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1. Introduction

ABSTRACT

We synthesized a non-viral delivery system (f~CNH3) for small interfering RNA (siRNA) by anchoring
a fourth-generation polyamidoamine dendrimer (G4-PAMAM) to carbon nanohorns (CNHs). Using this
new compound, we delivered a specific siRNA designed to knockdown cofilin-1, a key protein in the
regulation of cellular cytoskeleton, to human prostate cancer (PCa) cells. The carbon nanohorn (CNH)
derivative was able to bind siRNA and release it in the presence of an excess of the polyanion heparin.
Moreover, this hybrid nanomaterial protected the siRNA from RNAse-mediated degradation. Synthetic
siRNA delivered to PCa cells by f~CNH3 decreased the cofilin-1 mRNA and protein levels to about 20% of
control values. Docetaxel, the drug of choice for the treatment of PCa, produced a concentration-
dependent activation of caspase-3, an increase in cell death assessed by lactate dehydrogenase release
to the culture medium, cell cycle arrest and inhibition of tumor cell proliferation. All of these toxic effects
were potentiated when cofilin-1 was down regulated in these cells by a siRNA delivered by the nano-
particle. This suggests that knocking down certain proteins involved in cancer cell survival and/or
proliferation may potentiate the cytotoxic actions of anticancer drugs and it might be a new therapeutic
approach to treat tumors.

chemotherapy has undesirable side effects that limit the tolerated
dose and may reduce the therapeutic efficacy [8]. This result

Prostate cancer (PCa) is one of the main causes of death among
men in the Western world. Autopsy series have revealed that small
prostatic carcinomas are present in up to 64 percent of men from 60
to 70 years of age [1]. Moreover, the risk of death due to metastatic
PCa is 1 in 30 [2]. Current treatments attempt to block PCa cell
growth and induce cell death [3], but the progression of advanced
PCa to hormone independence is only temporally disrupted by
therapeutic interventions including androgen ablation therapy or
chemotherapy [4]. Docetaxel, an antimitotic cytotoxic drug
belonging to the taxoid family, is used as the gold-standard therapy
for patients with advanced PCa [5]. Docetaxel’s anticancer effects
are associated with its ability to induce the polymerization of
tubulin, which impairs cell proliferation, which in turn leads to
mitotic arrest and apoptosis [6,7]. However, docetaxel-based
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suggests that coadjuvant therapy leading to a reduction of the
required dose of docetaxel would be beneficial to PCa therapy. One
possible approach is to knockdown proteins involved in cancer cell
survival or proliferation using specific RNA interference (RNAi) [9].
Dynamic changes in the actin cytoskeleton, such as depoly-
merization and severing of actin filaments, are essential for several
cellular processes including cell survival, shaping, cytokinesis,
migration and chemotaxis [10] suggesting that the cytoskeleton is
a potential target for cancer therapies [11,12]. The actin depoly-
merizing factor (ADF)/cofilin has emerged as one of the protein
families that regulates actin and cytoskeleton dynamics [13].
Furthermore, cofilin type 1 (cofilin-1) is an ubiquitous protein
regulating various cell functions, such as cell cycle control and
proliferation  [14], apoptosis [15] and excitotoxic neuro-
degeneration [16]. In addition, enhanced amounts of cofilin-1 are
related to the progression of some types of tumors and metastases
[17e19] suggesting that cofilin-1 knockdown may have therapeutic
benefits when combined with antitumoral drugs in cancer therapy.
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Small interfering RNAs (siRNAs) are double-stranded RNA
molecules that induce sequence-specific degradation of homolo-
gous single-stranded RNA [20]. The efficiency of siRNA and its
limited side effects have made this technique an attractive alter-
native to the use of antisense oligonucleotides for therapies based
on the inhibition of target genes [21]. Synthetic siRNAs are easy to
deliver, require only small doses to produce their silencing effects,
and can inactivate a gene at almost any stage in development [22].
It has been proposed that the efficiency of transfection for siRNA at
the cellular level depends on cellular uptake, stability and endo-
somal escape. Various systems including polyethyleneimine, inor-
ganic/metals, cationic lipids and dendrimers have been used for
siRNA delivery to several cell types [23e25]. However, many of
these systems do not achieve good transfection efficiency. There-
fore, new, more efficient siRNA delivery systems that increase
transfection efficiency are needed.

