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Abstract

The ataxia-telangiectasia mutated (ATM) protein plays a central role in DNA damage response

and cell cycle checkpoints, and may be a promising target for cancer therapy if normal tissue

toxicity could be avoided. Our strategy to target ATM for breast cancer therapy involves the use of

liposomal-encapsulated, gene-specific ATM small interfering RNA (siRNA) delivered with a

well-characterized porous silicon-based multistage vector (MSV) delivery system (MSV/ATM).

Here we have shown that biweekly treatment of MSV/ATM suppressed ATM expression in tumor

tissues, and consequently inhibited growth of MDA-MB-231 orthotopic tumor in nude mice. At

the therapeutic dosage, neither free liposomal ATM siRNA nor MSV/ATM triggered acute

immune response in BALB/c mice, including changes in serum cytokines, chemokines or colony-

stimulating factors. Weekly treatments of mice with free liposomal ATM siRNA or MSV/ATM

for 4 weeks did not cause significant changes in body weight, hematology, blood biochemistry, or

major organ histology. These results indicate that MSV/ATM is biocompatible and efficacious in

inhibiting tumor growth, and that further preclinical evaluation is warranted for the development

of MSV/ATM as a potential therapeutic agent.

Keywords

ATM; breast cancer; delivery; multistage vector; siRNA; toxicity

1. Introduction

Triple negative breast cancer (TNBC) cells lack the expression of estrogen receptor,

progesterone receptor, and Her2/neu. TNBC patients have the lowest five-year survival rate

among all breast cancer types due to local recurrence and metastasis [1]. Therapeutic options

are limited for TNBC because these cancers do not respond to most systemic agents

including therapies targeting the estrogen receptor or Her2/neu, or chemotherapy, making

TNBC a very difficult disease to fight.

Recent advances in the development of targeted therapy drugs have proven the effectiveness

of targeting the DNA damage response pathways to fight TNBC [2]. Mammalian cells are

continuously exposed to DNA damage. It is essential that cells have DNA repair mechanism

in place to preserve genomic integrity. These include homologous recombination where

ataxia-telangiectasia mutated (ATM) and subsequently BRCA1 play essential roles, and

base excision repair that requires poly (ADP-ribose) polymerase (PARP) activity. Small

molecule PARP inhibitors have recently been successfully developed to treat patients with

hereditary breast cancer and hereditary ovarian cancer carrying BRCA1 mutations [3].

Therapeutic agents that target ATM are also expected to have a major impact on breast

cancer therapy. ATM is a serine/threonine protein kinase. In response to DNA damage, the

ATM kinase phosphorylates downstream targets such as p53, CHK2, and BRCA1, and

regulates DNA repair and cell cycle checkpoints. Cells with a defective ATM gene are

hypersensitive to DNA-damaging agents. Multiple studies have already shown the

effectiveness of targeting the ATM gene with small inhibitory RNA (siRNA) oligos in vitro

to inhibit breast cancer growth [4].

While siRNA is effective to treat tumor cells in vitro, it is difficult to deliver siRNA

therapeutic to solid tumors. Tissue-specific delivery remains a major challenge to the wide-
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spread application of siRNA therapeutics [5]. The central problem for delivery of siRNA is

the existence of multiple biological barriers inside the body that prevent siRNA from

reaching the target tumor tissue [6]. These barriers include organs of the reticulo-endothelial

system (RES), enzymatic degradation of siRNA by plasma and tissue RNases, and high

tumor interstitial pressure inside the tumor tissue. We have developed a porous silicon

particle-based multistage vector (MSV) delivery system to overcome the biological barriers

of cancer in order to deliver enough therapeutics and imaging agents to tumor tissues [7].

