contrast, mTORC2 phosphorylates AGC kinases (Akt, SGK, and PKC family members) 

(11–16), each with known oncogenic roles in tumor cell survival (12, 15, 17–22) and 

cytoskeletal dynamics that drive planar cell motility, a key step in metastasis (23). Genetic 

Rictor ablation has been previously used to eliminate mTORC2 signaling and block Akt 

S473 phosphorylation (a direct mTORC2 phosphorylation site). Rictor ablation from the 

mammary epithelium of genetically engineered mice revealed a role for mTORC2 in 

motility and invasion of the normal mammary epithelium during branching morphogenesis 

(15). This phenotype was carried forward to mouse models of spontaneous breast cancer, 
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revealing that loss of Rictor-dependent mTORC2 activity decreased tumor cell survival in an 

Akt-dependent manner (24) and blocked metastasis in a manner depending on an Akt, 

Tiam-1, and Rac1-dependent signaling cascade (25). Findings related to the therapeutic 

potential of mTORC2 as a target in genetically engineered mouse models are supported by a 

growing body of literature showing that genetic mTORC2 inhibition (using Rictor RNAi) 

also reduces cell motility and survival in cultured human breast cancer cell lines (24, 26–28). 

Further strengthening the clinical implications, immunohistochemical (IHC) analyses 

revealed higher Rictor staining in clinical invasive breast carcinomas (IBCs) over normal 

breast epithelium, and showed that Rictor IHC staining intensity correlated with higher 

grade (grade II/III) tumors (24). In support of this finding, we discovered that RICTOR gene 

copy number gains are associated with decreased overall survival in patients with IBC (24).

Preclinical and clinical genetic studies support targeted inhibition of mTORC2 for 

improving breast cancer patient outcomes, and several studies suggest that inhibition of 

mTORC2 while sparing mTORC1 signaling is desirable (7–10). The lack of availability of 

an mTORC2-selective inhibitor has previously limited the ability to rigorously test the value 

of selective mTORC2 inhibition as a therapeutic approach for treating established tumors. 

Unfortunately, potent and selective small molecule mTORC2 inhibitors that spare mTORC1 

activity are very difficult to generate due to the intricate, multi-faceted protein-protein 

interactions of the mTORC2 complex. Based on an abundance of evidence demonstrating 

that genetic Rictor ablation impairs mTORC2 signaling while sparing mTORC1 signaling, 

we sought to develop a Rictor-specific RNAi nanomedicine that enables therapeutic 

inhibition of mTORC2 activity. This approach leverages nanoparticles optimized for 

intravenous (i.v.) delivery of siRNA to tumors (29) that here, for the first time, are applied 

against a therapeutically-relevant gene target, Rictor, that is otherwise selectively-

undruggable. A potent Rictor RNAi formulation was developed, confirmed to be mTORC2-

selective, and verified to provide in vivo efficacy in both HER2-amplified and triple negative 

breast cancers. Furthermore, in the setting of HER2-amplified disease, Rictor-targeted 

therapy was found to cooperate with the HER2 kinase inhibitor lapatinib to regress existing 

tumors. While other studies have provided insights on Rictor deletion inhibiting HER2-

amplified tumor development (24), herein the first evidence is provided on the therapeutic 

benefit of an mTORC2-selecitve inhibitor on existing tumors and new implications of 

mTORC2-selective inhibition on in vivo TNBC therapy are shown.

Methods

Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise 

specified. DMAEMA and BMA monomers were passed twice through an activated basic 

alumina gravity column prior to use in order to remove inhibitors. 2,2-Azobis(2-

methylpropionitrile) (AIBN) was recrystallized twice from methanol. All cell culture 

reagents were purchased through Fischer Scientific unless otherwise specified. Cell culture 

media and reagents, including Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bovine 

Serum (FBS), PBS (−/−), PBS (+/+), and anti-anti reagent were purchased through Life 

Technologies (Grand Island, NY, USA). For DLS experiments, dsDNA was used as a model 
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for siRNA. For all fluorescent measurements, fluorophore-labeled dsDNA was used a model 

of siRNA. A list of oligonucleotides is provided in the supplement (Supplemental Figure 

S1). RICTOR siRNA’s were acquired from Dharmacon’s human ON-TARGETplus siRNA 

library (Set of 4: ON-TARGETplus RICTOR siRNA; LQ-016984-00-0002). RICTOR 
siRNA’s were acquired from IDT’s human DsiRNA library (hs.Ri.RICTOR.13.1, 

hs.Ri.RICTOR.13.2, hs.Ri.RICTOR.13.3, hs.Ri.RICTOR.13.4, hs.Ri.RICTOR.13.5). The 

naming scheme used for ternary si-NP formulation is as follows: [Binary Polymer] (Binary 

N:P)-[Ternary Polymer](Ternary N:P). Therefore, ternary si-NPs containing a DB core 

formulated at 4:1 N:P and PDB corona formulated to a final N:P of 12:1 are referred to as 

DB4-PDB12.

Polymer synthesis and si-NP generation

Polymers and si-NPs were synthesized and characterized according to previously published 

chemical procedures (29). Supplemental Figures S2-5 describe the synthesis scheme and 

validate the composition of all polymers and si-NPs used within these studies.

Cell Line Authentication

BT474, MDA-MB-361, SKBR3, and MDA-MB-231 cells were purchased in 2012 from 

ATCC and cultured at low passage in DMEM with 10% fetal calf serum and 1% Anti-Anti 

reagent (Gibco). Cell identity was verified by ATCC using genotyping with a Multiplex STR 

assay. All cell lines were screened monthly for mycoplasma using the procedure of Young Et 

al. (30). All cell lines were used for experiments within 50 passages from thawing.

