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’ INTRODUCTION

Programmed cell death, or apoptosis, is executed by the
activation of caspase family of enzymes that cleave cellular
proteins.1 Activation of caspases could be triggered by intrinsic
and extrinsic pathways, and ultimately results in cleavage of
substrates essential for cell survival, such as cytoskeletal proteins,
DNA repair proteins, and inhibitory subunits of endonucleases
and, subsequently, cell death.2 Apoptosis is tightly regulated by a
delicate balance between proapoptotic and antiapoptotic factors
in normal cells. Transformed cells, on the other hand, typically
display resistance to normal apoptotic triggers as well as cytotoxic
drugs employed in cancer therapy.

One class of molecules that block apoptosis by direct binding
to caspases is the inhibitor of apoptosis proteins (IAP3).
Survivin, discovered in 1997, is a member of IAP family and
has been implicated in multiple essential functions, including
cell division, apoptosis, cellular stress response, and checkpoint
mechanisms of genomic integrity.4 Survivin has multiple func-
tions including cytoprotection, inhibition of cell death, and cell-
cycle regulation, especially at the mitotic process stage, all of
which favor cancer survival. Survivin is expressed during the
G2/M phase of the cell cycle and is hypothesized to inhibit a
default apoptotic cascade initiated in mitosis.5 There are con-
flicting reports on the interaction between survivin and effector
caspases, and therefore, it is hypothesized that mechanisms

other than the caspase inhibition are involved in the antiapop-
tosis effect of survivin.6,7 Survivin may antagonize cell death
upstream of the effector caspases since it was shown to inhibit
caspase 98 and to bind to hepatitis B X-interacting protein
(HBXIP) complex bound to pro-caspase-9 to prevent recruit-
ment of Apaf-1 to the apoptosome.9 Several studies have shown
that survivin expression is upregulated in human cancers,10�14

is associated with resistance to chemotherapy or radiation
therapy, and is linked to poor prognosis.5 Survivin could be
an attractive target for anticancer therapy, since (a) survivin
expression is low in normal cells unlike the malignant cells; (b)
survivin is involved in multiple signaling mechanisms control-
ling tumor maintenance; and (c) survivin may block angiogen-
esis as well as tumor growth.15 Small molecular weight
antagonists for survivin, such as YM155,16 shepherdin,17 and
terameprocol,18,19 were explored in cancer therapy, but, being
small organic entities, they have the potential for undesired
activities due to poor specificity of small organic entities.

Post-transcriptional gene silencing by RNA interference
(RNAi) has been recognized as an effective silencing mechanism
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ABSTRACT: Post-transcriptional silencing of antiapoptotic genes is a promising
strategy for cancer therapy, but delivering short interfering RNA (siRNA) molecules
against such targets is challenging due to inability of anionic siRNA to cross cellular
membranes. Lipid substitution on small molecular weight, nontoxic polyethylenimine
(PEI) has been investigated as a promising approach for effective siRNA delivery. In this
study, we report on the ability of low molecular weight, lipid-substituted PEI to deliver
siRNA against the antiapoptotic protein survivin. Toxicity of a library of lipid-
substituted PEIs, as well as their siRNA delivery and survivin silencing efficiency, was
evaluated in MDA-MB-231 human breast cancer cells. A significant increase in cellular
delivery of siRNA was observed as a result of lipid substitution. Most significant
downregulation of survivin was established by caprylic acid-substituted polymers, which
resulted in significant levels of apoptosis induction and resultant loss of cell viability.
Survivin downregulation prior to anticancer drug treatment decreased the IC50 of
several drugs by 50- to 120-fold. Our experiments indicated an effective downregulation of survivin, a cell protective protein
upregulated in tumor cells, by delivering siRNA with hydrophobically modified PEI. This study introduces a promising delivery
system for safe and effective siRNA delivery that will be suitable for further investigation in preclinical animal models.
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in cancer therapy. Since the initial discovery of double-stranded
RNA (dsRNA) to be at least 10-fold more potent in silencing
than sense or antisense RNAs alone,20 RNAi has rapidly emerged
as a promising tool to downregulate the expression of specific
target proteins in a wide variety of cells. It has the potential to
act more specifically as compared to conventional survivin
antagonists. Delivering siRNA to intracellular targets, however,
has proven to be a challenge. RNAs are rapidly degraded in the
extracellular environment with RNase A type nucleases,21 and it
cannot traverse cell surface membrane due to the anionic nature
of both the RNA and cell surface.22

Cationic polymers are attractive for siRNA delivery, since
they can be tailored to neutralize the anionic charge of nucleic
acids and do not raise the safety concerns associated with viral
carriers. The electrostatic interaction between the anionic
phosphates in siRNA and the cationic polymer also assembles
nanoparticles that are more suitable for cellular uptake. High
molecular weight polyethylenimines (PEIs) are one class of
polymers that have been shown to be effective siRNA delivery
agents.23�25 These polymers create an opportunity for endo-
somal escape after cellular uptake, due to the presence of
unprotonated PEI amines that act as “proton sponges”.26