This system comprises of nanoporous silicon microparticles (first-stage particles) loaded

with drug-incorporated nanoparticles (second-stage particles). Following injection into the

systemic circulation, the particles travel in the circulation and accumulate in tumor

vasculature where secondary nanoparticles are released through diffusion from the slowly

degrading porous silicon particles to achieve sustained release of the therapeutics. The

nanoparticles then traverse the tumor interstitium and are internalized by tumor cells for

drug action. Our previous findings indicate that approximately 6-10% of total particles settle

in the tumor vasculature [8], providing a dramatic improvement from the less than 0.1%

accumulation observed in tumor tissue by conventional means of delivery of biological

agents [9]. Using this system, we have successfully delivered siRNA oligos, and

demonstrated superb therapeutic efficacy on tumor growth inhibition with mouse models of

human ovarian cancer [10].

It has been well documented that systemic delivery of siRNA oligos might cause undesirable

side effects, most notably innate immune response by triggering toll-like receptor 3, 7, and 8

pathways [11]. Interaction between nanoparticles and cells also play key roles in

cytotoxicity [12]. It is thus very important to assess the toxicity profile of a multistage

vectored ATM siRNA (MSV/ATM) before any other resources are committed for a full-

scale product development effort. In the current study, we incorporated ATM siRNA into

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) neutral nanoliposomes, and subsequently

loaded them into MSV. Athymic nude mice bearing MDA-MB-231 primary tumor were

treated with MSV/ATM to test therapeutic efficacy. BALB/c mice were treated once with

escalating dosages of either free siRNA nanoliposomes or MSV/siRNA, and serum cytokine

and chemokine levels were measured to assess potential innate immune response. Mice were

also treated weekly with repetitive dosages of either free siRNA nanoliposomes or MSV/

siRNA for 4 weeks, and potential damages to major organs and the hematopoietic system

were evaluated. Based on these studies, we have concluded that the nanotechnology-based

MSV/ATM is a safe product for potential cancer treatment applications.

2. Results

2.1. Characterization of nanoparticles and sustained release of siRNA in cancer cells

The discoidal porous silicon microparticles were fabricated by a combination of

photolithography and electrochemical etch, and conjugated with 3-

aminopropyltriethoxysilane (APTES) on surface to increase stability [13]. They were 1 μm in

diameter and 700 nm in height. The siRNA oligos were packaged into DOPC

nanoliposomes, and loaded into the nanopores inside porous silicon. The empty silicon

particles carried a positive surface charge, and became negatively charged once the slightly

negatively charged nanoliposomes were loaded (Table 1).

To investigate cellular uptake of MSV/siRNA and subsequent release of siRNA oligos from

MSV, we packaged Alexa 555-conjugated siRNA into nanoliposomes (Alexa 555-siRNA)

and loaded them into MSV (MSV/Alexa 555-siRNA). Human breast cancer cells MDA-

MB-231 and SK-BR-3 were incubated with MSV/Alexa555-siRNA, and release of siRNA

was monitored over the next 11 days (Figure 1). Confocal microscopic analysis revealed that

multiple MSV/Alexa555-siRNA particles could be uptaken by the cells. Strong fluorescent
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intensity from Alexa555-siRNA could be visualized within or around the silicon particles on

day 1 and day 7. The red fluorescent siRNA could still be detected in these cells on day 11.

This result indicates that the MSV particles are stable inside the cells, and that sustained

release of siRNA oligo from the MSV can be achieved.

2.2. MSV/ATM inhibits growth of human breast cancer xenografts

Mice bearing orthotopic MDA-MB-231 breast cancer were divided into 3 groups. They were

treated with phosphate buffer saline or MSV loaded with liposomes packaged with scramble

control siRNA (MSV/Scr) in the control groups, or MSV/ATM in the treatment group.

Treatment initiated when the average tumor size reached 150 – 200 mm3, and all mice were

sacrificed 4 weeks after the first treatment due to rapid tumor growth in the control groups.