Cell culture

Human breast cancer cells were seeded (MDA-MB-231: 50,000 cells per well; MDA-

MB-361, SKBR3, BT474: 250,000 cells per well) in 6-well plates and transfected with 

Lipofectamine 2000 (LF2K) carrying either Scrambled or Rictor siRNA (20 nM) shown in 

Supplemental Figure S1. Where indicated, cells were treated with lapatinib (Selleck Chem) 

dissolved in dimethyl sulfoxide (DMSO). Cell growth in monolayer was assessed using a 

crystal violet assay as previously descried (24). Luciferase-expressing MDA-MB-231 cells 

were previously described (31). YFP-G8 MDA-MB-231 cells were generated by 

transduction with VSV-G pseudotyped Moloney murine leukemia virus (MMLV) retroviral 

particles encoding yellow fluorescent protein-(YFP-)Galectin 8 and Blasticidin resistance 

(32). For si-NP experiments, cells were seeded (MDA-MB-231: 50,000 cells per well; 

MDA-MB-361, SKBR3, BT474: 250,000 cells per well) in 6-well plates, adhering overnight 

before adding si-NPs (100 nM siRNA) for 24 h, then replenished with fresh media.

Reverse transcription and quantitative polymerase chain reaction (RT-qPCR)

RNA was isolated with an RNEasy Mini Kit (Qiagen) according to the manufacturer’s 

protocol at 48 h. The expression of Rictor and Raptor were evaluated by RT-qPCR by 

normalizing to the housekeeping gene GAPDH. RNA was extracted from tumor tissue using 

a tissue lyser (Qiagen) and Qiazol and isolated using the RNEasy Universal Mini Kit 

(Qiagen) according to the manufacturer’s protocol. Rictor mRNA levels were evaluated by 

RT-qPCR and normalized to the housekeeping gene, 36B4.
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Western blotting and immunoprecipitation

Cells or tumors were homogenized in ice-cold lysis buffer [50 mM Tris pH 7.4, 100 mM 

NaF, 400 mM NaCl, 0.5% NP-40, 100 μM Na3VO4, 1X protease inhibitor cocktail (Roche)] 

and cleared by centrifugation (4°C, 13,000 × g, 10 min). Protein concentration was 

determined using BCA assay (Pierce), then samples were resolved by SDS-PAGE. For 

immunoprecipitation, 1 mg total protein in 1 ml of low salt lysis buffer [50 mM Tris pH 7.4, 

100 mM NaF, 120 mM NaCl, 0.5% NP-40, 100 μM Na3VO4, 1X protease inhibitor cocktail 

(Roche)] was immunoprecipitated with anti-mTOR antibody (Cell signaling technologies) or 

a normal IgG control using Protein A/G+ beads (Santa Cruz Biotechnologies), washed 5 

times with low salt lysis buffer, then denatured in 4X reducing sample buffer (Novex). 

Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes. Membranes 

were blocked and probed with antibodies as described previously (33) using primary 

antibodies: α-actin (Sigma-Aldrich); Rictor (Santa Cruz); and the following from Cell 

Signaling Technologies [phospho-cocktail; AKT, P-Akt S473, S6, P-S6, and Raptor].

Caspase 3/7 activity

MDA-MB-361, BT474, SKBR3, and MDA-MB-231 cells (5,000 cells per well) were seeded 

in black-walled 96-well plates and allowed to adhere overnight. After treatment, half of the 

media was removed (leaving 50 uL behind). To the remaining media and adherent cells, 50 

uL of Caspase 3/7 Glo reagent (Promega) was added. After 1 h incubation on a shaker at RT, 

luminescence was measured on an IVIS Lumina III imaging system (Xenogen Corporation, 

Alameda, CA, USA).

Colony formation assays, mTORC2 inhibitor and lapatinib therapy

MDA-MB-361, SKBR3, and BT474 cells (5,000 cells per well) were seeded in 6-well plates 

on day 0. Cells were treated with DB4-PDB12 si-NPs carrying either Scrambled or Rictor 

siRNA (100 nM each) on day 1. Cells were fed with fresh media containing 0.25 μM 

lapatinib in DMSO, or with an equal volume of DMSO (0.2 microliters) every 3 days 

through day 10. Cells were stained with crystal violet on day 10, and scanned on a flatbed 

scanner.

Human breast cancer dataset analysis

Overall survival of patients with Rictor and HER2 alterations >2 SD from mean of 

expression was analyzed within The Cancer Genome Atlas METABRIC data set. All 2509 

samples from the METABRIC dataset were included and mutations, copy-number 

alterations, and mRNA expression >2 SD from the mean were included as alterations.

Mice

For generation of orthotopic breast cancer xenografts, 1 × 106 tumor cells were injected into 

the inguinal mammary fatpads of athymic Balb/C nu/nu female mice (4-6 weeks old, Jax 

Mice). Tumor dimensions were measured using digital calipers. Tumor volume was 

calculated as: volume = length × width2 × 0.52)(34). For bioluminescence imaging, tumor-

bearing mice were injected intraperitoneally (i.p.) with luciferin substrate (150 mg/kg) and 

imaged on IVIS Lumina III (Xenogen Corporation, Alameda, CA, USA) 30 minutes post-
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injection. For intra-tumoral si-NP delivery, 1 mg/kg (siRNA dose) si-NPs were delivered in 

50 μl volume of saline to anesthetized mice. For intra-venous si-NP delivery, 1 mg/kg 

(siRNA dose) si-NPs were delivered in 100 μl volume of saline via tail vein injection. 

Fluorescence imaging of tissues following intra-venous si-NP delivery was performed with 

IVIS Lumina III imaging system (Xenogen Corporation) at excitation wavelength of 620 ± 5 

nm and emission wavelength of 670 ± 5 nm. Where shown, mice were treated with 100 

mg/kg lapatinib or equal volume of vehicle control (0.1% Tween-80, 0.5% methyl cellulose) 

by oral gavage.

Flow cytometry

Intracellular delivery of fluorescent si-NPs was evaluated by flow cytometry. Tumors were 

with collagenase (0.5 mg/mL, Roche Life Sciences) and DNAse (0.19 mg/mL, BioRAD) for 

1 h, incubated with 5 mM EDTA for 20 min, re-suspended in HBSS and filtered through a 

70 μm nylon cell strainer. Erythrocytes were removed with ACK lysis buffer (Thermo Fisher 

Scientific) for 2 min, and washed cells were assessed by flow cytometry (BD LSRii, BD 

Biosciences, San Jose, CA, USA). Uptake analysis was performed in FlowJo. Cell 

populations were isolated using forward and side scatter, then GFP positive tumor cells were 

selected, and Cy5 fluorescence intensity was measured.