However, the toxicity of high molecular weight PEIs has been
an important obstacle for their clinical use.27�32 Lower molec-
ular weight PEIs present acceptable toxicity profiles but,
unfortunately, do not display efficacious siRNA delivery into
cells. We previously reported hydrophobic modification of low
molecular weight PEI for siRNA delivery. By using model
targets, namely, the housekeeping gene glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) and P-glycoprotein involved
in multidrug resistance (MDR), the modified polymers were
shown to be promising for siRNA delivery.33 In the present
study, we explored feasibility of using these carriers in order to
silence survivin and to determine the biological consequences
of survivin downregulation on the potency of several anticancer
drugs. Our results showed that survivin is an effective target for
silencing to improve the pharmacological response to che-
motherapeutic agents.

’MATERIALS AND METHODS

Materials. The 2 kilodalton (kDa) PEI (PEI2; Mn, 1.8 kDa;
Mw, 2 kDa), 25 kDa PEI (PEI25; Mn, 10 kDa; Mw, 25 kDa),
anhydrous dimethyl sulfoxide (DMSO), caproyl chloride (C8;
>99%), palmitoyl chloride (C16; 98%), octanoyl chloride
(C18:1 9Z, 12Z; 99%), linoleyl chloride (C18:2 9Z,12Z;
99%), Hanks’ balanced salt solution (HBSS with phenol red),
trypsin/EDTA, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), paclitaxel, doxorubicin hydro-
chloride, and mitoxantrone hydrochloride were obtained
from SIGMA (St. Louis, MO). Clear HBSS (phenol red free)
was prepared in house. Dulbecco’s modified Eagle's medium
(DMEM; low glucose), penicillin (10000 U/mL) and strep-
tomycin (10 mg/mL) were from Invitrogen (Grand Island,
NY). Fetal bovine serum (FBS) was from PAA Laboratories
(Etobicoke, Ontario). The scrambled siRNAs were AllStars
Negative siRNA Fluorescein (catalog number: 1027290)
and AllStars Negative Control siRNA (catalog number:
1027281), both from Qiagen (Huntsville, AL, USA). The
human survivin siRNA (catalog number 29499) was ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA).

The anti-human survivin-fluorescein monoclonal antibody (catalog
number: IC6472F) and FlowTACS Apoptosis Detection Kit
(catalog number: 4817�60-K) were provided by R&D Sys-
tems Inc. (Minneapolis, MN, USA).
Cell Line.M.D. Anderson humanmetastatic breast cancer 231

(MDA-MB-231) cells were a generous gift from Dr. Michael
Weinfeld (Cross Cancer Institute, Edmonton, AB). The cells
were cultured in DMEM with 10% FBS, 100 U/mL penicillin,
and 100 μg/mL streptomycin added at 37 �C and 5% CO2. Cell
culture was considered confluent when a monolayer of cells
covered more than 80% of the flask surface. To propagate the
cells, the monolayer was washed with HBSS, and subsequently
incubated with 0.05% Trypsin/EDTA for 5 min at room
temperature. The suspended cells were centrifuged at 600 rpm
for 4 min, and were resuspended in the medium after removal of
the supernatant. The suspended cells were subcultured at 10% of
the original count.
Synthesis of Lipid-Substituted Polymers . The synthesis of

lipid-substituted polymers has been described elsewhere.34

Briefly, a 50% 2 kDa PEI solution was purified by freeze-drying,
and substitution was performed by N-acylation of PEI with
commercially available lipid (CA, PA, OA and LA) chlorides.
Acid chlorides were typically added to 100 mg of PEI in
anhydrous DMSO. The lipid:PEI ratios were systematically varied
between 0.066 and 0.2. The mixture was allowed to react for 24 h
at room temperature under argon, after which excess ethyl ether
was added to precipitate and wash the polymers. The substituted
polymers were dried under vacuum at ambient temperature
overnight. Polymers were analyzed by 1H NMR (Bruker
300 MHz; Billerica, MA) in D2O. The characteristic proton
shifts of lipids (δ∼0.8 ppm;�CH3) and PEI (δ∼2.5�2.8 ppm;
NH�CH2�CH2�NH�) were integrated, normalized for the
number of protons in each peak, and used to determine the
extent of lipid substitutions on polymers. Characterization of the
polymers, including the binding affinity to siRNA, complex size
and zeta (ζ)-potential, and stability of the siRNA in the com-
plexes after exposure to serum are reported elsewhere.33 The
polymers evaluated in this study were designated as PEI2-XXY.Y,
where XX refers to the substituted moiety and Y.Y to the level
of substitution (e.g., PEI-LA3.2 refers to LA substitution at
3.2 lipids/PEI2).
Evaluation of Polymer Cytotoxicity. The cytotoxicity of the