At the end of the study, average tumor weight was 0.996 g in the PBS group, 0.820 g in the

MSV/Scr group, and 0.334 g in the MSV/ATM group (Fig. 2). Immunohistochemical

staining revealed that ATM expression was still dramatically inhibited in the tumor mice

treated with MSV/ATM 17 days after the last treatment (Fig. 2c).

2.3. MSV/ATM does not trigger innate immune response

One of the major concerns on siRNA therapeutics is activation of innate immune response

since naked siRNA oligos can induce production of high levels of pro-inflammatory

cytokines such as tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6) and

interferons [11]. We have previously shown that the porous silicon microparticles alone did

not cause any significant toxicity [14]. In the current study, we set up experiments to

determine whether the siRNA-loaded MSV particles would trigger immune responses in

vitro and in vivo. We co-incubated MSV/ATM with Raw-264.7 mouse macrophage cells for

2 or 24 hours, and measured TNF-α production by ELISA. Polyinosinic: polycytidylic acid

(poly I:C) and lipopolysaccharide (LPS) were used as the positive control, as their potential

to induce innate immune response has been well documented [15]. While treatment with the

poly I:C or LPS caused a significant induction of TNF-α, level of this cytokine was not

elevated in cells treated with free ATM siRNA liposomes or MSV/ATM (Figure 3a). We

also assessed expression levels of the interferon responsive genes OAS1 and STAT1 by real-

time quantitative reverse transcriptase-PCR (RT-PCR). Neither poly I:C nor LPS caused

significant expression of these genes 2 hours after treatment (data not shown). At the 24-

hour time point, however, LPS treatment dramatically stimulated OAS1 and STAT1

expression. On the other hand, treatment with free siRNA liposomes or MSV/ATM did not

have any effect on expression of TNF-α, OAS1, or STAT1 (Fig. 3b).

To evaluate potential innate immune activation in vivo, we treated BALB/c mice with free

liposomal siRNA or MSV-loaded siRNA, and performed a multiplexed bead-based assay to

measure levels of 32 cytokines/chemokines/colony stimulating factors. Many of these

factors are involved in the initial steps of the innate immune response and promote the

development and trafficking of various subsets of immune and non-immune cells [16]. So

this analysis should provide a comprehensive view of the host reaction to siRNA

therapeutics. As expected, treatment with the positive control poly I:C or LPS resulted in

increase of most of the cytokines /chemokines/colony-stimulating factors (Fig. 3c and

Supplementary Fig. 1). Treatment with a therapeutic dose of MSV/ATM (15 μg siRNA) or

free nanoliposomal siRNA did not trigger induction of immune response (Fig. 3c and

Supplementary Fig. 1). Treatment with 75 μg scramble siRNA or ATM siRNA in MSV

caused significant increase in two (IL-10 and MCP-1) of the 32 factors (Fig. 3c). However,

the amount of MSV particles and siRNA oligos in these groups was 5 folds as high as the

therapeutic dosage (Fig. 2).
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2.4. MSV/ATM does not cause sub-acute toxicity

To evaluate sub-acute toxicity, we treated mice once a week with 15 μg or 75 μg siRNA

packaged in free nanoliposomes or loaded into MSV for 4 weeks by systemic delivery. No

apparent toxicity or animal death occurred during the entire treatment period. There was no

body weight change or behavior change either. Mice were sacrificed at the end of the 4-

week treatment, and major organs including the heart, liver, lung, spleen, kidney, and brain

were collected. Table 2 summarizes the relative weights of liver, spleen, and kidneys

compared to total body weight (wet weight of the tissue/body weight, in mg/g). No

significant difference was found.

We carried out hematological analysis to assess any abnormality in mice treated with ATM

siRNA. The hematological values of ATM siRNA-treated mice were not significantly

different from those in the PBS-treated group (Fig. 4). In contrast, treatment with poly I:C

resulted in a dramatic decrease in the number of total white blood cells, lymphocytes,

granulocytes and monocytes, although only the granulocyte count was dropped to below the

normal range (Fig. 4a). This result was in consistency with previous reports [17]. None of

these treatments affect the levels of red blood cells, hemoglobin concentration, or platelet

counts (Fig. 4b).