Previous results from our group have shown that CNHs can be
used as a non-viral carrier to deliver siRNA [26]. In the present
study, we synthesized and characterized a new CNH derivative
using fourth-generation polyamidoamine (G4-PAMAM) den-
drimers anchored to the CNH [27] surface and studied its efficiency
to silence key proteins involved in the proliferation of prostate
cancer cells and the effect of this silencing on the toxic actions of
the antitumoral drug docetaxel.

2. Material and methods
21 Techniques

Microwave irradiations were carried out in a CEM DISCOVER S-Class reactor,
with infrared pyrometer, pressure control system, stirring and an air-cooling option.
The thermogravimetric analyses were performed with a TGA Q50 (TA Instruments)
at 10 "C/min under Nz. For the TEM analyses a small amount of the functionalized
CNHs was suspended in water and a drop of the suspension was placed on a copper
grid (3.00 mm, 200 mesh, coated with carbon film). After air-drying, the sample was
investigated by TEM, Philips EM 208, accelerating voltage of 100 kV.

22, Materials

Solvents were purchased from SDS and Fluka (Buchs, Switzerland). All dry
solvents were freshly distilled under argon over an appropriate drying agent before
use. Chemicals were purchased from SigmaeAldrich (Barcelona, Spain) or Acros
Organics (Geel, Belgium) and used as received without further purification. Tert-
butyl 6-(4-aminophenoxy)hexylcarbamate 1 was synthesized following the stan-
dard procedure found in the literature [28]. CNHs were produced by Carbonium s.r.l.,
Padova (Italy) by direct graphite evaporation in Ar flow, according to a patented
method [29] and used without purification.

23 Synthesis of CNH derivatives

231 Boc-protected CNH intermediate

In a typical experiment, 20 mg of pristine CNHs (p-CNHs) were sonicated in
deionized water together with 1 (2.05 g, 6.68 mmol) for 10 min in a microwave glass
vessel. After that time, isoamyl nitrite (0.44 mL, 3.34 mmol) was added, and
a condenser was put in place. The mixture was irradiated for 90 min at 80 °C at
100 W for 30 min, and after the addition of a new aliquot of isoamyl nitrite (0.44 mL,
3.34 mmol), at 30 W for 60 min at 80 °C. After cooling to room temperature, the
crude was filtered on a Millipore membrane (PTFE, 0.2 mm). The collected black
solid was washed using cycles of sonication and filtration with methanol and
acetone until the filtrate was clear and ultimately dried under high vacuum, yielding
16.2 mg of Boc-protected CNH intermediate.

232, f-CNH1

HCl gas was bubbled for 5 min through a suspension of Boc-protected CNH
intermediate (16.2 mg) in methanol (20 mL). The reaction mixture was stirred at
room temperature for 14h, filtered on a Millipore membrane (GTTP, 0.2 mm) and
washed by cycles of sonication and filtration using 50 mL of a mixture water/
methanol (1:1). The collected black solid was dried under high vacuum, yielding
16 mg of f~-CNH1.

233 f-CNH2

Twenty milligrams of f-CNH1 were sonicated in methanol for 5 min in
a microwave glass vessel. Sonication was followed by the addition of N-ethyl-
diisopropylamine (1 mL, 4.83 mmol) and methyl acrylate (3 mL, 0.047 mmol), and

the mixture was sonicated for 2 min. Finally, a condenser was put in place and the
mixture was irradiated at 60 °C at 10 W for 60 min. After cooling to room temper-
ature, the crude was filtered on a Millipore membrane (GTTP, 0.2 mm) and washed by
cycles of sonication and filtration using 75 mL of a water/methanol mixture (1:1).
The collected black solid was finally dried under high vacuum, yielding 20 mg of f-
CNH2.

234. f-CNH3

10 mg of f~CNH2 were suspended in 10 mL of methanol and sonicated for
10 min, followed by the addition of the corresponding dendrimer: (0.015 mL of
PAMAM dendrimer G4-NHz (10% w/v solution in methanol)). Next, a condenser was
put in place and the reaction mixture was heated at 40 °C for 1 day. Subsequently,
the crude was filtered on a Millipore membrane (GTTP, 0.2 mm) and washed by cycles
of sonication and filtration using 75 mL of a water/methanol mixture (1:1). The
collected black solid was dried under high vacuum, yielding 10 mg of f~CNH3.