polymers on MDA-MB-231 cells was evaluated using the MTT
assay in 48-well flat-bottomed plates. Confluent cell cultures
were trypsinized, seeded in 48-well plates with 0.2 mLmedium in
each well, and allowed to reach ∼80% confluence (1�2 days).
Polymer/siRNA complexes were prepared using the scrambled
siRNA at a polymer:siRNA weight ratio of 8:1 and were added to
the wells to give final polymer concentrations of 1.25, 2.5, 5, and
10 μL/mL in triplicate wells. Cells were incubated for 24 h in
their normal maintenance conditions, and then 40 μL of MTT
solution (5 mg/mL in HBSS) was added to each well. After
2 h of incubation in 37 �C, themediumwas removed, and 500 μL
of DMSO was added to each well to dissolve the crystals formed.
The optical density of the wells were measured at 570 nm
with an ELx800 Universal Microplate Reader (BioTek Instru-
ments; Winooski, VT, USA) with cell-less medium as blank. The
absorbance of polymer-treated cells was compared to untreated
cells (as 100% viability), and the % cell viability was calculated for
each concentration of polymers.
Cellular Uptake of siRNA. Confluent MDA-MB-231 cell

cultures were trypsinized and resuspended as described before,



1823 dx.doi.org/10.1021/mp200176v |Mol. Pharmaceutics 2011, 8, 1821–1830

Molecular Pharmaceutics ARTICLE

and seeded in 48-well plates (0.35 mL in each well) at ∼50%
confluency. After 24 h, medium was removed from all cells and
200 μL of fresh medium was added to each well, followed by the
addition of polymer/siRNA complexes. The complexes were
prepared in sterile tubes using both FAM-labeled scrambled
siRNA and nonlabeled scrambled siRNA (as a negative control)
with polymer:siRNA ratios of 2:1 and 8:1 (corresponding to
36 nM siRNA and 1 and 4 μg/mL polymer in culture medium).
The prepared complexes were added to wells in triplicate and
were incubated at 37 �C for 24 h. After the incubation period,
cells were washed with HBSS (�3) and trypsinized. A 3.7%
formaldehyde solution was added to suspended cells, and the
siRNA uptake was quantified by a Beckman Coulter QUANTA
SC flow cytometer using the FL1 channel to detect cell-
associated fluorescence. The percentage of cells showing
FAM-fluorescence, the mean fluorescence in the positive cells,
and the mean fluorescence in the total cell population were
determined. Calibration was performed by gating with the
negative control (i.e., “No Treatment”) group such that the
autofluorescent cell population represented 1�2% of the total
cell population.
Evaluation of Survivin Expression. Confluent cell cultures

were trypsinized and seeded in 24-well plates (500 μL in each
well) at∼50% confluence. After 24 h, the medium was removed
and 200 μL of fresh medium was added to each well. The
polymer/siRNA complexes were prepared in sterile tubes using
both scrambled siRNA (as a negative control) and survivin
siRNA with polymer:siRNA weight ratio of 2:1 (corresponding
54 nM siRNA and 1 μg/mL polymer in cell culture medium),
and were added to the wells in triplicate. Plates were then incubated
in 37 �C for 72 h, after which the medium was removed, and cells
were trypsinized, fixed with 3.7% formaldehyde solution, and
transferred to tubes. Cells were then washed with HBSS and
permeabilized for intracellular staining with a 0.1% solution of
Triton X100 in HBSS. Permeabilized cells were exposed to
fluorescein-conjugated antisurvivin monoclonal antibody for
45 min, and then were washed with the same permeabiliz-
ing solution twice before being resuspended in HBSS for
flow cytometry assay. The percentage of cells showing FAM-
fluorescence, the mean fluorescence in the positive cells, and the
mean fluorescence in the total cell population were determined
by fluorescence measurement in FL1 channel. Calibration was
performed by gating with the negative control such that the
autofluorescent cell population represented 1�2% of the total
cell population.
Detection of Apoptosis Induction by siRNA Downregula-

tion. Apoptosis among the survivin siRNA-treated cells and the
control groups was evaluated by the FlowTACS Apoptosis
Detection Kit and fluorescent microscopy. Cleavage of DNA
generates free 30-hydroxyl residues that can be utilized by
terminal deoxynucleotidyl transferase (TdT) in end-labeling
reactions. Incorporation of biotinylated nucleotides into the
DNA by TdT allows detection with streptavidin�FITC con-
jugates by flow cytometry. Positive control was prepared by
adding nuclease to the cells before performing the detection test
according to the manufacturer's instructions. To microscopically
visualize the nucleus and the fragmentation resulting from the
survivin siRNA treatment, the cells were stained with both
Hoechst and SYBR Green I dyes.
Cell Viability after Survivin Downregulation.Confluent cell