We evaluated biochemical parameters to assess potential damage to the functions of major

organs (Fig. 5 and Supplementary Fig. 2). Biomarkers for liver function included aspartate

aminotransferase (AST), alanine aminotransferase (ALT), albumin (ALB), and alkaline

phosphatase (ALKP) (Fig. 5a). Parameters for renal function were blood urea nitrogen

(BUN), and serum concentrations of creatinine, and Na+, K+, and Cl− (Fig. 5b). Other

biomarkers included activities of lactate dehydrogenase (LDH), creatinine kinase MB (CK-

MB), Amylase (Amyl) and cholinesterase (CHE). No change in the above biomarkers was

observed in the rest treatment groups.

Histological examination of the heart, liver, spleen, lung and kidney from all treatment

groups was preformed. There were no apparent morphological changes based on H&E

staining of tissue blocks (Fig. 6 and Supplementary Fig. 3).

3. Discussion

Targeting DNA damage response pathways has proven to be an effective approach to

sensitize cancer treatment [2c]. The ATM serine kinase activates the downstream checkpoint

kinases and DNA double-strand repair pathways, and plays an essential role in coordinating

DNA repair, cell cycle progression, and apoptosis in response to DNA damage. It is not

surprising that small molecule inhibitors targeting the ATM kinase have been developed

based on their inhibition of serine phosphorylation, and their potential as cancer therapy

agents is being evaluated in preclinical studies [18]. It has been demonstrated, however, that

serine phosphorylation is dispensible for ATM activation [19], implying that the observed

effect on DNA damage response from some of the small molecule inhibitors might be an

off-target effect through inhibition of other important kinases. It has been reported that

STAT3 phosphorylation can be blocked by the ATM inhibitor KU55933 [20]. KU55933 is

also a potent inhibitor of AKT phosphorylation [21]. It has also been reported that a defective

ATM serves as a dominant-negative protein in a mouse knock-in model [22]. As a result,

inhibition of the ATM kinase activity with small molecule inhibitors might cause adverse

consequences to the body. Treating tumor cells with ATM siRNA knocks down the amount

of ATM protein, and consequently the overall ATM kinase activity, and thus might

represent an alternative approach to develop a safe and effective targeted therapy.
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In the current study, we have shown that MSV/ATM is effective in knocking down of ATM

expression in vivo, which results in significant growth inhibition of MDA-MB-231

xenograft tumor. The result is surprising in that no combination treatment with radiation or

chemotherapy drug is involved in the study. A possible reason for the superb efficacy from

MSV/ATM is that MDA-MB-231 is a cell line with a mutant p53 protein. A recent study

demonstrated synergy between inhibition of ATM and p53 mutation in human cancer

cells [4b]. It remains to be seen if MSV/ATM is effective in other cancer cell lines with a

deficient p53. If proven to be the case, this agent will have broad applications in cancer

therapy, since p53 is mutated in over 20% of breast cancer cases [23], and in over 60% of

colon cancer, lung cancer, and stomach cancer cases [24].

One major concern on siRNA therapeutics is their potential toxicity including the possibility

of triggering innate immune response by the siRNA oligos [5]. So we evaluated acute and

sub-acute toxicity from nanoliposomal ATM siRNA and MSV/ATM siRNA. No sub-acute

toxicity was observed from mice treated with the therapeutic dose (15 μg siRNA in free

liposomes or in MSV) or the supra-therapeutic dose (75 μg siRNA). Results from the acute

toxicity study showed no significant changes among the 32 cytokines, chemokines, and

colony stimulating factors after the mice were treated with a therapeutic dosage of siRNA,

indicating that no innate immune response was triggered by either MSV/siRNA or free

nanoliposomal siRNA. Levels of IL-10 and MCP-1 were elevated upon treatment with 75

