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a b s t r a c t

Persistent activation of signal transducer and activator of transcription 3 (STAT3) has been shown to
impart several oncogenic features in many solid and blood tumors. In this study, we investigated the
potential of nanoparticles based on polyethylenimine (PEI) modified with stearic acid (StA), to deliver
siRNA for efficient STAT3 downregulation in B16 melanoma cells. The B16 cells were targeted with w6–
200 nM of siRNA complexes for 36 h. Compared to the PEI complexes, the PEI-StA complexes showed
higher potency in STAT3 silencing in B16 cells accompanied by a significant induction of IL-6 secretion
and a reduction of VEGF production. Moreover, with PEI-StA complexes, the level of the cellular Caspase
3 activity (an indicator of apoptotic activity) was found to be 2.5 times higher than that of PEI complexes.
When the cells were treated with 50 nM of siRNA complexes on a daily basis, the cell viability was
dramatically reduced reaching only to 16% after the third daily dose of PEI-StA complexes, as compared to
the 69% viability observed with the PEI complexes at an equivalent time period. Consistently, in vivo
results indicated significant regression in tumor growth and tumor weight after siRNA/PEI-StA treatment
as compared to the siRNA/PEI. This was accompanied with significant increase in IL-6 levels and Caspase
3 activity, and a significant decrease in VEGF level and STAT3 activity in the tumor tissue. The lipid-
modified PEI is a promising carrier for siRNA delivery and downregulation of STAT3 by polymer-medi-
ated siRNA delivery is an effective strategy for cancer treatment especially when an optimum delivery
system can potentiate the silencing activity of siRNA.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Persistent activation of signal transducer and activator of tran-
scription 3 (STAT3) has been associated with malignant properties
including tumor survival, proliferation, angiogenesis, and immune
evasion in a vast number of solid and blood tumors [1]. STAT3 is
a downstream protein that becomes activated by phosphorylation
of a single tyrosine (Y705) in response to cytokine and growth factor
receptor stimulations [2]. The persistent activation of STAT3 is
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associated with persistent activation of tyrosine kinases including
Src kinases, growth factor receptors with intrinsic kinase activity,
and Janus kinases (JAKs) [3]. Upon activation, STAT3 dimerizes
through reciprocal phosphotyrosine-SH2 interaction. The formed
dimers translocate to the nucleus and bind to STAT-specific sites on
the promoters of target genes to induce the transcription of proteins
that have critical roles in regulating cell survival and proliferation
(e.g. c-Myc, cyclin D1, and Bcl-family proteins) [2]. Hyperactivity of
STAT3 in a large percentage of cells in different tumor types, its
involvement in various malignant behaviors, and dependence of
tumor cells on STAT3 for survival more than normal cells, make this
molecule an attractive target for cancer therapy [4,5].

Inhibition of STAT3 signaling pathway has been achieved by
several small molecules through either upstream inhibition of
cytokine and growth factors [6,7], inhibition of STAT3 dimerization
[8], inhibition of STAT3/STAT3 nuclear translocation [9] or inhibi-
tion of DNA binding activity [10]. However, cytotoxicity and lack of
specificity has diminished the enthusiasm for pharmacological
inhibitors of STAT3 and limited their progress from bench to bed
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side. In this context, application of small interfering RNA (siRNA) is
an attractive alternative with a promising therapeutic potential for
the inhibition of STAT3 in cancer [11,12].

The siRNA delivery has been shown to be effective in down-
regulating STAT3 expression in several tumor cells. For instance,
transfection of Hep2 laryngeal cancer cell line with DNA plasmid
encoding for anti-STAT3 siRNA using Oligofectamine�, was shown
to be successful in inhibition of STAT3 gene expression leading to
the suppression of growth and induction of apoptosis in Hep2
cancer cell line [13]. Another study has reported that the delivery of
siRNA by Lipofectamine� 2000 for STAT3 silencing can induce
apoptosis in astrocytoma cells [14]. The use of such carriers;
however, is limited to in vitro studies due to high dose of siRNA
needed to achieve STAT3 inhibition and possibility for the emer-
gence of carrier-associated toxicity upon in vivo administration
[15]. In order to achieve efficient RNA interference (RNAi)-based
therapeutics, developing safe but efficient delivery system for
siRNA remains a major priority.