cultures were trypsinized and seeded in 24-well plates (500 μL in
each well) at ∼50% confluence. After 24 h, the medium was

removed and 200 μL of fresh medium was added to each well.
The polymer/siRNA complexes were prepared in sterile tubes
using both scrambled siRNA (as a negative control) and survivin
siRNA with polymer:siRNA weight ratio of 2:1, 4:1, and 8:1
(corresponding to 18, 36, and 54 nM siRNA and 1, 2, and
4 μg/mL polymer in cell culture medium), and were added to
the wells in triplicate. The plates were incubated at 37 �C for
72 h, after which the medium was removed and the MTT assay
was performed as described in Evaluation of Polymer Cytotoxi-
city to determine the cell viability for each group.
Effect of Survivin siRNA on Cytotoxicity of Anticancer

Agents. The cytotoxicity of doxorubicin, paclitaxel and mitox-
antrone was evaluated in MDA-MB-231 cells using a standard
cell viability test based on the MTT assay.35 The siRNA-treated
and untreated cells were exposed to a wide range of doxorubicin,
paclitaxel, and mitoxantrone concentrations for 24 h. The medium
was then removed and the MTT assay was performed (as
described in Evaluation of Polymer Cytotoxicity) to determine
the cell viability. The inhibitory concentration for 50% cell
viability (IC50) was calculated based on the cell viability curves
generated.
Statistics. The compiled data are presented as mean ( SD.

Where feasible, the data were analyzed for statistical significance
by unpaired Student's t test (assuming unequal variance). The
level of significance was set at R = 0.05. The correlation factor
was also calculated for the interrelated data to evaluate any
potential causal relationship(s).

’RESULTS

Three series of lipid substitutions (with lipid:PEI amine mole
ratios of 0.066, 0.1 and 0.2) were performed on the PEI2 with
caprylic acid (CA), palmitic acid (PA), oleic acid (OA), and
linoleic acid (LA).36 Characteristics of the polymers used in this
study (Figure S1 in the Supporting Information) have been
reported elsewhere.33 All polymers employed for this study
remained water-soluble; a general increase in lipid substitution
was observed as the lipid:PEI ratio was increased during the
synthesis and the highest number of lipids substituted was
achieved with CA at lipid:PEI amine ratio of 0.2 (6.9 CAs/PEI,
corresponding to modification of 6.9 amines out of a possible 14
primary amines on PEI2). Based on a SYBRGreen II dye binding
assay,34 complete siRNA binding was achieved at polymer:
siRNA ratio of ∼0.5 for all polymers. Particle size analysis
showed a range of 300 to 600 nm for siRNA particles formed
with all lipid-substituted polymers with no clear effect of lipid
substitution on particle sizes. At a polymer:siRNA ratio of 1:1, all
lipid-substituted polymers showed complete protection against
degradation, while unprotected siRNA was readily degraded
(<5% intact siRNA remaining) and only∼68% of siRNA bound
with PEI2 remained intact in serum-containing medium after
24 h of incubation.

Since the cytotoxicity of carriers is a major concern for
polymeric systems employed for siRNA delivery, the MTT assay
was performed to determine the toxicity of the lipid-substituted
polymers on the chosen cell target. Figure 1 summarizes the cell
viability of MDA-MB-231 cells after 24 h exposure to a range of
polymer concentrations (0�10 μg/mL) added as complexes
with scrambled siRNA. PEI2, as expected, showed little toxicity
in this cell line, and even at 10μg/mL,∼92% of the cells were still
viable. However, the toxic effect of PEI25 was evident at 5 and
10μg/mL, with only∼19% of cells surviving the polymer exposure.
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Lipid substitution increased the toxicity of PEI2 for all of the
evaluated polymers, which was most significant for OA-substi-
tuted lipids; however, the observed toxicity was significantly
lower than the toxicity of PEI25 (>50% cell viability for all lipid-
substituted polymers at 10 μg/mL).

The efficiency of lipid-substituted polymers for siRNA
delivery was evaluated at two different polymer:siRNA ratios
(2:1 and 8:1; Figure 2a). Expectedly, PEI2 showed minimal
delivery capability at both ratios, while PEI25 was among the
effective polymers. While the ratio of 8:1 was significantly more
effective in siRNA delivery (compared to the 2:1 ratio) for LA-
and OA-substituted polymers (based on the mean fluorescence
of the cells), such a significant difference was not evident for
other polymers. Among the lipid-substituted polymers, LA-
substituted polymers provided the highest cellular uptake, while
other polymers gave lower siRNA delivery. Figure 2b demon-
strates the percentage of siRNA-positive cells for the evaluated
polymers. A polymer:siRNA ratio of 8:1 showed higher per-
centages of siRNA uptake for LA-substituted polymers, and
lipid-substituted polymers showed a maximum of∼96% of cells
with siRNA delivery (achieved with LA1.0). The correlation
between the cellular uptake (calculated based on the mean