μg scramble siRNA or ATM siRNA in MSV. Interestingly, IL-10 is an anti-inflammatory

cytokine. It has been reported that certain types of nanoparticles can activate signals in the

spleen to produce IL-10 if mice are administrated with a large quantity of particles [25]. On

the other hand, MCP-1 can induce tumor infiltration of monocytes/macrophages [26]. Our

previous work has shown that macrophages are very efficient in uptaking porous silicon

particles [27]. A surge in MCP-1 level might facilitate tumor enrichment of MSV particles

via these cells, and thus tumor-specific delivery of siRNA therapeutics.

4. Conclusion

Any unwanted immunogenic responses from a drug can result in clinical events ranging

from lack of therapeutic efficacy to severe adverse events. To our knowledge, this is the first

systematic study to evaluate the efficacy and acute and sub-acute toxicities with a candidate

siRNA therapeutic agent in nanoformulation targeting the DNA damage response pathways.

We have demonstrated that ATM expression can be effectively knocked down by gene-

specific siRNA, which results in tumor growth inhibition in vivo. There is no acute or sub-

acute toxicity from ATM siRNA oligo delivered in free nanoliposomes or loaded in the

porous silicon-based multistage vector delivery system, indicating safe application of ATM

siRNA therapeutics for cancer treatment.

5. Experimental Section

Materials

All chemicals for silicon microparticle fabrication, poly I:C sodium salt and

lipopolysaccharides were purchased from Sigma-Aldrich. Alexa Fluor 555-labeled siRNA

was obtained from QIAGEN. The scramble siRNA (sense: 5′-
CUCAUAGGAAGACCCCAUU, antisense: 5′-AAUGGGGUCUUCCUAUGAG) and the

human ATM gene-specific siRNA (sense: 5′-GGCCCUUAAGUUAUUUGAAGAUA, anti-

sense: 5′- UAUCUUCAAAUAACUUAAGGGCC) were purchased from Sigma-Aldrich.

Primers for quantitative RT-PCR: STAT1 (forward primer: 5′-
TCACAGTGGTTCGAGCTTCAG, reverse primer: 5′-
GCAAACGAGACATCATAGGCA), OAS1 (forward primer: 5′-
CCAAGGTGGTGAAGGGTGG, reverse primer: 5′-ACCACCAGGTCAGCGTCTGA), β-
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actin (forward primer: 5′- AGAGGGAAATCGTGCGTGAC, reverse primer: 5′-
CAATAGTGATGACCTGGCCGT) were purchased from Sigma-Aldrich. Mouse anti-ATM

mAb was from Abcam. Mouse TNF-α ELISA kit was purchased from Ebioscience.

MILLIPLEX Map Kit with 32plex Mouse Cytokine/Chemokine was purchased from

Millipore. RNeasy Mini Kit was obtained from Qiagen. TaqMan® Reverse Transcription

Reagents Kit was purchased from Roche Applied Science.

Preparation of nanoliposomal siRNA and assembly of MSV/siRNA

Preparation of siRNA nanoliposomes has been described previously [10a]. Fabrication of

porous silicon microparticles was carried out based on a combination of photolithography

and electrochemical etch [13]. The silicon particles were conjugated with 3-

aminopropyltriethoxysilane (APTES), and the slightly negatively charged nanoliposomes

were loaded into the positively charged porous silicon particles by mixing followed by a

brief sonication. Size of siRNA-loaded liposomes was measured using dynamic light

scattering on a ZetaPLUS particle electrophoresis system (Brookhaven Instruments Corp.,

Holtsville, NY). Zeta (ζ) potential for the siRNA-loaded liposome and MSV/siRNA was

determined with the ZetaPLUS system.