24.  Agarose gel retardation assay

Agarose gel electrophoresis was performed to analyze the siRNA (Qiagen,
Valencia, CA) binding ability of f~-CNH3 as previously described [30]. The f~-CNH3/
siRNA complexes were prepared at increasing N/P ratios (the molar ratio between
the f~CNH3 amine groups and the siRNA phosphate groups) and incubated for
30 min at room temperature. For the N/P ratio calculation, we considered that only
the outer primary amines of the G4-PAMAM dendrimers were protonated at the pH
used in the experiments (5.5). Each sample was then loaded onto a 1.2% agarose gel
containing ethidium bromide (0.05 mg/mL). Electrophoresis was performed at
60 mV for 15 min, and the resulting gels were photographed under UV-illumination.
The binding capacity was evaluated based on the relative intensity of the free siRNA
band in each gel lane with respect to the lane with naked siRNA.

25 siRNA release by polyanion competition

The ability of complexes to release siRNA after a challenge with the competing
polyanionic heparin was determined as a measure of the ability of the dendriplex to
be dissociated in an environment with an excess of negatively charged compounds,
such as the cell interior [30]. Complexes were prepared as indicated above at a f-
CNH3/siRNA N/P ratio of 7.5 to ensure complete binding of siRNA by the CNH
derivative, and then incubated with increasing heparin sulfate concentrations (0, 1,
2,4,6,8,and 10 mg/mg f~CNH3). The samples were run on an agarose gel as described
above.

26 siRNA protection against RNAses

To study the protective actions of the dendriplex against siRNA cleavage by
RNAses, f~CNH3/siRNA complexes, prepared at an N/P ratio of 7.5 as indicated above,
or naked siRNA were incubated with 0.25% RNAase A for 30 min at 37 °C. Afterwards,
RNAse was inactivated and the samples were incubated with an excess of heparin
sulfate to ensure a complete siRNA release from the dendriplex as previously
described [9]. Then, samples were loaded onto an agarose gel, under the same
experimental conditions as the experiments described above.

27 f-CNH3/siRNA complex formation

Predesigned siRNA targeting human cofilin-1 (Hs_CFL1_3), and a control
scrambled (SCR) siRNA targeting a sequence not sharing homology with the human
genome (AllStars Negative Control) were purchased from Qiagen (Crawley, UK).
LNCaP cells were transfected with siRNAs using the f~CNH3 as non-viral vector.
Briefly, 15 mg/mL of f~CNH3 together with 100 nmol/L siRNA were incubated for
30 min at room temperature (1525 °C) to form the transfection complexes. Cells,
seeded on either 6- or 24-well plates, were 70€80% confluent at the time of
transfection. RPMI-1640 medium was replaced with fresh medium and the f~-CNH3/
siRNA suspension was added to cells and incubated at 37 °C in a humidified
atmosphere with 5% CO2. For some experiments, after ~CNH3/siRNA transfection for
72 h, LNCaP cells were exposed to varying doses of docetaxel (150 nmol/L) for 24 h.
Experiments were carried out three times unless otherwise specified.

28  Cell line and culture conditions

The human androgen-sensitive human PCa (LNCaP) cells were obtained from the
American Type Culture and Collection (ATCC). LNCaP cells were routinely cultured in
RPMI-1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Invitrogen, Carlsbad, CA), 2 mmol/L L-gluta-
mine (Invitrogen, Carlsbad, CA), 100 mg/ml streptomycin (Sigma, St. Louis, MO) and
100 IU/ml penicillin (Sigma, St. Louis, MO) in a 5% COz-humidified incubator at 37 “C.

29 siRNA uptake and toxicity

A fluorescein-labeled siRNA (siRNA-FAM, Qiagen, Crawley, UK) and propidium
iodide (PI, Sigma, St. Louis, MO) were used to study the uptake of siRNA into LNCaP



cells and the toxicity of the complexes by flow cytometry. Briefly, complexes were
prepared as described above. Cells were incubated with the f~-CNH3/siRNA-FAM
complexes or with naked siRNA-FAM at different time points (3€96 h). LNCaP cells
were then washed twice with cold PBS (150 mm NaCl; 10 mM sodium phosphate, pH
7.4) and incubated with 5 mg/mL PI at 37 °C for 30 min in the dark. Next, cells were
analyzed using a flow cytometer (BD-LSR, BD Biosciences, San Jose, CA). The
percentage of positive cells was calculated by setting the background population as
98% negative when analyzing cells that had undergone transfection with siRNA-FAM
alone. At least 104 cells were acquired for each condition. Data represent the
mean SEM of 3 experiments.