An ideal siRNA delivery system for siRNA delivery in biological
system should maintain siRNA stability under physiological
conditions, improve its pharmacokinetics and biodistribution, and
enhance siRNA potency while reducing potential off-target effects
of siRNA [16]. Polymeric carriers, in particular, are attractive for
siRNA delivery since they are considered safer than viral vectors
and also more amenable for optimal design via chemical modifi-
cation techniques when compared to viral or lipid based non-viral
carriers [17–20]. The polymeric carrier polyethylenimine (PEI) is
a preferred carrier for intracellular delivery of siRNA. Because of its
high cationic charge density, PEI possesses the ability to effectively
condense nucleic acids by electrostatic interaction between the
anionic phosphates in the siRNA backbone and the cationic amines
in the polymer [21]. It demonstrated effective siRNA delivery in
vitro and in vivo to several cell types including cancerous cells
(reviewed in [22]). The work of Urban-Klein et. al. signified the
therapeutic applicability of PEI as a delivery system for siRNA-
based cancer therapy [23]. Using siRNA targeting c-erbB2/neu
(HER2) receptor, the authors demonstrated marked reduction in
tumor growth following systemic (intraperitonial, i.p.) adminis-
tration of the PEI/siRNA complex to mice bearing subcutaneous
ovarian carcinoma xenograft [23]. The siRNA carrier used in this
study was a linear low-molecular-weight PEI, which required
a high polymer level (high N/P ratio) to achieve the desired
complexation with siRNA. Application of a linear low-molecular-
weight PEI with a low cationic charge density also led to the
formation of larger particles upon nucleic acid compaction and
showed lower transfection efficiency compared to branched PEI
[24]. Overall, branched PEI (25 kDa) is a more effective system for
nucleic acid delivery than its linear counterpart owing to higher
complexation ability, smaller size of its particles and better inter-
action with cells [25].

We have recently developed improved polymeric systems for
siRNA delivery to B16 melanoma cells, which were based on
stearic acid (StA) derivatives of branched PEI. Modification
of branched PEI with lipids led to better protection of siRNA
integrity in biological milieu and also improved the siRNA delivery
into the cytoplasm of cells [26]. As a result, enhanced silencing
was obtained when the StA-derivative was used to deliver siRNA
against av integrin. The latter served as a model target for
demonstrating the feasibility of silencing and our previous studies
were restricted to an in vitro culture system. In this study, we
further evaluated the StA-substituted PEI carrier for siRNA-medi-
ated downregulation of STAT3 in B16 melanoma cells, since recent
data suggested that STAT3 was directly required for the initiation
and promotion of mouse skin tumorigenesis [27]. The molecular
and cellular consequences of such a STAT3 inhibition in tumor
cells were determined based on identified targets (IL6 and VEGF
secretion) and the studies were extended to a B16 tumor model in
order to explore the effectiveness of the proposed carrier in vivo
for the first time.

2. Materials and methods

2.1. Materials

Branched PEI (25 kDa), triethylamine (TEA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), and stearoyl
chloride (98.5%) were obtained from Sigma–Aldrich (St. Louis, MO). Anhydrous ethyl
ether and dichloromethane (DCM) were purchased from Fisher Scientific (Fairlawn,
NJ). Fetal Bovine Serum (FBS) was obtained from HyClone (Logan, UT). Dulbecco’s
Modified Eagle’s Medium (DMEM), L-glutamine, and gentamicin were purchased
from Gibco-BRL (Burlington, ON, Canada). Mouse IL-6 ELISA kit was purchased from
e-Biosciences (San Diego, CA). Mouse VEGF Quantikine ELISA Kit was purchased
from R&D Systems (Minneapolis, MN). Sequence-specific siRNA targeting murine
STAT3 mRNA was purchased from Ambion (Austin, TX) (sense: 50-GGACGACUUU-
GAUUUCAACtt-30 , anti-sense: 50-GUUGAAAUCAAAGUCGUCCtg-30). The scrambled
siRNAs Silencer� Negative Control #1 siRNA (Catalogue #AM4635) and Silencer�

FAM� labeled Negative Control #1 siRNA (Catalogue #AM4620), both purchased
from Ambion (Austin, TX). Caspase 3 Assay Kit, Etoposide, Nonidet P-40, Protease
Inhibitor Cocktails, and 4-Nitrophenyl phosphate were purchased Sigma–Aldrich
(St. Louis, MO). SK-MEL-28þ IFN-g Cell Lysate, anti-phosphotyrosine (Y705) STAT3
monoclonal antibody, and anti-actin antibody (I-19) were purchased from Santa
Cruz Biotechnology (Stanta Cruz. CA). ECL Plus� detection kit was purchased from
GE Healthcare Life Sciences (Piscataway, NJ).

2.2. Cells and animals

Murine B16.F10 cells were grown and propagated in DMEM supplemented with
10% FBS at 37 �C. Male C57Bl/6 mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). All experiments were performed in accordance with the
University of Alberta guidelines for the care and use of laboratory animals. All
experiments were performed using 4–6 week old male mice.