Histological analysis

Tissue processing, H&E staining, and immunohistochemistry for Ki67 was performed by the 

Vanderbilt Translational Pathology Shared Resource. Tumors were resected from mice and 

paraffin sections (5-μm) were stained with hematoxylin and eosin (Calbiochem). IHC on 

paraffin-embedded sections was performed as described previously (35) using: Rictor (Santa 

Cruz Biotechnologies), Ki67 (Santa Cruz Biotechnologies) and P-Akt S473 (Cell Signaling 

Technologies) antibodies. Immunodetection was performed using the Vectastain kit (Vector 

Laboratories), according to the manufacturer’s directions. TUNEL staining was performed 

using the ApopTag In Situ Red Apoptosis Detection Kit (Millipore) as per manufacturer’s 

protocol. Photomicrographs acquired on an Olympus CK40 inverted microscope through an 

Optronics DEI-750C charge-coupled-device video camera using CellSens capture software. 

CellSens software was also used to quantify the average percentage of Ki67 or TUNEL 

positive nuclei as described previously (36).

Ethics Statement

All animals were housed under pathogen-free conditions, and experiments were performed 

in accordance with AAALAC guidelines and with Vanderbilt University Institutional Animal 

Care and Use Committee approval.

Statistics

Treatment groups were compared using either two-tailed student’s t-test or one-way 

ANOVA test coupled with Tukey means comparison test, where a p-value < 0.05 was 

deemed representative of a significant difference between treatment groups. For tumor 

growth kinetics, linear regression of the growth curves was performed, and a significant 

difference is indicated where the 95% confidence intervals of curves do not overlap. Outliers 
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were removed from data using the Grubb’s method with α = 0.05 for a single outlier or 

ROUT method with a 1% Q-value for multiple outliers. For all data, the arithmetic mean and 

standard error are shown.

Results

Screening Rictor siRNA sequences for nanoparticle-mediated delivery to HER2-amplified 
and TNBC cell cultures

Recently published work described an optimized siRNA-loaded nanoparticle (si-NP), 

comprised of three components: 1.) siRNA, 2.) core-forming polymer (poly(DMAEMA-co-

BMA), DB4), and 3.) PEGylated, corona-forming polymer (PEG-b-poly(DMAEMA-co-

BMA), PDB12) (Figure 1A and Supplemental Figure S2-S5) (29). We employed these 

optimized ternary si-NPs to deliver Rictor-targeting siRNA sequences to cells in vitro and 

tumors in vivo. Consistent with previously published reports, particle assembly with siRNA 

and core-forming polymer (but lacking the corona polymer) generated large, unstable 

structures (Supplemental Figure S6A), while particle assembly with core-forming and 

corona-forming polymers (but lacking the siRNA) generated very small micelles (~20 nm 

diameter) (Supplemental Figure S6A). However, the ternary particle harboring all three 

components produced stable si-NPs with uniform size (~150 nm diameter; Supplemental 

Figure S6A-B), and with no evidence of binary pre-NPs (DB4 + siRNA). These ternary si-

NPs loaded with non-targeting siRNA sequences (100 nM final concentration) were 

delivered to the cultured media of MDA-MB-361, BT474, SKBR3, and MDA-MB-231 

breast cancer cells without any other additive or transfection reagent. This si-NP formulation 

was well tolerated by all cell lines tested, with 70-90% cell viability (Supplemental Figure 

S6C). The si-NPs displayed potent and controlled pH-dependent membrane disruption 

beginning at pH 6.8 and below (Supplemental Figure S6D), consistent with the pH of 

endolysosomal compartments and confirming optimization for endolysosomal escape, a 

critical attribute for siRNA intracellular cytosolic bioavailability and therapeutic potency 

(29, 31, 37). Endosome disruption was confirmed using a novel approach, in which galectin 

8 (G8), a protein rapidly recruited to damaged endosomes is fused with yellow fluorescent 

protein (YFP). YFP-G8 recruitment to damaged endolysosomes, visualized by fluorescent 

puncta can be used as a surrogate pharmacodynamic marker for endosomal escape (32, 38). 

We found that MDA-MB-231 TNBC cells treated with ternary si-NPs displayed >7-fold 

increase in fluorescent YFP-G8 puncta at disrupted endosomes over what was seen in cells 

prior to treatment (Supplemental Figure S6E), supporting the utility of the ternary si-NPs for 

siRNA delivery to cells.

A panel of nine RICTOR siRNA sequences were transiently transfected into MDA-MB-361 

cells, a HER2-amplified breast cancer cell line previously shown to express high RICTOR 
levels, screening for the sequence providing the greatest RICTOR knockdown. RT-qPCR 

analysis revealed nearly 70% decreased RICTOR transcript levels in cells transfected with 

sequence siRic.2 (Figure 1B), which was used for all further studies. Importantly, a 

scrambled siRNA sequence was used as a negative control, which did not provide significant 

alteration in relative RICTOR transcript levels as compared to a non-targeting (NT) siRNA 

control. Transient transfection of the Rictor siRNA siRic.2 into HER2-amplified breast 
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cancer cell lines MDA-MB-361, BT474, and SKBR3 resulted in >70% knockdown of 

RICTOR transcripts (Figure 1C). To confirm that the selected Rictor siRNA sequence 

resulted in selective mTORC2 inhibition as described in previous work from our lab and 

others, we assessed phosphorylation of mTORC2 and mTORC1 effectors, Akt and 

ribosomal protein S6, respectively (Figure 1D). Western analysis confirmed Rictor was 

decreased in HER2-amplified MDA-MB-361 cells and MDA-MB-231 cells (a human triple 

negative breast cancer cell line) at 24 h after transfection with siRictor (Figure 1E). Akt 

phosphorylation at S473 (the mTORC2 phosphorylation site) was diminished in MDA-

MB-361 cells transfected with siRic.2 (Figure 1E), consistent with previous results. Similar 

results were seen in MDA-MB-231 cells. Notably, Rictor knockdown did not decrease 

phosphorylation of the mTORC1 effector S6 in MDA-MB-361 or MDA-MB-231 cells, 

suggesting that Rictor knockdown selectively inhibits mTORC2 activity while sparing 

mTORC1. Conversely, Raptor knockdown using siRNA decreased Raptor protein levels, and 

decreased phosphorylation of the mTORC1 effector S6, but did not diminish 

phosphorylation of the mTORC2 effector Akt. As expected, the combination of Rictor 

knockdown with Raptor knockdown resulted in decreased phosphorylation to both S6 and 

Akt S473, suggesting inhibition of both mTORC1 and mTORC2. Association between 

Raptor and mTOR, a required step in mTORC1 activation, was not affected by Rictor 

knockdown using siRic.2 sequences, as measured by co-precipitation (Figure 1F). Rictor co-

precipitation in mTOR immunoprecipitates was diminished upon Rictor knockdown, 

together suggesting that siRic.2 sequences produce the expected molecular features of 

selective mTORC2 inhibition that has been described previously for Rictor knockdown. 