210, Real-time RT-PCR analysis

RNA expression was evaluated by real-time RT-PCR in the LNCaP cell line as
previously described [31]. Total RNA was extracted from cells using a commercially
available reagent (Tripure, Sigma, St. Louis, MO) following the manufacturer’s
instructions. The concentration and quality of RNA was quantified by spectropho-
tometry (Infinite 200, Tecan, Salzburg, Austria) using one ml of the RNA sample. Total
RNA was always checked by running an aliquot on an agarose gel to assess the
integrity of the 18S and 28S mRNA bands. cDNA was synthesized from the purified
total RNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA) according to the manufacturer’s instructions. For real-time RT-PCR,
cDNA was amplified using SYBR Green PCR Master mix with the StepOne Real-Time
PCR System and the StepOne v2.0 software (Applied Biosystems, Foster City, CA). The
primers used to amplify cofilin-1 gene were 5\ TGTGGCTGTCTCTGATGGAG-3"
(forward) and 5 TTGTCTGGCAGCATCTTGAC- 3 (reverse). These sequences of
primers had an annealing temperature of approximately 60 °C. The real-time RT-PCR
reaction was maintained at 95 °C for 10 min, followed by 40 cycles of: 95 °C for 15 s
and 60 °C for 1 min. The dissociation curves were analyzed to ensure the amplifi-
cation of a single PCR product. In order to guarantee the reliability of the results, all
samples were processed in triplicate. The quantification was performed by the
comparative cycle threshold (Ct) method [32]. To normalize the data, the GAPDH
RNA expression level was used as a housekeeping gene.

211 Lactate dehydrogenase (LDH) assay

LDH toxicity assays were performed by measuring the release of lactate dehy-
drogenase (LDH) into the culture medium using the CytoTox96%® Non-Radioactive
Cytotoxicity Assay kit (Promega, Madison, USA) as previously described [33].
Briefly, cells were treated with either f~CNH3/SCR siRNA or f~CNH3/cofilin-1 siRNA
for 72 h. Afterwards, the medium was removed and cells were incubated with either
vehicle or increasing doses of docetaxel (1€50 nmol/L) for 24 h. After the treatments,
supernatants were collected and intact LNCaP cells were lysed using 0.1% (w/v)
Triton X-100 in (0.9%) NaCl. Both LDH released to culture media, as well as LDH
content within the cells were determined spectrophotometrically at 490 nm on
a 96-well plate reader (Infinite 200, Tecan, Salzburg, Austria) following the manu-
facturer’s instructions. LDH release (%) was defined by the ratio LDH released/total
LDH present in the cells. Measurements were normalized between the mock
treatment control and the Triton X-100 (0.1% w/v) control. All samples were run in
quadruplicate.

212 Caspase-3 activity

Caspase-3 activity was determined as previously described [34]. Cells were
treated with vehicle or complexes for 72 h. Afterwards, LNCaP cells were washed
twice with cold PBS and lysed in a buffer containing 100 mmol/L N-2-
hydroxyethyliperazine-N®-2-ethanesulphonic acid (HEPES), 5 mmol/L dithio-
threitol (DTT), 5 mmol/L ethylene glycol-bis(b-aminoethyl ether)-N,N,N°N° ,-tetra-
acetic acid (EGTA), 0.04% Nonidet P-40 and 20% glycerol; pH 7.4. Extracts were
centrifuged at 5000 x g for 10 min at 4 °C, and protein content was determined by
the Bradford method (Pierce, Rockford, IL), using bovine serum albumin as a stan-
dard [35]. Cell extracts (30 mg of protein) were incubated in reaction buffer
(25 mmol/L HEPES, 10% sucrose, 0.1% 3-[(3-cholamido propyl)-dimethylammonio]-
2-hydroxy-1-propanesulfonic acid, 10 mmol/L DTT) containing 50 mmol/L fluores-
cence substrate Asp-Glu-Val-Asp-7-amino-4 trifluoromethyl-coumaryl (Z-DEVD-
AFC) at 37 °C for 1 h. Cleavage of the AFC fluorophore was determined at 37 °C on an
Infinite 200 microplate reader (Tecan, Salzburg, Austria) at an excitation wavelength
of 400 nm and an emission wavelength of 505 nm.

213 Cell cycle analysis by flow cytometry

After the treatments, cells were trypsinized and collected by centrifugation. The
cell pellets were washed with PBS and gently fixed with 75% ethanol before being
placed in a freezer for 2 h. Cells were then collected by centrifugation, and the cell
pellets were washed twice with PBS and resuspended in PBS containing 5 mg/mL PI
and 50 mg/mL deoxyribonuclease-free ribonuclease A (Sigma, St. Louis, MO). The cell
suspension was incubated in a dark room for 20 min at room temperature before cell
cycle analysis with a BD-LSR flow cytometer (BD Biosciences, San Jose, CA). For each
measurement, at least 104 cells were counted.