fluorescence of the cells) and the level of substitution (calcu-
lated based on the number of substituted lipids per PEI2, as
well as the number of lipid methylenes per PEI2) are summar-
ized in Figure 2c for the ratios of 2:1 and 8:1. For the polymer:
siRNA ratio of 2:1, strong correlations were observed for all
substituted lipids (the lowestRwas 0.96), and the overall results
showed a stronger uptake with increased lipid substitution level
at this polymer:siRNA ratio. At the polymer:siRNA ratio of 8:1,
however, mixed results were observed. The PA-substituted
polymers showed a reverse trend, showing a lower uptake with
an increase in substitution level (R = 0.99). While a decisive
correlation between the substitution level and siRNA up-
take was not observed for LA- and OA-substituted PEI2, the
CA-substituted polymers gave a positive correlation between the
level of substitution and the siRNA uptake.

The lipid-modified PEI2s were then used to deliver survivin
specific siRNA, and cell viabilities were evaluated using the MTT
assay. The CA- and LA-substituted polymers were selected for
further investigation based on the result of this initial experiment
(data not shown). Figure 3a shows the results of MDA-MB-231
viabilities after treatment with 3 different siRNA concentrations
(18, 36, and 54 nM) at three different polymer:siRNA ratios with

Figure 1. Polymer toxicity. The viability of MDA-MB-231 cells after 24 h exposure to polymer/siRNA complexes prepared using increasing polymer
concentrations and scrambled siRNA. While PEI25 was obviously toxic to the cells at concentrations above 2.5 μg/mL, the toxicity profiles of the lipid
substituted polymers were more acceptable. The OA- and CA-substituted polymers showed the most toxicity among the lipid-substituted polymers in
both cell lines.
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the PEI2-LA3.2 polymer. The toxic effect of the polymer was
evident at the higher ratios (i.e., for cells treated with control
siRNA complexes). A clear survivin siRNA-induced cell death

was not evident for cells treated with the PEI2-LA polymers
under these conditions (Figure 3a, inset). Figure 3b shows the
results of MDA-MB-231 viabilities after siRNA delivery with

Figure 2. Cellular uptake of polymer/siRNA complexes. (a) Themean fluorescence of theMDA-MB-231 cells after 24 h exposure to complexes formed
with FITC-labeled scrambled siRNA at polymer:siRNA ratios of 2:1 and 8:1 (weight/weight). (b) The percentage of cells positive for FITC-siRNA after
24 h exposure to siRNA complexes. Hydrophobic modification enhanced the siRNA cellular uptake significantly, even more than the uptake with PEI25
(in case of LA-substituted polymers at ratio of 8:1). In general, siRNA uptake was more significant with the polymer:siRNA ratio of 8:1. (c) Correlation
between the polymer substitution level (based on number of lipids per PEI chain [panels on left] and number of substituted methylenes per PEI [panels
on right]) and siRNA cellular uptake of polymer/siRNA complexes (calculated based on mean fluorescence presented in panel a). There was a positive
correlation between the substitution level and uptake at ratio of 2:1 for all hydrophobic moieties.
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PEI2-CA6.9. A significant drop in cell viability was also
observed at high polymer:siRNA ratios; however, a specific drop
in cell viability was especially noted at the polymer:siRNA ratio of
2:1 at 36 and 54 nM siRNA concentrations (Figure 3b). The
Figure 3b inset summarizes the decrease in cell viability as a
percentage of the viable cells compared to the control siRNA
treatment, which clearly shows the effective groups for siRNA
delivery. The unmodified PEIs (even high MW PEI25) did not
induce any specific cell death, even with the highest dose of
54 nM siRNA (Figure S2 in the Supporting Information). To
ensure that 2:1 is the optimum polymer:siRNA ratio, this
experiment was repeated with a polymer:siRNA ratio of 1:1,
but the loss of cell viability was significantly less than that for the
2:1 ratio (results not shown). Based on these results, a polymer:
siRNA ratio of 2:1 and siRNA concentration of 56 nM were
selected for the rest of the experiments.

The effect of siRNA delivery on survivin protein down-
regulation was evaluated after 72 h of treatment with the
polymer/siRNA complexes. Figures 4a summarizes the mean
survivin levels analyzed by flow cytometry after treatment with
siRNA complexes of LA-substituted polymers and PEI2-
CA6.9, as opposed to unmodified PEIs. While LA- and CA-
modified polymers showed a decrease in survivin levels in

comparison to the cells treated with scrambled siRNA, PEI2-
CA6.9 gave the most significant downregulation in survivin
levels (∼82% vs 25�40% for PEI2-LA polymers). The un-
modified PEIs were ineffective in survivin silencing (Figure S2
in the Supporting Information). Figure 4b represents the
percentage of survivin-positive cells from the same experiment,
which again confirmed the superior effect of PEI2-CA6.9 to
silence survivin expression.