Together, these data support Rictor as an ideal candidate for further study in the setting of si-

NP delivery to breast tumor cells. Although these studies using transfection of Rictor siRNA 

were largely confirmatory of the known molecular signaling pathways, these results 

represent the necessary groundwork for identification of potent Rictor siRNA and 

confirmation of on-target effect, data that enable rigorous testing of therapeutic nanoparticle-

based Rictor siRNA delivery.

Nanoparticle-based mTORC2 delivery in combination with lapatinib decreases growth of 
HER2-amplified breast cancer cells

Ternary si-NPs harboring Rictor siRNA sequences (Rictor si-NPs) or Scrambled siRNA 

sequences (scramble si-NPs) were delivered at a final concentration of 100 nM siRNA to the 

culture media of HER2-amplified (MDA-MB-361, BT474, and SKBR3) and TNBC (MDA-

MB-231) cells, without any transfection reagent or other additive. Treatment of cells with 

Rictor si-NPs for 24h silenced RICTOR mRNA levels 75%-90% (Figure 2A) and increased 

Caspase 3/7 activity (Figure 2B). MDA-MB-361 cells treated with Rictor si-NPs for 16 

hours followed by culture in normal growth media (10% serum) were assessed at 24 h after 

treatment began, revealing Rictor protein knockdown through 96 h post-treatment (Figure 

2C). Importantly, lapatinib modestly decreased, but did not completely block P-Akt S473. 

While P-Akt remained modestly diminished through 96 h in response to lapatinib, the P-Akt 

levels increased over time between 24 h to 96 h. This pattern of resurgent P-Akt following 

HER2 molecular targeting has been reported previously, and is thought to drive treatment 

resistance (2). Further, mTORC2 inhibition (using stable Rictor shRNA expression) has been 

shown to confer increased sensitivity to the HER2 kinase inhibitor lapatinib, in large part 
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due to improved inhibition of P-Akt (24). Therefore, we tested the combination of Rictor si-

NPs with lapatinib (1 μM), which decreased P-Akt to a far greater extent than lapatinib alone 

(Figure 2C). Importantly, the combination of lapatinib + Rictor si-NPs increased caspase 3/7 

activity >2-fold beyond what was seen with either lapatinib alone or Rictor si-NPs alone 

(Figure 2D). Culture of MDA-MB-361, BT474, and SKBR3 cells for 10d with lapatinib 

(250 nM) revealed decreased tumor cell growth (Figure 2E). However, treatment of cells for 

24h with Rictor si-NPs followed by 10d culture with lapatinib decreased tumor cell growth 

to an even greater extent (Figure 2E-F). These findings support the use of Rictor si-NPs as a 

means of selective mTORC2 targeting in HER2-amplified breast cancer cells, recapitulating 

results previously achieved using standard technologies to deliver Rictor RNAi sequences, 

but without the use of transfection reagents or viral infection.

RICTOR levels correlate with worse outcome in HER2-amplified breast cancers and triple 
negative breast cancer subtypes

Previous studies demonstrate that RICTOR gene amplification correlates with worse 

outcome in patients with invasive breast cancer (IBC) (24). This was confirmed in analysis 

of METABRIC curated invasive breast cancers (N = 2509) assessed for RICTOR gene 

alterations, including gene amplification, mutation, or overexpression (RNA expressed > 2 

S.D. from the mean). This assessment demonstrated significant correlation between 

RICTOR alterations and decreased overall survival (OS) for IBC patients (Supplemental 

Figure S7A). The outcome was substantially worse in patients harboring RICTOR 
alterations and/or gene amplification of ERBB2, also known as HER2 (Supplemental Figure 

S7A). To assess more directly the impact of RICTOR gene expression on outcome of 

patients with HER2-amplified breast cancers, we used KmPlot software for meta-analysis of 

multiple breast cancer expression datasets, focusing specifically on HER2-amplified breast 

cancers (N = 108). This approach revealed that HER2-amplified breast cancers harboring 

high RICTOR mRNA levels suffered profoundly decreased progression free survival (PFS) 

as compared to the remaining patients with HER2-amplified breast cancers in this analysis 

(Figure 2G, left panel). This finding is consistent with previous reports demonstrating that 

mTORC2 activity, measured in reverse phase protein array (RPPA) as P-Akt S473, correlates 

with decreased OS in patients with HER2-amplified breast cancer (24), and supports the use 

of HER2-amplified breast cancers as a model to test therapeutic mTORC2-selective 

inhibitors.

We reiterated this approach on the same collection of breast cancer expression datasets to 

determine if RICTOR expression correlates with PFS in other breast cancer molecular 

subtypes. We assessed RICTOR levels in five subtypes of TNBC [Basal-like 1 (BL1), Basal-

like 2 (BL2), immunomodulatory (IM), luminal androgen receptor (LAR), and mesenchymal 

(M)] (39), revealing a significant correlation between high RICTOR levels and decreased 

PFS in BL1 tumors (N =150; Figure 2G, middle panel). A similar trend was observed 

between high RICTOR levels and decreased PFS in patients with BL2 (N = 52) (Figure 2G, 

right panel), although this trend was not seen in other TNBC subtypes (Supplemental Figure 

S7B), These findings highlight the distinct molecular phenotypes of each TNBC subtype, 

and suggest that some TNBC subtypes might benefit from mTORC2 inhibition.
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Intra-tumoral delivery of si-NPs to block mTORC2 signaling blocks Akt and impairs tumor 
cell survival

Prior to intra-venous testing of Rictor si-NPs, we confirmed that si-NP delivery to tumors 

was capable of target gene ablation. Towards this goal, we treated luciferase-expressing 

MDA-MB-231 tumors with si-NPs loaded with siRNA sequences directed against luciferase 

(Luc si-NPs) as described previously [37]. For these initial experiments, we used 

intratumoral delivery of Luc si-NPs and Scramble si-NPs to orthtopically grown MDA-

MB-231 xenografts in each of the contralateral inguinal mammary fatpads. This approach 

allowed target gene knockdown to be monitored in paired tumors in a longitudinal manner. 