2.3. Preparation and characterization of siRNA complexes

As previously described, PEI-StA was prepared by N-acylation of PEI with
stearoyl chloride and characterized as described in [28]. Thereafter, complexes of
desired siRNA concentrations were prepared as previously described in [26]. Particle
sizes were determined by employing dynamic light scattering methodology and z-
potentials were determined in water for each siRNA complex in water by 3 serial
measurements using Zetasizer 3000 (Malvern, UK).

2.4. STAT3 knockdown by siRNA complexes

For STAT3 targeting, siRNA complexes were prepared at final siRNA concentra-
tions of 6.25, 12.5, 25, 50, 100 and 200 nM. Thereafter, in 24-well plates, 1�105 B16
melanoma cells were incubated with the designated complexes at 37 �C. 200 nM

naked STAT3 siRNA and identical complexes of 200 nM of scrambled siRNA were
used as controls. To remove uninternalized complexes, B16 medium was replaced
after 8 h. Then, tumor supernatants were collected at 36 h and levels of IL-6 and
VEGF were determined by ELISA. Moreover, cells were lysed and active phosphor-
ylated stat3 (p-stat3) levels were detected by Western blot. Optical intensity of
p-stat3 band was quantified and normalized to actin protein band using ImageJ
software (W. Rasband (2005) National Institutes of Health, Bethesda, MD, http://rsb.
info.nih.gov/ij). Simultaneously, cancer cell viability was determined by MTT assay
following 36 h of incubation with identical siRNA complexes.

2.5. Western blot

Cells were collected and washed twice with ice-cold PBS, then lysed in a buffer
containing 30 mM HEPES (pH 7.5), 2 mM Na3VO4, 25 mM NaF, 2 mM EGTA, 2% Nonidet
P-40, 1:100 protease inhibitor cocktails, 0.5 mM DTT and 6.4 mg/mL phosphatase
substrate 4-nitrophenyl phosphate. Cell lysates were centrifuged for 20 s at
16,000�g. Total protein extract was determined by Micro BCA Protein Assay. Equal
amounts of protein (20 mg) were loaded on 8% SDS-PAGE gel. Proteins were then
transferred into PVDF membrane and were probed with anti-phosphotyrosine
(Y705) STAT3 monoclonal antibody. Stripped membranes were probed with anti-
actin antibody (I-19). Membranes were developed using ECL Plus� detection kit.

2.6. MTT assay

B16 cells, grown in 96-well flat-bottomed microplates, were treated as indi-
cated. Thereafter, 100 mL of MTT solution in culture medium (0.5 mg/mL) was added
to each well for 2 h. The formed formazan crystals were dissolved by adding 200 mL
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of DMSO to each well. Optical density was measured at 550 nm using a microplate
reader (Powerwave with KC Junior software; Bio-Tek, Winooski, VT). The results
were converted into % viability relative to untreated sample. In another study, B16
cells in 96-well plates were challenged with a daily dose of 50 nM siRNA PEI and PEI-
StA complexes for 3 consecutive days. Media was refreshed 8 h after each incubation
to remove uninternalized complexes and MTT assay was carried out for 5 days from
the first dose to assess cellular viability. Media was refreshed every day in all groups
during this experiment.

2.7. Caspase 3 activity study

The Caspase 3 activity was measured as an indicator for apoptosis. For that
purpose, B16 cells were treated with 50 nM siRNA in PEI or PEI-StA for 24 h. Using
Caspase 3 Assay Kit, cells were normalized for 105 cells per treatment group, lysed,
and placed in designated wells in 96-well flat-bottomed microplates. Provided
Caspase 3 inhibitor (Ac-DEVD-CHO) and Caspase 3 substrate (Ac-DEVD-pNA) were
then added to designated wells according to the manufacturer’s instructions. Optical
density was measured at 405 nm using microplate reader and Caspase 3 activity was
calculated based on p-Nitroaniline calibration curve.

2.8. STAT3 silencing in vivo

For tumor establishment, 0.75�106 B16 cells were inoculated subcutaneously in
the upper left flank of male C57Bl/6 mice. After 10 days, 500 pmol of STAT3 targeting
or scrambled siRNAs complexes in normal saline were administered to randomly-
assigned groups (5 mice per group) by intratumoral injections on daily basis for 4
days. Untreated control group received daily intratumoral injections of normal
saline. Tumor dimensions were measured by vernier caliper once a day during
treatment period. The longest length and the perpendicular shorter length were
multiplied to obtain tumor area (mm2). Thereafter, mice were euthanized 1 day after
the final treatment dose and tumor samples were immediately isolated and
weighed. Consequently, isolated tumors were crushed between two slides to form
uniform cell suspension. Tumor supernatants were obtained after centrifugation
and normalized protein content was analyzed for IL-6 and VEGF using corre-
sponding ELISAs as previously described. Cellular part was lysed and analyzed for
STAT3 activation and Caspase 3 activity as described above.