In order to determine if survivin downregulation caused
apoptosis induction, apoptosis levels in cell populations were
evaluated based on DNA fragmentation. Figure 5 summarizes
the results of apoptosis assay on scrambled and survivin siRNA-
treated cells, along with negative (cells exposed to saline) and
positive controls (cells treated with a nuclease). The data is
summarized as the mean apoptosis level (Figure 5a), or as the
percentage of cells positive for apoptosis (Figure 5b). There
was no significant increase in apoptosis induction in cells
exposed to polymer/scrambled siRNA complexes; however,
cells treated with survivin siRNA complexes with PEI2-LA3.2
and PEI2-CA6.9 displayed 2- and 3.5-fold increased apoptosis
levels, respectively (Figure 5a). While the nuclease treatment
resulted in ∼54.2% apoptotic cells (compared to ∼10% in

Figure 3. Effect of survivin downregulation on cell viability. Cell
viability after treatment with three different siRNA concentrations
(18, 36, and 54 nM) at three different polymer:siRNA ratios (2:1, 4:1,
and 8:1) using PEI2-LA3.2 (a) and PEI-CA6.9 (b). The toxic effect of
the polymers is evident at the higher ratios. A clear survivin siRNA-
induced cell death was not evident for cells treated with the PEI2-LA3.2
polymer under these conditions. A significant drop in cell viability was
observed at a polymer:siRNA ratio of 2:1 at 36 and 54 nM siRNA
concentrations for PEI2-CA6.9. Insets represent the loss in cell viability
(%) in survivin siRNA-treated cells compared to cells exposed to
scrambled siRNA as control.

Figure 4. Downregulation of survivin expression by polymer/siRNA
complexes. (a) The survivin levels in MDA-MB-231 cells after 72 h
exposure to siRNA complexes prepared with unmodified PEIs, PEI-
LA3.2, and PEI-CA6.9 at a polymer:siRNA ratio of 2:1. The black bars
represent survivin levels for scrambled siRNA treated cells, whereas the
white bars represent cells treated with survivin specific siRNA. NT (No
Treatment) refers to cells treated with buffer alone. (b) The level of
survivin expression presented as percentage of survivin-positive cells
after 72 h exposure to the same complexes. Survivin downregulation was
observed for both polymers; however, the level of downregulation was
more significant for PEI-CA6.9 polymer, which is in correlation with the
cell viability results presented in Figure 3.
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negative control), survivin siRNA delivered by PEI2-LA3.2 and
PEI2-CA6.9 induced 15.8% (compared to 9.5% for scrambled

siRNA; not significantly different) and 25.3% (compared to
7.4% for scrambled siRNA; p < 0.001) apoptotic cells, respec-
tively (Figure 5b).

Microscopic analysis of the cells was also conducted to
confirm nuclear fragmentation (Figures 5c). Cells exposed to
saline (Figure 5c-i) or complexes prepared with scrambled
siRNA (Figure 5c-ii) showed no nuclear fragmentation. How-
ever, nuclear fragmentation was observed in cells treated with
PEI2-CA6.9/survivin siRNA complexes in both Hoechst
(Figure 5c-iii) and SYBR Green I (not shown) stained cells. A
positive control was prepared by exposing the cells to 10 μg/mL

Figure 6. The effect of survivin downregulation on the cytotoxic effect
of a variety of commonly used anticancer drugs. Viability of MDA-MB-
231 cells exposed to increasing concentrations of doxorubicin (a),
paclitaxel (b), and mitoxantrone (c): Pretreatment of the MDA-MB-
231 cells with PEI2-CA6.9/survivin siRNA complexes for 48 h before
exposure to anticancer drug (for 24 h) increased the efficacy of the
anticancer agent significantly, as represented by a significant drop in the
IC50 of the anticancer agent.

Figure 5. Apoptosis induction in MDA-MB-231 cells by survivin
downregulation. (a) The apoptosis levels in MDA-MB-231 cells after
72 h exposure to siRNA complexes prepared with LA3.2 and CA6.9 at
a polymer:siRNA ratio of 2:1, calculated based on mean fluorescence
after analysis with apoptosis evaluation kit. The black bars represent
survivin levels for scrambled siRNA treated cells, whereas the white
bars represent cells treated with survivin specific siRNA. NT (No
Treatment) refers to cells treated with buffer alone. Positive control
represents apoptosis in cells exposed to nuclease. (b) The level of
apoptosis presented as percentage of apoptotic cells after 72 h
exposure to same complexes. Apoptosis levels were significantly
higher for cells exposed to PEI-CA6.9/survivin siRNA, which is in
correlation with data presented in Figures 3 and 4. (c) Samples of
MDA-MB-231 cells stained with Hoechst dye to detect nucleus
fragmentation after exposure to saline (i), 10 μg/mL paclitaxel for
24 h (ii), scrambled siRNA/PEI-CA6.9 complexes (iii), and survivin
siRNA/PEI-CA6.9 (iv): Nucleus fragmentation was observed after
survivin downregulation.
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paclitaxel for 24 h, which also yielded significant nuclear frag-
mentation (Figure 5c-iv).