At the time of treatment (0 h), tumor bioluminescence was similar in samples treated with 

Scramble si-NPs and contralateral tumors treated with Luc si-NPs (Figure 3A). However, at 

24 h, bioluminescence was abolished in tumors treated with Luc si-NPs, but remained high 

in tumors treated with Scramble si-NPs, consistent with previous observations using this 

model system, and supporting continued investigations using this delivery platform for intra-

tumoral Rictor knockdown.

Because the effect of therapeutic Rictor ablation in TNBCs is unknown, we next assessed 

the impact of Rictor si-NPs on MDA-MB-231 tumors. Intra-tumoral delivery of si-NPs (1 

mg/kg) began when tumors were between 50 and 100 mm3, occurring on treatment day 0, 

day 2, and day 4 (Figure 3B). Tumors harvested on day 5 (24 h after final tumor treatment) 

revealed substantial Rictor knockdown in tumors treated with Rictor si-NPs, as measured by 

western analysis (Figure 3C) and immunohistochemistry (IHC, Figure 3D). Similar to what 

was found in MDA-MB-231 tumors, intra-tumoral delivery of Rictor si-NPs to orthotopic 

MDA-MB-361 tumors (HER2-amplified) also resulted in decreased Rictor protein 

expression (Figure 3D). IHC further revealed that Akt phosphorylation at S473 was 

substantially diminished in MDA-MB-231 and MDA-MB-361 tumors treated with Rictor si-

NPs, confirming deactivation of mTORC2 in these tumors. Tumor volume measurements at 

days 1, 3, and 5 (24 h after each treatment) revealed that Rictor si-NPs blocked growth of 

MDA-MB-231 tumors and MDA-MB-361 tumors throughout the treatment period, as 

compared to tumors treated with Scramble si-NPs, which increased tumor volume >3-fold 

over this time period (Figure 3E). Reduced tumor volume was due, at least in part, to 

increased tumor cell death, as measured by terminal dUTP nick end labeling (TUNEL) 

analysis (Figure 3F), demonstrating >8-fold induction of tumor cell death upon intra-tumoral 

Rictor knockdown in in MDA-MB-231 and MDA-MB-361 tumors.

Intra-venous delivery of ternary si-NPs supports tumor gene targeting

Therapeutic feasibility of Rictor si-NPs will require systemic delivery for most tumor types, 

including breast cancers. Importantly, previously published studies using this ternary si-NP 

platform has demonstrated reduced clearance from kidneys and favorable circulation time as 

compared to prototypes of the technology [37]. To assess si-NP distribution after intra-

venous delivery, we began by using si-NPs assembled with fluorescently-labeled non-

targeting siRNA sequences and treated tumor-bearing mice to confirm that si-NPs deliver the 

siRNA cargo to tumors. Tumors (MDA-MB-231), kidneys, liver, spleen, heart, and lungs 

were harvested 24 h after tail vein injection of si-NPs (1 mg/kg siRNA). Nearly 20% of the 

total fluorescent signal was detected within tumor tissue (Figure 4A-B). While siRNA 
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fluorescence was similar in tumors and kidneys, little fluorescence was measured in liver, 

lungs, and heart. Importantly, ternary si-NPs exhibited 1.6-fold more signal within tumors as 

compared to the liver, although fluorescent signal in kidneys remained greater than what was 

seen in tumors. High signal within the kidneys is expected within this class of polyion 

complex si-NPs due to interruption of electrostatic interactions by heparan sulfates of the 

kidney glomerular basement membrane (40). However, this si-NP formulation was 

previously shown to decrease accumulation in kidneys to half of what was seen with other 

polyion siRNA complexes (29). Furthermore, significant accumulation is not expected to 

occur in the kidneys; rather, this signal is expected to represent a benign route of excretion 

into the urine. To analyze the homogeneity of siRNA delivery to tumor cells, we harvested 

orthotopic MDA-MB-231 xenografts 24 h after intra-venous si-NP delivery, disaggregated 

tumors, and monitored the percent of tumor cells that were positive for uptake of the 

fluorescent (Cy5) non-targeting siRNA by flow cytometry. These studies revealed that with 

only a single treatment, nearly 80% of tumor cells from si-NP treated mice were Cy5+ 

(Figure 4C), with an 8-fold increase in mean fluorescence intensity per cell as compared to 

what was seen in saline-treated mice (Figure 4C-D), suggesting a robust and homogenous 

delivery of si-NPs to tumor cells using intra-venous delivery. To confirm the bioactivity of 

si-NPs upon delivery to tumor cells, we tracked the bioluminescence of luciferase-

expressing MDA-MB-231 tumors after delivery of either Scramble si-NPs as a control or 

Luc si-NPs that knockdown luciferase expression. Bioluminescent imaging at 0, 24 h, and 

48 h revealed that a single delivery of Luc si-NPs diminished luminescent signal in tumors 

by ~50% compared to Scramble si-NPs (Figure 4E), confirming that si-NPs deliver bioactive 

siRNA strands to tumor cells and thus can achieve target gene knockdown after intra-venous 

delivery.

Therapeutic mTORC2 inhibition using intra-venous delivery of Rictor si-NPs blocks growth 
of HER2-amplified breast cancers in vivo

As a rigorous test of Rictor gene targeting in vivo with systemic, intra-venous-delivered si-

NPs, we began treating mice harboring MDA-MB-361 tumors grown orthotopically when 

tumors reached 50-100 mm3. Mice were treated by intra-venous delivery of Rictor si-NPs or 

Scramble si-NPs (1 mg/kg siRNA) via tail vein injection on days 0, 2, 4, and 7 (Figure 5A). 