2.9. Data analysis

IC50 for STAT3 knockdown was calculated using four parameter logistic function
(SigmaPlot for Windows, Version 10.0). The data were analyzed for statistical
significance (p< 0.05) by one-way ANOVA; Post-Hoc Scheffé’s test was conducted to
determine level of significance (SPSS for Windows, Version 16.0).
Polymer Diameter (nm)

PEI 112 ± 21
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Fig. 1. Fatty acid attachment on PEI backbone and characteristics of the siRNA complexes. Ta
measurements (�SD).
3. Results

3.1. Characterization of siRNA complexes

The average hydrodynamic diameter and z-potential of the
siRNA complexes with PEI and PEI-StA are summarized in Fig. 1.
Both complexes formed w110 nm structures with no significant
differences in diameter. The complexes displayed positive net
surface charge, where the complexes with the unmodified PEI
showed 4.9-fold higher z-potential value than the PEI-StA
complexes.

3.2. STAT3 knockdown by siRNA complexes

To evaluate the ability of complexes for STAT3 knockdown, B16
melanoma cells were targeted with siRNA doses ranging from 6.25
to 200 nM. The knockdown of the active protein, p-stat3, was
dependant on the siRNA dose (Fig. 2a). Levels of p-stat3 after
incubation with PEI-StA complex were found to be 55.8% lower
than that of PEI at 50 nM siRNA. At 100 nM siRNA, PEI-StA complexes
also showed up to 42.2% reduction in p-stat3 levels compared to the
PEI complexes. At 200 nM siRNA, there was no significant difference
between the two polymers in spite of further p-stat3 reduction. It is
worth noting that 25 nM siRNA was sufficient for PEI-StA complex to
reach significant reduction in p-stat3 level. The observed knock-
down is considered specific since 200 nM of scrambled siRNA did
not show any significant reduction in p-stat3 levels (not shown).
The IC50 of STAT3 knockdown was calculated based on the data in
Fig. 2a. PEI-StA complexes had an IC50 value of 19.0� 3.0 nM for
p-stat3 knockdown, significantly lower than that of PEI complexes
(94.3� 23.7 nM; p< 0.05).

3.3. Effect of STAT3 knockdown on B16 survival in vitro

To examine B16 cells survival following STAT3 knockdown, we
measured cell viability using the MTT assay. After 36 h of incubation
34.3 ± 4.5
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ble represents the size and zeta potential of siRNA complexes in averages of 3 different



Fig. 2. STAT3 knockdown by siRNA complexes in vitro. (a) Western blot analysis showing a dose-dependent reduction in p-stat3 signal using actin as loading control. Bars represent
expression of p-stat3 upon the designated siRNA treatment. Data are shown as the average� SD of 4 experiments. (b) Percentage of cell viability was determined relative to
untreated control by MTT assay. Data are shown as mean (�SD) of 7 replicates for each sample. (c) Correlation between p-stat3 knockdown and cancer cell death was determined by
linear regression. Correlation co-efficient (r2) for each set is expressed on the trend line of best fit. (d) Correlation between Caspase 3 activity (black bars) and cell death % (grey bars).
PEI-StA caused higher apoptosis as compared to control (*; p< 0.05) and PEI (a; p< 0.05). Data are shown as mean (�SD) of 3 experiments. Where shown, dashed line represents
controls including: 200 nM of naked siRNA or identical complexes of scrambled siRNA. Statistical significance was determined compared to control (*; p< 0.05) and PEI (a; p< 0.05).
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with the complexes, a dose-dependent cytotoxicity was obtained
with all complexes (Fig. 2b). At siRNA concentration of 50 nM, both
complexes caused significant cytotoxicity of B16 melanoma cells,
but cell viability was 18.5% lower after treatment with PEI-StA2
complexes as compared to that of PEI complexes. These results
were consistent with the Western blot analysis. The possibility of
non-specific cell death was tested using 200 nM of scrambled siRNA
complexes and there were no significant changes in cell viability
compared to untreated control. A strong correlation between the
siRNA-mediated p-stat3 knockdown (data from Fig. 2a) and B16 cell
death (data from Fig. 2b) was observed with all complexes, where
the correlation coefficients (r2) were 0.933 and 0.959 for PEI and
PEI-StA complexes (Fig. 2c).