The effect of survivin downregulation on the cytotoxic effect
of three common anticancer drugs was evaluated using the
MTT assay. Cells were exposed to increasing concentrations of
doxorubicin, paclitaxel, and mitoxantrone, and the resultant
cell viabilities are summarized in Figures 6a, 6b and 6c,
respectively. Pretreatment of the MDA-MB-231 cells with
PEI2-CA6.9/survivin siRNA complexes for 48 h before ex-
posure to the drugs increased the efficacy of the anticancer
agent significantly, as represented by a 72.8-, 49.6-, and 123-
fold decrease in the IC50 of doxorubicin, paclitaxel, and
mitoxantrone, respectively.

’DISCUSSION

Apoptosis induction, through stimulating apoptotic path-
ways or inhibiting antiapoptotic mechanisms, is actively ex-
plored as a strategy in cancer therapy. Survivin was observed to
be involved in multiple intracellular mechanisms, all of which
favor cell survival.37 All IAP proteins share two to three
common structures of baculovirus IAP repeat (BIR) domains
to bind and inactivate caspases, except survivin, the smallest
human IAP protein which contains only a single BIR repeat.38

Overexpression of survivin has been demonstrated in many
different cancer cells, and nuclear expression of survivin has
been attributed to its role in cell division via controlling
microtubule stability of the normal mitotic spindle.12 Survivin
has been also suggested to be responsible for resistance of
colorectal cancer to clinical therapies.39 Based on these ob-
servations, we considered survivin downregulation to be a
promising anticancer strategy and employed a previously
reported library of lipid-modified polymers33,36 to determine
the feasibility of survivin silencing through siRNA delivery with
these new carriers.

The present study was initiated with a toxicity evaluation of
the modified polymers on the selected cell line; while PEI25 was
extremely toxic to the cells, the PEI2 did not affect cell viability at
the evaluated concentration range. Since the destabilizing effect
of PEI on cell membrane has been suggested as the mechanism
responsible for both cytotoxic and cargo delivery effects,40,41 a
severe toxic effect was expected for the highly cell-interactive
PEI25. Hydrophobic moieties are speculated to enhance the
interaction between the polymeric carrier and the lipophilic cell
membrane, which in turn could increase the cellular uptake of the
cargo, but may also result in higher cytotoxicity. Our results
showed a slight increase in toxicity compared to PEI2 for the
modified polymers; however, at a concentration proven to be
effective for survivin silencing (1.5 μg/mL), minimal cytotoxicity
was evident for all lipid-modified polymers, which confirms the
safety of the designed delivery system.

Most of the modified polymers showed promising capability
for cellular delivery of siRNA. At a polymer:siRNA ratio of 2:1,
PEI25 was more effective in siRNA delivery than all of the
modified polymers. However, increasing this ratio to 8:1 in-
creased siRNA cellular uptake for LA-substituted polymers
significantly, and therefore, all PEI2-LA polymers showed a
higher siRNA delivery compared to PEI25 at this ratio. PEI2-
CA6.9 showed a comparable siRNA delivery capability to PEI25
at both ratios. This could be explained by a more effective
interaction between the polymer/siRNA complexes and the cell
membrane by using a higher portion of the lipid-substituted

polymers. The beneficial role of hydrophobic substitution was
also confirmed by the strong correlation obtained between the
level of substitution and siRNA delivery for all substituting
moieties in polymer:siRNA ratio of 2:1 (Figure 2c). At the 8:1
polymer:siRNA ratio, this correlation was seen for only CA-
substituted polymer and not for other polymers, which could be
due to significantly higher uptake levels that may have saturated
the uptake mechanism(s).

The survivin downregulation was initially assessed indirectly
by theMTT cell viability assay. The siRNA complexes prepared
with the CA- and LA-substituted polymers were shown to
decrease the viability of MDA-MB-231 cells more significantly,
which were the polymers that gave the highest siRNA delivery
as well (Figure 2a). However, a closer look at different polymer:
siRNA ratios showed the most significant downregulation to be
achieved with PEI-CA6.9 at a 2:1 ratio, which did not correlate
with the results of the siRNA delivery, where the highest
delivery was accomplished with LA-substituted polymers and
at the 8:1 ratio. While a higher portion of polymer seems to
increase the uptake by enhanced interactions with the cell
membrane, this ratio could also form more stable complexes,
which becomes an obstacle for siRNA release after internaliza-
tion. Therefore, even though the PEI2-CA6.9 complexes gave a
lower siRNA uptake, a higher intracellular siRNA release may
result in their superior efficacy for survivin downregulation. Our
previous study had shown that CA-substituted polymer had the
lowest binding affinity to siRNA,33 due to the fact that about
43% of the primary amines in the polymer chain were sub-
stituted with CA moieties (compared to 31% and less for other
polymers included in this study). This means that fewer amine
groups are available for nucleic acid binding and, therefore, the
affinity of CA-substituted PEI for binding to siRNA is lower
compared to LA-PEI, which in turn could explain this hypoth-
esis. On the other hand, the fact that PEI25 was unable to create
an effective downregulation, despite significant siRNA delivery,
was supportive of this hypothesis (Figure S2 in the Supporting
Information and Figures 4a and 4b).