Mice were further randomized to receive daily treatment with lapatinib (100 mg/kg daily by 

gavage) or vehicle. Although si-NPs treatment ceased at treatment day 7, daily treatment 

with lapatinib continued until tumors were harvested on treatment day 21. A small cohort of 

tumors was collected at treatment day 7 to assess the acute impact of each treatment arm on 

RICTOR expression, revealing that RICTOR expression decreased >60% in tumors from 

mice treated with Rictor si-NPs alone as compared to those treated with Scramble si-NPs 

alone (Figure 5B), correlating with substantially reduced Rictor protein expression in tumors 

(Figure 5C), and confirming on-target activity of Rictor siRNA sequences in tumors 

following intra-venous delivery. Interestingly, RICTOR transcripts were insignificantly 

reduced by approximately 25% in samples treated with lapatinib (Figure 5B), although 

levels of Rictor protein assessed immune-histologically were not visibly altered by treatment 

with lapatinib. As expected, lapatinib in combination with either Scramble si-NPs or Rictor 

si-NPs robustly blocked tyrosine phosphorylation of HER2, validating that the known, on-

target molecular effect of lapatanib was operative within tumors (Figure 5C). Importantly, 
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the combination of Rictor si-NPs + lapatinib diminished RICTOR mRNA levels >50% and 

decreased Rictor protein levels as compared to what was seen in tumors treated with 

Scramble si-NPs + lapatinib (Figure 5B-C). RICTOR levels in tumors treated with lapatinib 

+ Rictor si-NPs were not statistically diminished as compared to what was seen in tumors 

treated with Rictor si-NPs alone. Consistent with previous reports that resurgent P-Akt S473 

occurs after sustained treatment with lapatinib, we found that P-Akt was readily detected in 

samples harvested from mice treated with Scramble si-NPs and either with or without 

lapatinib (Figure 5C). However, P-Akt S473 was reduced in tumors from mice treated with 

intra-venous Rictor si-NPs, both in the presence and absence of lapatinib, suggesting that 

Rictor si-NPs effectively blocked tumor mTORC2 signaling following intra-venous delivery. 

Together, these data show selective mTORC2 inhibition using Rictor si-NP blocks signaling 

through key HER2 pathway effectors, and when used in combination with lapatinib, can 

block signaling through compensatory signaling pathways that contribute to resistance to 

HER2 inhibitors.

As expected, daily oral treatment with lapatinib for 21 days reduced volumetric growth of 

MDA-MB-361 xenografts by approximately 50% (Figure 5D). A similar level of growth 

inhibition through treatment day 21 was seen upon intra-venous delivery of Rictor si-NPs, 

despite the fact that the final si-NP delivery occurred on treatment day 7. Further, the 

combination of intra-venous Rictor si-NP deliver through treatment day 7 plus daily oral 

lapatinib produced partial tumor regression through treatment day 7 (Figure 5E), after which 

tumor volume remained stable, demonstrating superior control of tumor growth upon 

combined inhibition of HER2 (using lapatinib) and mTORC2 (using Rictor si-NPs) (Figure 

5F). Histological analyses confirmed decreased tumor size (Figure 5G) and tumor cellular 

content (Figure 5H) in samples treated with Rictor si-NPs as compared to those treated with 

Scramble si-NPs. Notably, tumor size and cellular content were further diminished in 

samples treated with the combination of lapatinib + Rictor si-NPs (Figure 5H-I), with a 

corresponding increase in acellular matrix in tumors treated with the combination of Rictor 

si-NP and lapatinib. The intra-venous delivery of ternary si-NPs for Rictor therapy was also 

well-tolerated by the mice, with no change in glucose levels, no toxicity to liver and kidneys 

detected based on serum markers, and no change in animal body mass (Supplemental Figure 

S8A-C and Supplemental Figure S9).

Discussion

Previous studies demonstrate that Rictor gene targeting in mouse models of breast cancer, or 

using RNAi technologies in human breast cancer cells, eliminates mTORC2 assembly and 

activity. Rictor ablation by these strategies decreases signaling through key pathways 

including Akt, PKC, SGK, ILK, and Rac1 that regulate cell motility, cell survival, and 

metastasis. Enzymatic inhibition of mTOR kinase using torkinibs have proven effective at 

blocking mTORC2 signaling, although this occurs at the expense of mTORC1 signaling. 

Because mTORC1 inhibition relieves negative feedback on PI3K-to-mTORC2 signaling, 

torkinib-mediated inhibition of mTORC1/mTORC2 blocks tumor growth better than 

rapalogues (8, 9, 41–45). Superior efficacy of torkinibs in preclinical models suggests that 

mTORC2 inhibition provides a therapeutic benefit, albeit one that is currently unattainable 

without also blocking mTORC1. In the current study, we sought to develop and apply our 
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innovative RNAi NP platform to enable the first in vivo testing of a potent and selective 

therapy against mTORC2 in models of both HER2-amplified and triple negative breast 

cancers.

Benefits of selective mTORC2 inhibition in HER2-amplified breast cancers

The PI3K/Akt/mTOR axis is often activated downstream of receptor tyrosine kinases 

(RTKs) such as HER2, supporting the notion that RTK alterations would drive oncogenic 

mTORC2 signaling and Akt activation that drives tumor growth, progression, and treatment 

resistance. Abundant pre-clinical evidence suggests that Akt/mTOR inhibition is necessary 

for a full therapeutic response of HER2-amplified breast cancers (24, 46–48). Most studies 

have focused on inhibition of mTORC1, likely due to its position as a downstream effector 

of HER2/PI3K/Akt and the availability of mTORC1-specific inhibitors. Unfortunately, 

inhibition of mTORC1 relieves negative feedback on PI3K (through IRS-1), exacerbating 

RTK-dependent and -independent PI3K-to-Akt signaling, thus attenuating the realized 

therapeutic efficacy of mTORC1-specific rapalogues (8, 10). Considerably less is 

understood about the role of mTORC2 in breast cancer, but restoration of Akt signaling was 

sufficient to overcome HER2-amplified breast cancer cell death induced by Rictor/mTORC2 

genetic ablation, highlighting that mTORC2-Akt signaling is a key node in tumor cell 

survival (24). In addition to Akt, mTORC2 activates other AGC kinases, including PKC 

isoforms and SGK isoforms, which contribute to cell proliferation and survival (16). Thus, 

while mTORC2 activation occurs as part of the linear RTK-PI3K-mTORC2-Akt-mTORC1 

pathway, the effects of mTORC2 also impact other signaling pathways. Moreover, mTORC2 

inhibition may have additional effects upon the tumor microenvironment that are currently 

understudied (49), raising the possibility that tumor growth inhibition in response to Rictor 

si-NPs is also due in part to yet unknown effects in the tumor microenvironment. Based on 

the role of mTORC2 in numerous signaling pathways within tumor cells, and potentially 

numerous cell types within tumors, it is logical that mTORC2 inhibition using Rictor si-NPs 

in combination with lapatinib decreased HER2+ tumor growth to a greater extent than 

lapatinib alone (Figure 5D-F). Although we show these two therapies cooperate to increase 

cell killing and reduce tumor growth, additional studies are needed to fully elucidate the 

molecular mechanisms by which mTORC2 interference cooperates with HER2 inhibition.