In order to confirm apoptosis, Caspase 3 activity was measured
after treatment with 50 nM siRNA (Fig. 2d). While controls showed
basal Caspase 3 activity, PEI complexes resulted in up to 6-fold
increased Caspase 3 activities as compared to the untreated cells.
When PEI-StA was used, Caspase 3 activity reached to 14.9 folds
more than the untreated control. Consistent with our cytotoxicity
results, Caspase 3 activity with the PEI-StA complexes was found to
be w2.5 times higher than that with PEI complexes. With formu-
lations of scrambled siRNA using both polymers, no significant
difference was noticed compared to untreated cells.
We then investigated the changes in cell viability after STAT3
silencing with fixed daily dose of siRNA (Fig. 3). The B16 cells were
incubated with 50 nM fresh siRNA complexes of PEI or PEI-StA every
24 h for 3 consecutive days, and cell viability was measured for 7
days. After 24 h, PEI-StA complexes caused 39.7% decrease in cancer
cell viability, which was statistically better than what achieved by
PEI complexes (12.6% reduction in cell viability). The second dose
allowed for dramatic reduction in cell viability where PEI-StA
complexes caused 73.9% decrease in cell viability as compared to
only 23.9% reduction caused by PEI complexes. A third dose of PEI
complexes further reduced cell viability by 30.6%, but with PEI-StA
complexes reduction in cell viability was remarkably more reaching
over 84.7% cell death. After treatment removal, cells started to
regain viability and continued to grow back. A similar study was
carried out with identical formulations of scrambled siRNA where
no significant changes in cancer cell viability were noticed.

3.4. In vitro cytokine secretion by B16 cells

To examine changes in the cytokine profile of B16 cells following
STAT3 knockdown, B16 supernatants were collected after desig-
nated treatments and analyzed for IL-6 and VEGF. At 36 h after
incubation, there was an increase in IL-6 secretion as a function of



Fig. 3. Effect of multiple administration of 50 nM siRNA complexes on B16 viability
in vitro. B16 cell viability is dramatically reduced by daily supplementation of
anti-STAT3 siRNA in PEI and PEI-StA complexes. PEI-StA gave higher cell death as
compared to control (*; p< 0.05) and PEI (a; p< 0.05). Data are shown as the average
(�SD) of 3 independent experiments.

Fig. 4. Analysis of cytokine profile after STAT3 knockdown in vitro. Cytokine levels
measured by ELISA were plotted in bar graphs for IL-6 (top) and VEGF (bottom) where
PEI-StA showed significant induction of IL-6 production and decrease in VEGF levels as
compared to control (*; p< 0.05) and PEI (a; p< 0.05). Dashed line represents controls
which include 200 nM of naked siRNA or identical complexes of scrambled siRNA. Data
are shown as the average (�SD) of 3 measurements.
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siRNA concentration used for STAT3 knockdown (Fig. 4a). Unlike
the PEI complexes, PEI-StA complexes mediated a significant
increase in IL-6 levels at 25 nM siRNA. At this concentration, p-stat3
level was also significantly lower compared to the PEI complexes.
Both polymers showed significant increase in IL-6 secretion at
50 nM siRNA; however, IL-6 concentration after treatment with PEI-
StA complexes was 42.7% higher than the PEI complexes. Further
increase in IL-6 levels was observed at 100 nM, where PEI-StA
complexes produced higher IL-6 levels (33.4% higher than that of
PEI complexes). The IL-6 concentration reached plateau at 200 nM

with both polymers.
A dose-dependent decrease in VEGF concentration in B16

supernatant was observed following 36 h of siRNA treatment
(Fig. 4b). Consistent with the previous Western blot data, a signifi-
cant reduction in VEGF level was detected at 25 nM siRNA with the
PEI-StA complexes, but not with PEI complexes. Although all
complexes significantly reduced VEGF secretion at 50 nM, PEI-StA
mediated a higher reduction in VEGF level compared to PEI
complexes. A more profound reduction in VEGF concentration was
detected at 100 nM siRNA, where PEI-StA accounted for 27.2%
decrease in measured VEGF concentration compared to the PEI
complexes.

3.5. Effect of STAT3 knockdown on B16 tumor in vivo

To assess changes in tumor area after siRNA silencing of STAT3,
we administered siRNA complexes intratumorally to an already
established B16 tumor model. The results showed significant
retardation in tumor growth after 4 days of administration of STAT3
siRNA by PEI-StA as compared to PEI (Fig. 5a). Scrambled siRNA
complexes did not show any significant difference from untreated
control at any point throughout the study. By the end of the study,
tumor area for animals treated by PEI-StA/siRNA complexes was 2-
fold smaller than those treated with PEI/siRNA complexes (Fig. 5a).
Comparing the weights of isolated tumors, only STAT3-specific
siRNA complexes showed significant reduction in tumor weight as
compared to the controls (Fig. 5b). Nevertheless, siRNA delivery
with the PEI-StA showed a 38% reduction in tumor weight as
compared to the delivery with PEI. A superior antitumor effect of
STAT3-specific PEI-StA complexes over PEI and other controls was
also evident visually at the time of sacrifices (Fig. 5c).