214  Cell proliferation assay

DNA synthesis in proliferating cells was determined by measuring 5-Bromo-2'-
deoxy-uridine (BrdU) incorporation using the commercial 5—Bromo—2°-deoxy»
uridine Labeling and Detection Kit III (Roche Molecular Biochemicals, Indianapolis,
IN). To measure the cell proliferation rate, cells were seeded in 96-well plates and
then incubated with either f~CNH3/SCR siRNA or f-CNH3/cofilin-1 siRNA during
72 h. Afterwards, the medium was removed and cells were incubated with either
vehicle or increasing doses of docetaxel (1€50 nmol/L) for 24 h. After the treatments,
LNCaP cells were pulse-labeled with 10 mmol/L BrdU for about 2 h at 37 °C and 5%
CO2. Quantitative determination of BrdU incorporated into cellular DNA was per-
formed according to the manufacturer’s instructions. Absorbance values were
measured at 405 and 492 nm using an ELISA reader and each sample was run five
times.

215  Statistical analysis

All data are expressed as mean SEM from at least 3 independent experiments.
The nonparametric variance analysis (KruskaleWallis) followed by Dunn’s test was
used to evaluate statistical differences between groups. p < 0.05 was considered
statistically significant. Statistical analyses were performed using SPSS 13.0 (SPSS,
Chicago, IL).

3. Results
31 Synthesis and characterization of f~-CNH3

Pristine CNHs (p-CNHs) are not soluble in water; therefore for
biological applications functionalization of these nanostructures
play a fundamental role, enhancing their solubility in aqueous
media.

Scheme 1 describes the synthetic methodology to achieve the
objective compound. First, we performed a radical addition of tert-
butyl 6-(4-aminophenoxy)hexylcarbamate 1 in the presence of
isoamyl nitrite as an oxidizing agent, using water as the solvent
[28]. Boc deprotection in acidic media is necessary to release the
amino groups and use them as focal points to allow the subse-
quent reaction with methyl acrylate in basic conditions. The
double 1,4-addition provides the ester groups necessary for the
linkage with the amino-terminated fourth-generation PAMAM
dendrimer [26].

Fig. 1a shows the weight loss attributed to the attached organic
materials onto the CNH surface. Each reaction step results in an
increase in the molecular weight of these organic fragments, thus
analysis of the weight loss reveals the number of functional groups
added to the CNH surface in each reaction [36]. The first derivative
(f~-CNH1) shows a very high concentration of functional groups,
corresponding to about one functional group every 73 carbon
atoms of the CNH skeleton. In the case of the final derivative (f-
CNH3), the functional group coverage decreases notably, to one
functional group each 1755 carbon atoms of the CNH surface, but
we must consider that the dendrimer is spatially very demanding,
so it will cover several ester groups present on the surface.

f-CNHs were also investigated by transmission electron
microscopy (TEM). A typical image is shown in Fig. 1b, indicating

that the unique structures of CNHs as well as their spherical
aggregates are preserved after the functionalization. Furthermore,
images reveal that CNHs are well dispersed after functionalization.

As noted earlier, the introduction of functional groups enhances
the solubility of CNHs. The dendrimer derivative f~-CNH3 displays
the highest dispersability (f~CNH3 0.1 mg/mL). This dispersability is
due to the high number of positively charged ammonium groups
located at the periphery of the PAMAM dendrimer.

32. Characterization of f~-CNH3/siRNA complexes

Incubation of /~CNH3 with SCR siRNA showed complete binding
of the siRNA at an N/P ratio of 7.5 as showed in Fig. 2A. In order to
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Scheme 1. Synthesis of the dendrimer-functionalized carbon nanohorns.

test the strength of the union between siRNA and dendrimer,
heparin competition assays were performed (Fig. 2B). Complete
siRNA release from complex was observed when the heparin (mg):
f-CNH3 (mg) weight ratio reached 0.5 (Fig. 2B, lane 3). Moreover,
siRNA bound to the hybrid material was protected from degrada-
tion by RNAase (Fig. 2C). These experiments indicate that f~-CNH3 is
able to bind siRNA and release it in the presence of the polyanion
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heparin (a treatment that resembles the intracellular environment)
suggesting its ability to efficiently deliver siRNA to the cell interior.