A potential role for selective mTORC2 inhibition in TNBCs

Our analysis of publicly available breast cancer expression datasets revealed that RICTOR 
expression correlates with poor outcome in some, but not all, molecular subtypes of TNBC. 

Additional evidence that mTORC2 signaling might drive tumor progression in TNBCs has 

been previously shown. For example, AKT1, AKT2, and AKT3 are often amplified or 

harbor activating mutations in TNBCs (50). Additionally, mTORC2 is activated by the 

planar cell polarity (PCP) complex, a protein complex driving cell motility and metastasis in 

TNBCs (51), or by aberrant signaling of pRb, a protein frequently altered in TNBCs (52). 

Other groups have shown that SGK3, another mTORC2 substrate, is frequently 

hyperactivated in TNBCs (17). These data support the hypothesis that mTORC2 is 

potentially a high profile therapeutic molecular target in TNBCs. Indeed, our preliminary 

data show that genetic ablation of Rictor in TNBC cells and xenografts (MDA-MB-231) 

decreases cell survival and blocks tumor growth. While other groups have used Rictor RNAi 
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to demonstrate decreased cell motility and cell survival in cultured MDA-MB-231 cells (27, 

51), our RNAi approach is novel in that we have developed a translatable RNAi delivery 

platform that enables stable, efficient, and safe systemic delivery of RNAi sequences to 

tumors through intra-venous injection in vivo, as described below.

Development of Target-Selective si-NPs for Proteins that Elude Small Molecule Inhibitors

Signaling complexes such as mTORC2 that form from many protein-protein interactions are 

notoriously difficult to drug by conventional pharmacology using small molecule inhibitors. 

Clinical translation of intra-venous-delivered siRNA for cancer treatment could circumvent 

the need for small molecule drugs, but remains limited by systemic and intracellular 

pharmacokinetic (PK) barriers (53–61). We employed a recently published siRNA-loaded 

nanoparticle (si-NP), optimized for improved resistance against heparin-induced 

disassembly in the kidneys, increased circulation time, enhanced pH-dependent endosomal 

escape for cytosol-specific delivery, and efficient gene silencing in vitro and in vivo. This 

delivery platform yielded superior gene silencing of the model gene luciferase compared to 

previous prototypes, but has yet to be assessed as a therapeutic for the ablation of cancer-

causing genes within tumors (29). We show here that Rictor si-NPs that were generated 

using these recently developed technologies potently eliminated Rictor expression and 

blocked tumor growth in models of HER2-amplified and triple negative breast cancer, 

highlighting for the first time both the feasibility of this approach and efficacy of an 

mTORC2-selective inhibitor. Interestingly, we found that systemic delivery of Rictor si-NPs 

in the acute setting of our studies had no effect on serum glucose levels (Supplemental 

Figure S9), but further studies will be needed to fully appreciate the connection between 

systemic mTORC2-specific inhibition and gluconeogenesis due to the role of mTORC2/Akt 

signaling in the liver and kidneys.

Conclusion

In sum, this work introduces a selective mTORC2 inhibitor enabled by RNAi 

nanotechnology and validates its therapeutic utility in HER2-amplified and triple negative 

breast cancers. Our results confirm that mTORC2 is a viable therapeutic target in HER2-

amplified breast cancers and provide mechanistic insight into response of HER2-amplified 

breast cancers to TKIs in combination with mTORC2-specific inhibition. Moreover, our 

mTORC2-specific inhibitor shows promise as a molecular targeted therapy for TNBC 

patients, who currently lack any options for targeted inhibitors. Our collective results 

motivate ongoing studies to catalog breast cancer subtype sensitivity to Rictor/mTORC2 

RNAi, further elucidate relative importance of mTORC2 versus mTORC1 signaling, 

compare relevant on- and off-target toxicities of mTORC2 versus dual mTORC1/2 

inhibition, and identify drug combinations with the greatest clinical potential.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RNAi selectively inhibits Rictor/mTORC2 while sparing activity of Raptor/mTORC1
A. Ternary si-NP nanotechnology for delivery of siRNA to tumors in vivo. DB polymers 

forms an initial polymer-siRNA complex that is stabilized by the addition of a PDB polymer 

corona. B. RT-qPCR for relative RICTOR expression in cells 24h after individual siRNAs 

were transfected into MDA-MB-361. RICTOR levels in cells transfected with a non-

targeting (NT) siRNA were given a value of 1. Average ± S.E. is shown, N =3. Arrow 

indicates the RICTOR siRNA sequence achieving the greatest level of knockdown, and 

selected for further analysis. C. RT-qPCR for relative RICTOR expression in cells 24h after 
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individual siRNAs were transfected into breast cancer cell lines. Relative RICTOR levels in 

cells transfected with a Scrambled siRNA were given a value of 1 for each cell line. Average 

± S.E. is shown, N =3, each measured in triplicate. D. A schematic of key signaling effectors 

of mTORC2 and mTORC1 is shown. E. Western analysis of breast cancer cells transfected 

with siRNA sequences for Rictor and Raptor. Antibodies used are shown at the left of each 

panel. F. Western analysis of anti-mTOR immunoprecipitates from cells transfected with 

siRNA sequences against Rictor or Scramble siRNA sequences. Antibodies used for western 

analysis are shown at the left of each panel.
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Figure 2. Nanoparticle-mediated Rictor knockdown blocks mTORC2 signaling and induces cell 
death in breast cancer cells
A. RT-qPCR for relative RICTOR expression in cells 24h after si-NPs were added to media. 