Fluorescence microscopy

To investigate the intracellular uptake of the MSV delivery of siRNA, MDA-MB-231 and

SK-BR-3 human breast cancer cells were incubated with MSV/Alexa Fluor 555-labeled

siRNA liposomes. Cells were plated in 2-well chambers at a density of 5×103 to 5 ×104 cells

per well. They were allowed to grow overnight and before MSV/siRNA was added.

Fluorescent images were captured on an Olympus Fluo View TM 1000 laser scanning

confocal microscope (Center Valley, PA).

In vivo tumor growth study

The animal studies were performed in accordance with the guidelines of the Animal Welfare

Act and the Guide for the Care and Use of Laboratory Animals following protocols

approved by the Institutional Animal Care and Use Committee (IACUC). Six week old

female athymic nude mice were purchased from Charles River Laboratories (Boston, MA,

USA). MDA-MB-231 breast cancer cells (3 × 106) were harvested from exponential cultures

and inoculated in the fourth mammary fat pad of nude mice. When the tumor size reaches

150 mm3, the mice were randomly divided into three groups (n=5), and dosed i.v. with 100

μl PBS, MSV/Scr (15 μg siRNA), or MSV/ATM (15 μg siRNA). Each animal received 2

treatments (day 1 and day 15). Mice were euthanized on day 32, and tumor tissues were

removed. For immunohistochemical staining, tumor sections were incubated with anti-ATM

monoclonal antibody (1:100) overnight at 4°C, and then hybridized with a biotinylated goat

anti-mouse IgG second antibody for 30 min at 37°C.

In vitro tumor necrosis factor-α secretion assay

Raw 264.7 murine macrophage cells were seeded in a 96-well plate with a density of 3×104

cells/well. Cells were incubated with various agents including the poly I:C and LPS positive

controls, free liposomal siRNA oligos and MSV/siRNA for 2 or 24 hours at 37°C. At the

end of incubation, supernatants were collected, and TNF-α level was measured using an

ELISA kit.

Quantitative RT-PCR

Total RNA from cells was isolated using the RNeasy Mini Kit. cDNA synthesis was

performed following the manufacturer's instruction of the TaqMan® Reverse Transcription

Reagents Kit. Quantitative RT-PCR was carried out on a LightCycler (Roche Applied
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Science, USA). For amplification of specific transcripts, primers for OAS1, STAT1 and β-
actin were applied according to the manufacturer's instructions. Expression ratios of the

target genes were normalized with the expression of β-actin.

Toxicity evaluation in vivo

Healthy 6 to 8 week old female BALB/c mice were purchased from Charles River

Laboratories and maintained in a pathogen-free facility under a 12 hour light – 12 hour dark

cycle. In the acute toxicity study, mice were randomly divided into treatment groups (n = 3).

Mice were dosed via tail vein injection with either free liposomal siRNA or MSV/siRNA

(15 μg siRNA in the low dosage treatment and 75 μg siRNA in the high dosage treatment

groups). Mice in the positive control group received intraperitoneal injection of poly I:C

(100 μg), or LPS (5 mg/kg) reconstituted in sterile and endotoxin-free phosphate-buffered

saline. In the first experiment with poly I:C the positive control, blood samples were

collected 3 and 6 hours after dosing. In the second experiment with LPS as the positive

control, samples were collected 2 and 24 hours after treatment. All blood samples were

collected by retro-orbital bleeding for analysis of cytokines/chemokines/colony-stimulating

factors production. In the sub-acute toxicity study, mice received i.v. injection of the

reagents weekly for 4 weeks. General conditions were observed during the treatments such

as general activity, breathing, reflection, spasm, skin and hair, eyes, discharge, and

secretion. Blood samples were collected 24 hours after the last dosing by eye bleeding, and

analyzed for whole blood hematological test and serum chemical analysis. The major organs

(heart, liver, spleen, lung and kidney) were harvested, fixed in 10% formalin, and processed

by hematoxylin/eosin (H&E) staining for histological evaluation.