The western blot analysis of tumor homogenates showed that
PEI-StA complexes were able to successfully reduce p-stat3 levels
by w41% and 60% lower than what achieved by PEI complexes and
untreated control, respectively (Fig. 6a). This significant inhibition
in p-stat3 was accompanied by a significant increase in Caspase 3
activity in PEI-StA treated groups, which was 2-fold and 22-fold
higher than the PEI complex treated and the untreated control
groups, respectively (Fig. 6b). In agreement with the in vitro data,
IL-6 level was significantly higher in PEI-StA/siRNA treated tumors,
with 2-fold and 6-fold increase as compared to the PEI/siRNA
treatment and the untreated control groups, respectively (Fig. 6c).
Consistently, VEGF level after PEI-StA/siRNA treatment was 3-fold
and 5-fold less than the PEI/siRNA treatment and the untreated
control groups, respectively (Fig. 6d).

4. Discussion

The first direct evidence suggesting a critical role of STAT3 in
cancer growth emerged when it was shown that downregulation of
STAT3 in cell lines derived from patients with squamous cell
carcinoma of the head and neck (SCCHN) reduced the proliferation
of SCCHN cells [29]. Subsequent studies revealed that STAT3 is also
persistently activated in other solid and hematological malignan-
cies in human [30,31], and plays an important role in tumor growth
and progression (reviewed in [5,32]). Interruption of the STAT3



Fig. 5. Effect of siRNA complexes on tumor growth in vivo. (a) Male C57Bl/6 mice (5 per group) with established B16 tumors were injected with 500 pmol siRNA complexes for 4
days intratumorally. Tumor size was measured daily. The mean tumor area (�SEM) for each group was plotted versus time. PEI-StA shows higher retardation in tumor growth as
compared to control (*; p< 0.05) and PEI (a; p< 0.05). (b) Tumor weight was measured at the endpoint of the study. Bars represent mean weight (�SEM) of the isolated tumors
from each group. (c) Pictures representative for mice in each group at the endpoint of the study.
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signaling pathway in solid and hematological tumors were
proposed to serve as a promising strategy for cancer therapy [33].
For instance, in a study where both JAK and STAT3 were inhibited,
a reduced tumor invasion and an increased apoptosis were noted in
a human colorectal cancer model [34]. Additionally, in a phase I/II
clinical trial, tipifarnib (a farnesyl transferase inhibitor) was
administered to patients with breast cancer in combination with
doxorubicin and cyclophosphamide [35]. The authors found that p-
STAT3 was inhibited in patients upon tipifarnib treatment, which
produced higher pathologic complete response rate than chemo-
therapy alone.

Several modalities have been employed to achieve effective
STAT3 inhibition [11,33]. Peptides and peptideomimetics were
introduced as inhibitors of STAT3 dimerization [8], but the effec-
tiveness of these molecules was limited by the poor cellular
permeability and insufficient stability profile. Small molecular
inhibitors of STAT3 such as JSI-124 (cucurbitacin I) were shown to
induce cell death and inhibit cell growth of transformed murine
fibroblasts and human breast cancer [6]. However, non-specific
toxicity limited the clinical application of JSI-124. At effective JAK2/
STAT3 inhibitory concentration, JSI-124 was shown to profoundly
affect actin cytoskeleton via STAT3-independend mechanism in
both cancerous and non-cancerous cells [36]. More tolerable
natural agents such as curcumin reported to exert STAT3 inhibitory
action in cancer [10,37], required high concentrations to excerpt
this effect (40–50 mM), raising concerns for its potential non-specific
effects. A Phase II clinical trial investigating the anti-cancer
potential of curcumin in prostate cancer patients indicated low
bioavailability of curcumin when administered orally [38].

RNA interference has been examined for STAT3 inhibition in
cancer as a more specific modality. However, the therapeutic
potential of siRNA is hindered by its poor cellular internalization
and biological instability [39]. Development of efficient and safe
delivery systems that can correct these properties of siRNA will be
paramount for its clinical application. Numerous non-viral carriers
have been investigated for siRNA delivery, such as PEI, cationic
liposomes, polyelectrolyte complex micelles, water soluble lip-
opolymers, and polycationic dendrimers. The knockdown of STAT3
by siRNA inducing apoptosis in astrocytoma cell lines has been
achieved by high siRNA doses (20–60 mM) using Oligofectamine� as
carrier [14]. Moreover, STAT3 knockdown by siRNA at 100 nM using
Lipofectamine� 2000 was shown to induce apoptosis and limit
invasiveness and motility of human prostate cancer cells in vitro
[40]. High siRNA doses used in such studies raise the concern for
off-target effects. Besides, application of mentioned carriers has
been associated with cellular toxicity limiting their in vivo use [15].
In this manuscript, we report on a potent siRNA polyplex that
achieved efficient downregulation of STAT3 at a relatively low
siRNA concentration (w25 nM) (Fig. 2a) and inhibited tumor
growth both in vitro (Fig. 2b) and in vivo (Fig. 6a). This polyplex was
based on StA attachment to branched PEI (25 kDa) (Fig. 1), which
was recently reported to form complexes with siRNA, interact with
B16 melanoma cells in vitro and reduce the expression of av integrin
in those cells [26]. We evaluated this system for STAT3 targeting as
a cancer therapeutic modality in vitro and in vivo. The dependence
of B16 melanoma cells on STAT3 activity for their survival has been
previously established [41].