RICTOR levels in Scramble si-NP-treated cells were given a value of 1 for each cell line. 

Average ± S.E. is shown, N =3, each measured in triplicate. B. Caspase 3/7 activity 

[measured as relative light units (RLU), and corrected for total protein] was measured 24 h 

after treating with si-NPs. Average ± S.E., N = 3 (each assessed in duplicate) is shown. C. 
Western analysis of cells 24h-96h after si-NP treatment ± lapatinib (1 mM) or DMSO. 
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Antibodies are indicated to the left of each panel. D. Caspase 3/7 activity was measured as 

described in B from cells treated 24h with si-NPs and lapatinib at doses shown. N = 6, each 

measured in duplicate. E-F. Cells were treated with si-NPs, then cultured with 250 nM 

lapatinib (or DMSO) for 10d, replacing lapatinib (but not si-NPs) every 3 days, then stained 

with crystal violet and imaged. E. Representative images. F. Quantitation of stained area 

using Image J software. The midlines are the average (±S.E.), N=3 replicates, each assessed 

in duplicate. G. Kaplan-Meier curves showing DFS in meta-analysis of breast cancer 

populations selected for breast cancer subtype using KmPlot software (KmPlot.org), and 

separated into patients whose tumors express high RICTOR (probe 228248_at) versus 

others. Log-Rank test. HR: hazard ratio.
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Figure 3. Intra-tumoral delivery of nanoparticles provides therapeutic mTORC2 inhibition in 
vivo
A. MDA-MB-231-Luciferase xenografts grown in contralateral mammary fatpads were 

treated by intra-tumoral injection with Luciferase si-NPs (siLuc) or Scarmble si-NPs (siScr). 

Intravital imaging of tumor luminescence was measured 24h after treatment with si-NPs 

using IVIS software. Left panel shows representative images of a single mouse imaged at 0h 

and again at 24h after intra-tumoral si-NP delivery. Panel at right shows luciferase activity at 

24h post-treatment, as a percentage of values measured at 0h. Average values (±S.E.) shown, 
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N = 3. B. Timeline schematic illustrates the dosing schedule for MDA-MB-231 and MDA-

MB-361 tumors treated with si-NPs. Three doses were given at 48h intervals. Tumors were 

measured immediately prior to dosing. C. Western analysis of whole tumor extracts 

harvested on day 5, 24 h after the final si-NP treatment. Each lane represents a tumor 

collected from different mice. Antibodies are shown at left of each panel. D. Rictor and P-

Akt S473 were detected by IHC in tumors harvested on treatment day 5. Upper panels show 

representative images taken at 200 X. Lower panels show quantitative analysis of staining 

using Scion Image software, expressed as pixels/field. Each point represents the average of 5 

randomly chosen fields per sample. Midlines are the average (± S.E.). N = 3 (Rictor IHC) 

and 5 (P-Akt S473 IHC). E. Tumor volumes were measured on treatments days 0, 2, and 4. 

N = 5. F. TUNEL analysis. Left panels show representative images. Right panel shows 

quantitation of TUNEL staining, expressed as the percentage of nuclei that are TUNEL+. N 

= 6, each assessed in 5 randomly chosen 400X fields.
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Figure 4. Intra-venous delivery of si-NPs enables tumor accumulation of siRNA and target gene 
knockdown in vivo
A-B. Whole organs and tumors (MDA-MB-231.GFP+) were collected in PBS then imaged 

for Cy5 fluorescence (IVIS) at 30 min after intravenous delivery of LUC-si-NPs to Balb/C 

nu/nu mice. A. Representative images of Cy5 fluorescence are shown on the left. B. 
Quantitation of Cy5 fluorescence per organ is shown in the left panel. N = 6. Values are the 

average fluorescent signal at 670 nm (± S.E.). C-D. Tumors were harvested 30 minutes after 

i.v. si-NP delivery, disaggregated into single cell suspensions and assessed by flow 
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cytometry. C. Flow cytometric quantitation of the percentage of GFP+ tumors cells 

harboring Cy5+ fluorescence (left panel) and the mean fluorescence intensity (MFI) 

measured for Cy5 (670 nm). Values shown are the average values of N = 5 experiments, ± 

S.E. D. Flow cytometric detection of fluorescence in GFP+ tumors cells, showing the 

distribution of Cy5 fluorescence throughout the tumor cell population. Representative 

histogram is shown. N = 5. E. LUC si-NPs or Scramble si-NPs were delivered by i.v. 

injection to tumor-bearing mice. Vital bioluminescence of MDA-MB-2321.LUC tumors was 

assessed 0, 24, and 48 hours after si-NP delivery (IVIS). Representative images of intravital 

tumor luminescence at each time point are shown for one mouse from each group. (Left 

panels). Luminescence was quantitated at each time point. The average value measured in 

Scramble si-NP controls was set to 100%, such that each value for each time point are 

expressed as a percentage of the average value measured in the controls at that same time 

point. N = 5 per group.
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Figure 5. Intra-venous delivery of Rictor si-NPs inhibits tumor mTORC2 activity and cooperates 
with lapatinib to support tumor regression
A. MDA-MB-361 tumors grown in nude mice were treated with 1 mg/kg si-NPs (i.v. 

delivered on treatment days 0, 2, 4, and 7) and 100 mg/kg lapatinib (orally, once daily for 21 

days). B-C. Tumors were harvested on treatment day 8, 24 h after final si-NP treatment, and 

1 hour after lapatinib treatment. B. Whole tumor RNA was used to assess RICTOR gene 

expression levels by RT-qPCR. RICTOR Ct values were corrected for housekeeping gene 

36B4, and are shown as the average values (± S.E.) relative to the average value measured in 
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control tumors treated with vehicle and Scramble si-NP. N = 5. C. IHC for Rictor, P-Akt 

S473, and P-HER-2. Representative images are shown. N = 3. D-F. Tumor volume was 

measured throughout the 21 day treatment period. Values shown are the average (± S.E.), N 

= 7. G-I. Histological analysis of tumors collected on treatment day 21 was performed on 

H&E stained sections at low power (20X, G) and high power (400X, H), demonstrating 

smaller size and decreased cellularity. I. The number of nuclei per mm2 was determined 

using CellSense software. N = 3 randomly chosen fields per sample, N = 5.
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