Cytokines, chemokines and colony stimulating factors analysis

Serum levels of cytokines, chemokines and colony-stimulating factors were measured using

a multiplexed bead-based immunoassay from Milliplex, which simultaneously detected 32

pro- and anti-inflammatory cytokines [IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9,

IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, interferon-γ (IFN γ), TNFa and

leukemia inhibitory factor (LIF)], chemokines [eotaxin, MCP-1, macrophage inflammatory

protein-1α (MIP-1a), MIP-1β, regulated on activation normal T cells expressed and secreted

(RANTES), interferon inducible protein 10 (IP-10), keratinocyte derived chemokine (KC),

lipopolysaccharide (LPS) induced CXC chemokine (LIX), monokine induced by

gammainterferon (MIG) and MIP-2], and colony stimulating factors [granulocyte-

macrophage (GM)-CSF, granulocyte (G)-CSF, macrophage (M)-CSF and vascular

endothelial growth factor (VEGF)] on Luminex 200 analyzer.

Whole blood analysis

Blood samples were collected from mice 24 hours after the last injection in the sub-acute

toxicity groups. The samples were analyzed for the number and percentage of total white

blood cells (WBC), lymphocytes (LYM), monocytes (MON), granulocytes (GRAN). Red

blood cell count (RBC) and hemoglobin content (HGB), hematocrit value (HCT), mean

corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean cell hemoglobin

concentration (MCHC), red cell distribution width (RDW), platelets count (PLT), mean

platelet volume (MPV) were also measured.

Blood biochemistry

Serum samples were analyzed to measure parameters for hepatic function (ALB, ALKP,

ALT, and AST), renal function (BUN, creatinine, Na+, K+, and Cl−), and others including

CKMB, lactate LDH, Amyl and CHE.
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Histopathological examinations

Histopathological analysis was carried out with major organs such as lung, liver, kidney,

heart, spleen, brain. Tissue samples were embedded in paraffin blocks and processed. Tissue

sections were stained with hematoxylin/eosin. Microscopic analysis was performed to

evaluate morphologic changes. At least 5 random sections from each slide were examined.

Statistics

Student's t test was performed for statistical comparisons (two-tailed distribution, two-

sample equal variance). A value of P <0.05 was considered statistically significant, and a

value of P <0.01 was considered statistically very significant.
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Figure 1. Sustained release of siRNA from MSV in human breast cancer cells
MDA-MB-231 and SK-BR-3 breast cancer cells were incubated with MSV/Alexa555-

siRNA. Images of both the MSV particles and fluorescent siRNA were captured 1, 7 and 11

days by confocal microscope. Representative confocal images are displayed.
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Figure 2. MSV/ATM treatment knocks down ATM expression and inhibits tumor growth in
MDA-MB-231 xenograft model
MDA-MB-231 cells (3 × 106) were inoculated into the mammary fat pad of nude mice (n =

5). Mice were treated biweekly with PBS, MSV/Scr (15 μg siRNA) or MSV/ATM (15 μg
siRNA) when average tumor size reached 150 – 200 mm3. (a) Images of MDA-MB-231

tumor tissues at the end of the treatment. (b) Tumor weight measurement. ** P < 0.01vs

PBS, ## P < 0.01vs MSV/Scr. (c) Immunohistochemical analysis of ATM expression in

MDA-MB-231 tumor samples (600× magnification).
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Figure 3. MSV/ATM does not induce innate immune response in vitro or in vivo
Raw-264.7 mouse macrophage cells were incubated with indicated agents for 2 or 24 hours,

and a) TNF-α level in supernatant was measured by ELISA. **P <0.01. b) OAS1 and

STAT1 mRNA levels were measured by quantitative real-time PCR, and normalized to β-
actin. The expression levels are presented as a fraction of values from the untreated cells. *P