Our findings demonstrate that PEI and PEI-StA polymers both
effectively pack siRNA into polyelectrolyte complexes suitable for
cell internalization. However, cellular association of siRNA is higher
when packed by PEI-StA as compared to PEI (not shown). The
higher degree of siRNA protection in serum by PEI-StA might have
contributed to this effect [26]. Others have also shown that better
siRNA protection from serum degradation by its delivery system to
be correlated with a higher cellular association of complexed siRNA
[42,43].

The improved association of siRNA with cells, in turn, will lead to
higher siRNA silencing efficacy [43]. In this study, both PEI and PEI-
StA siRNA complexes were equipotent in STAT3 knockdown at
200 nM siRNA, but PEI-StA yielded significant silencing effect and



Fig. 6. Molecular analysis of tumor following siRNA administration in vivo. (a) p-STAT3 was detected in 20 mg of collected cell lysate from each treatment group by Western blot.
Data are shown as the average (�SD) of 4 measurements. (b) Caspase 3 activity was measured in each treatment group. Data represent the mean of 6 measurements (�SD). (c) & (d)
Levels of IL-6 and VEGF, respectively, in tumors from each treatment group as determined by ELISA. Data represent the mean (�SD) of at least 3 measurements. Significance levels
are indicated by (*; p< 0.05) as compared to control and (a; p< 0.05) as compared to PEI.
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enhanced cancerous cell death at siRNA concentrations as low as
25 nM (Fig. 2a). This is expected to be beneficial to reduce possible
siRNA off-target effects as a consequence of the reduced dose.
Secondly, lower polymer contents were needed for siRNA
complexation when PEI-StA was used in comparison to PEI.
Therefore, application of PEI-StA as the siRNA complexing agent
may help to minimize potential inherent toxicity of PEI against
non-target cells.

The in vitro STAT3 knockdown efficacy for both carriers was
highly correlated with B16 cell death (Fig. 2c), with PEI-StA
appearing to be a more efficient siRNA carrier than PEI in down
regulating the expression of STAT3 and reducing growth of B16 cells
(Fig. 2a and b). Interestingly, at similar STAT3 levels, PEI-StA
complexes resulted in more cancer cell death than what was ach-
ieved with PEI complexes (Fig. 2c). This is most likely a result of
more efficient delivery of siRNA by PEI-StA to its cellular and
intracellular targets. Although non-specific toxicity of the polymers
could complicate the interpretation of our results, the dose-
dependent reduction in cancer cell viability observed in this study
was unlikely to be due to non-specific polymer cytotoxicity, since;
(i) the noted cell death after STAT3 knockdown by siRNA is shown
to be an apoptotic rather than a necrotic event (Fig. 2d) (i.e., cyto-
toxic effect of polymers is usually mediated via necrosis) and (ii) at
the highest siRNA concentration used in this study (i.e., highest
polymeric amount), both PEI and PEI-StA were proven not to be
toxic on B16 cells [26].

It is worth noting that 50% inhibition in cancer cell survival
in vitro was only achieved by PEI-StA complex (and not with PEI
complex) and just after daily administration of siRNA complexes
(Fig. 3). The necessity for multiple dosing of siRNA complexes is not
surprising because of the temporary nature of siRNA interference
owing to its degradation by intracellular nucleases, which can be
compensated by the daily supplementation of siRNA complexes.
Such information was valuable in scheduling our in vivo study
where daily administration of anti-STAT3 siRNA complexes for 4
days significantly suppressed tumor growth rate (Fig. 5a). Although
no reduction in the originally treated tumor mass was noted,
groups treated with PEI and in particular PEI-StA/STAT3 siRNA
complexes, demonstrated remarkable inhibition in tumor growth
and significant induction of apoptosis in vivo compared to scram-
bled siRNA complexes and untreated controls (Fig. 6b).