The changes in cell viability as a result of survivin siRNA
delivery were correlated with the analysis of survivin protein
levels (Figure 4) and apoptosis induction (Figure 5). In fact,
siRNA delivery with PEI2-CA6.9 caused >80% survivin down-
regulation and 3.5-fold increased apoptosis induction. Several
studies have demonstrated that survivin knockdown, accom-
plished through different methods of RNA interference, is able to
induce apoptosis in various human tumor cell models.42�45

Survivin inhibition in endothelial cells caused both a proapopto-
tic effect and an interruption of tumor angiogenesis,46 and
induced apoptosis in osteosarcoma cells,47 while in xenografts,
survivin knockdown decreased tumor formation and reduced
angiogenesis development;48,49 however, all these studies were
conducted using small hairpin RNA (shRNA) expression in situ,
which is not practical in clinics. Among the studies conducted
with siRNA, Paduano et al. was the only group to report survivin
downregulation quantitatively,45 and neither of these studies
reported the level of apoptosis in the cells to confirm the survivin
downregulation as the underlying basis of decreased cell viability.
Paduano et al. study shows ∼75% survivin downregulation by
siRNA transfection using LipofectAMINE 2000 and Oligofecta-
mine, but with a relatively high concentration of ∼100 nM
siRNA. Different studies have pointed out the importance of an
optimal siRNA concentration required for an effective target
downregulation. Unspecific upregulation and downregulation of
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unrelated genes associated with high concentrations of siRNA
are general concerns, and a 20�50 nM concentration range of
siRNA is considered desirable for therapeutic silencing.50�52 It is
difficult to compare the relative efficacy of these commercial
carriers to the polymers synthesized in this study, given the
differences in experimental system, but the reported polymers
were able to induce an apoptotic response by using siRNA
concentrations in the desired range.

Survivin downregulation was previously reported to enhance
the apoptotic response of tumor cells to different drugs, including
adriamycin and cisplatin in KB squamous cell carcinoma
cells,53,54 etoposide, cisplatin and doxorubicin in osteosarcoma
cells,47 and doxorubicin or TNF-R in different cancer cells.48

However, all of these studies employed shRNA expression in situ.
We evaluated the effect of more clinically relevant siRNA-
induced survivin silencing on the IC50 of three cytotoxic drugs
in the MDA-MB-231 cells. Since the viability of the siRNA-
treated cells was only∼60% of the control cells in the absence of
any drugs, a significant drop in the IC50 of the evaluated anti-
cancer agents was expected. In fact ∼73-, ∼50-, and ∼123-fold
drops in IC50 were observed for doxorubicin, paclitaxel, and
mitoxantrone, respectively (Figure 6). While “sensitizing” resis-
tant cancer cells to specific anticancer agents has been a major
strategy in the past, inducing apoptosis through a more general
pathway such as survivin downregulation has the advantage of
being applicable to wider range of tumor cells. Our findings
regarding the IC50 of the anticancer agents are a significant
observation, which could decrease the minimum drug concentra-
tion required for the effective treatment significantly and, there-
fore, minimize the toxic side effects of chemotherapy. We and
others have attempted to lower the drug IC50 by delivering siRNA
against drug transporters, such as P-glycoprotein,55,56 and the
strategy pursued in this study focusing on survivin might provide
an alternative approach for sensitizing the cells to drug therapy.

’CONCLUSION

This manuscript reported effective downregulation of survivin,
which is a member of the IAP family of proteins shown to be
overexpressed in cancer cells with an antiapoptosis role. This was
accomplished by delivering survivin-specific siRNAs by using
hydrophobically modified PEI2, obtained by substituting different
lipophilic moieties on the polymer chain. The PEI-CA6.9 with the
highest caprylic acid substitution was shown to be the most
effective polymer in downregulation of survivin, and induction
of apoptosis in a human breast cancer cell line, which, in turn,
decreased the IC50 of different anticancer agents. This study
introduces an effective and nontoxic delivery system for survivin
downregulation for further testing and sheds more light on the
importance of this protein in cell survival and cancer therapy.
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