<0.05, **P <0.01. c) Changes in levels of selected serum cytokine/chemokine/colony-

stimulating factors in post-treatment mice. Blood samples were collected 3 or 6 hours after

dosing of treatment agents. A multiplexed bead-based immunoassay was used to measure

levels of 32 cytokines/chemokines/colony-stimulating factors. *P <0.05. **P <0.01.
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Figure 4. Hematological analysis for evaluation of sub-acute toxicity
Mice were treated once per week for 4 weeks with the indicated agents, and blood samples

were collected 24 hours after the last dosing for hematological analysis. Results are

displayed as average ± SD (n=5). a) Changes in white blood cell (WBC), lymphocyte

(LYMPH), granulocyte (GRAN), and monocyte (MONO). b) Changes in red blood cell

(RBC), hematocrit (HCT), hemoglobin (HGB) concentration, and MCV, MCH, MCHC,

MPV, RDW, and platelet count. *P <0.05. **P <0.01.
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Figure 5. Blood biochemistry analysis for evaluation of sub-acute toxicity
Serum samples were collected from mice after 4 weeks of treatment, and levels of a) hepatic

enzymes [alkaline phosphatase (ALKP), alanine aminotransferase (ALT), and aspartate

aminotransferase (AST)], b) renal function biomarkers [blood urea nitrogen (BUN),

creatinine], and c) other biomarkers [amylase (Amyl), creatinine kinase MB (CKMB),

lactate dehydrogenase (LDH)] were measured. Each value represents the mean ± SD (n=5).
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Figure 6. Histopathological examination of major organs for evaluation of sub-acute toxicity
Major organs were collected after 4 weeks of treatment, and analyzed for potential tissue

damages by H&E staining. Representative images (400×) of heart, liver, spleen, lung,

kidney and brain from mice in the control groups (PBS, Poly I:C 100 μg) and treatment

groups (MSV/ATM 15 μg, MSV/ATM 75 μg) are shown. Each picture is a representative of

at least five independent sections.
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Table 1

Characterization of liposomal ATM siRNA and MSV/ATM.

Liposome/ATM MSV MSV/ATM

Size 112 nm 1 μm 1 μm

Z-potential (mV) −1.78 mV +4.0 mV −21.14 mV
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Table 2

Coefficients of liver, kidney and spleen after four weeks of treatment

Groups Body Weight (g) Liver (mg/g) Spleen (mg/g) Kidney (mg/g)

Before treatment After treatment

PBS 18.8 ± 0.89 19.9 ± 0.52 50.9 ± 5.89 5.16 ± 0.58 12.4 ± 0.92

Scr 15 μg 18.8 ± 0.26 19.7 ± 0.6 51.9 ± 7.41 5.13 ± 0.18 11.6 ± 0.38

ATM 15 μg 18.3 ± 0.32 19.2 ± 0.53 53.5 ± 4.65 5.03 ± 0.26 12.2 ± 0.88

Scr 75 μg 17.9 ± 0.79 19.7 ± 0.51 50.4 ± 3.84 5.07 ± 0.32 11.7 ± 0.63

ATM 75 μg 18.0 ± 0.51 19.7 ± 0.66 51.6 ± 4.83 4.96 ± 0.46 11.6 ± 0.52

MSV/Scr 15 μg 18.8 ± 0.94 19.7 ± 0.51 48.2 ± 6.64 5.30 ± 0.60 11.6 ± 0.43

MSV/ATM 15 μg 19.2 ± 0.93 20.2 ± 0.96 52.8 ± 2.61 5.00 ± 0.12 11.2 ± 0.30

MSV/Scr 75 μg 17.8 ± 0.48 19.8 ± 0.71 50.5 ± 3.16 5.02 ± 0.38 11.7 ± 0.66

MSV/ATM 75 μg 18.8 ± 0.68 20.0 ± 0.71 50.8 ± 3.09 5.00 ± 0.38 11.3 ± 0.55

Poly I:C 100 μg 18.4 ± 0.43 19.7 ± 0.80 50.7 ± 4.17 5.92 ± 0.50 12.0 ± 0.79
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