Upon STAT3 knockdown, an increase in IL-6 production and
a decrease in VEGF production by B16 cells were detected in vitro
(Fig. 4a and b) and in vivo (Fig. 6c and d). Consistent with previous
findings of this paper, the reduction in STAT3 expression leading to
increase in Caspase3 activity, increase in IL-6 production and
decrease in VEGF secretion was more pronounced for PEI-StA/
siRNA complexes than that of PEI. IL-6 is a pleiotropic cytokine with
paradoxical effects. In some cases, IL-6 promotes tumor growth,
while exerting anti-tumoral activity in other cases, and being used
for the treatment of malignancies such as melanoma [44]. This
paradox is partly due two opposing transcription factors activated
by the IL-6 signaling, namely STAT3 and STAT1 [45]. In many cancer
types, IL-6 constitutively activates STAT3, whereas STAT1 activation
by IL-6 seems to be transient and inefficient especially when
compared to its activation by interferon alpha (IFN-a) and
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interferon gamma (IFN-g) [46]. Interestingly, in the absence of
STAT3, IL-6 causes a drastic and prolonged activation of STAT1, and
induces the same spectrum of genes that are induced by IFN-g with
similar kinetics and response [47]. Such an effect would directly
translate into suppression of B16 cell growth [48]. Therefore, we
argue that one reason for the noted cancer regression after STAT3
knockdown in this study is perhaps the anti-tumoral effect of IL-6
that is reminiscent of the IFN-g effect. Moreover, the expression of
IL-6 is known to be induced by IFN-g [49] and NFkB activity [50].
Upon IL-6 expression, STAT3 strongly inhibits IFN expression [51]
and suppresses NFkB activity [52]. Therefore, when STAT3 is
downregulated, it is logical to expect an induction in IL-6 produc-
tion. Our results showed a dose-dependent increase in IL-6 secre-
tion in vitro associated with STAT3 knockdown. Similarly, we
detected an enhanced production of IL-6 in the isolated tumor
tissue (Fig. 6c) where STAT3 is downregulated (Fig. 6a). An inde-
pendent group has also reported similar observation where
induction of IL-6 production was detected in B16 melanoma cells in
vivo after STAT3 targeting by anti-sense oligonucleotide [53]. In
contrast to our findings, another study reported a reduction of IL-6
mRNA in B16.F10 after interrupting STAT3 signaling [9]. The reason
behind this discrepancy is unclear to us, but we note that the
approach used by these authors to suppress STAT3 activity was by
suppression of STAT3 nuclear translocation by decoy oligonucleo-
tide with no inhibition of cytoplasmic levels of STAT3. The presence
of STAT3 in the cytoplasm raises the possibility of STAT3 inhibition
on NFkB [54]. Recently, it was suggested that STAT3 could interact
with p65 subunit to form a novel complex that suppresses P-NFkB
activity [55]. In our siRNA-based approach as well as in the anti-
sense oligonucleotide approach [53], intracellular protein levels of
STAT3 was reduced, which minimized the negative effect on NFkB
and, hence, promoted the IL-6 production. However, because IL-6 is
also produced in vivo by components of the immune systems, we
cannot attribute all IL-6 secretion solely to tumor cells. A more
detailed analysis of the infiltrating immune cells to the tumor mass
and the possible anti-tumoral immune response is currently
ongoing in our lab.

The reduction in the VEGF levels as a result of STAT3 knockdown
was expected since VEGF gene expression was shown to be upre-
gulated by STAT3 [56]. Beside its role for tumoral angiogenesis, the
importance of VEGF for B16 survival has been demonstrated [57].
Considering the well established relationship between the VEGF
expression, tumor vascularization and cancer survival, we expect
the regression in tumor growth in vivo after STAT3 inhibition was
due to both its direct effects on cancer cell survival and its anti-
angiogenic effect on tumor tissue mass. However, we could not rule
out the possibility of B16 cell death due to reduced expression of
other antiapoptotic proteins as a result of STAT3 knockdown. It has
been demonstrated that STAT3 upregulates the expression of
several antiapoptotic proteins such as Bcl-2, Bcl-xL, and Mcl-1 [33]
and the inhibition of STAT3 activity results in an increased sensi-
tivity to apoptosis [58]. Moreover, the detrimental effects of STAT3
disruption on B16 survival has been linked to inhibition in Bcl-xL
expression [58]. It will be important to elucidate the role of other
intracellular proteins involved upon STAT3 inhibition, and this may
identify better therapeutic targets.

5. Conclusion

To date, no strategy for STAT3 inhibition has reached clinical
application as a cancer therapeutic. Although, RNAi technology
carries promising efficacy for cancer treatment by STAT3 knock-
down, the poor stability and cellular availability stands against
siRNA therapeutic potentials. In this study, we developed a delivery
system based on stearic acid modification of PEI, which turned to
significantly increases siRNA potency in vitro and in vivo and
consequently reduces off-target effects. Such approach harbors
a promise for therapeutic applications for cancer that is still lacking
in spite of the reported efficacy of siRNA for cancer treatment in
experimental settings.
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