33 Transfection efficiency and toxicity of f~-CNH3

LNCaP cells were incubated with the complexes formed with
15 mg/mL f~CNH3 and 100 nmol/L siRNA-FAM for various times, and

b

Fig. 1. a) Thermogravimetric analysis of pristine CNHs, f~-CNH1 and f~-CNH3 b) TEM images of f~CNH3, Scale bar corresponds to 100 nm.
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Fig. 2. f~-CNH3/siRNA complex stability. A) Gel electrophoresis shift assay at the indicated N/P charge ratios. B) siRNA polyplexes stability against heparin (HEP) displacement. f-
CNH3/siRNA complexes were formed at N/P ratio of 7.5 and incubated with varying concentrations of HEP (0, 0.5, 1, 1.5, and 3 mg/mg f~-CNH3).C) f~CNH3/siRNA complexes formed at

N/P ratio of 7.5 are able to prevent siRNA from 0.25% RNase A digestion.

transfection (FAM-labeled cells) and toxicity (PI positive cells) were
analyzed by flow cytometry as indicated in Material and methods.
LNCaP cells treated with siRNA-FAM alone showed very few FAM-
positive cells (less than 2%) (Fig. 3). However, there was a time-
dependent increase in the percentage of FAM-labeled cells reach-
ing a 93.91 1.15% at 48 h and 97.51 1.16% at 72 h when the siRNA
was delivered by the f~-CNH3/siRNA complex (Fig. 3). The complexes
lacked significant toxicity for up to 96 h (Fig. 3), indicating an
increase in f~CNH3/siRNA complex internalization without toxicity
by the LNCaP cells up to 96 h.

34. Cofilin-1 gene knockdown using f~-CNH3/cofilin-1 siRNA
complexes in LNCaP cells

Fig. 4 shows cofilin-1 mRNA levels quantified by real-time RT-
PCR using total RNA extracted from LNCaP cells. f~CNH3/cofilin-1
siRNA complexes significantly decreased cofilin-1 mRNA levels to
22.04 2.01% and 31.75 12.5% at 72 h and 96 h post-treatment,
respectively, when compared to untreated control LNCaP cells.
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Fig. 3. Transfection efficiency (white bars) and toxicity (gray bars) of f~CNH3 as a non-
viral delivery vector for siRNA in LNCaP cells. The cells were incubated with the
complex formed by 15 mg/ml f~CNH3 and 100 nmol/L fluorescein-labeled siRNA
(siRNA-FAM) for different times. Then, LNCaP cells were incubated with propidium
iodide and analyzed by flow cytometry, as described in Material and methods.
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p < 0.001 as compared to Control cells (C).

The smaller effect observed at 96 h when compared to 72 h might
reflects both the new cofilin mRNA synthesis and inactivation (or
removal) of the delivered siRNA since only one application of the
complex nanoparticle/siRNA was delivered to the prostate cancer
cell culture. f~CNH3 alone, naked cofilin-1 siRNA or f~CNH3/SCR
siRNA complex showed no decrease in cofilin-1 mRNA levels
compared to control cells.

3.5 Knockdown of cofilin-1 enhanced apoptosis and cell death
caused by docetaxel in LNCaP cells

Docetaxel treatment produced toxicity in LNCaP cells, as evi-
denced by a dose-dependent increment in caspase-3 activity
(Fig. 5) and LDH released (Fig. 6) To examine the toxicity caused by
silencing cofilin-1 along with docetaxel treatment, LNCaP cells
were incubated for 72 h with or without /~CNH3/siRNA complexes
and then exposed to docetaxel at concentrations ranging from 1 to
50 nmol/L for 24 h. Thus, docetaxel-induced LDH leakage into
medium and caspase-3 activity was higher in cofilin-1 knockdown
LNCaP cells than in either cells treated with f~CNH3/SCR siRNA
complexes or untreated cells (Figs. 5 and 6).

36. Knockdown of cofilin-1 enhanced Gz/M arrest and decreased
cell proliferation caused by docetaxel in LNCaP cells

Since docetaxel alone has been reported to cause severe mitotic
arrest [37], we designed a sequential treatment regime that
involved initial pretreatment with ~CNH3/siRNA complexes for
72 h to knockdown cofilin followed by the addition of increasing
concentrations of docetaxel for 24 h to arrest the cell cycle and
subsequently cellular proliferation.

Cell cycle analysis by flow cytometry showed that docetaxel
treatment resulted in the accumulation of LNCaP cells in G2/M
phase in a dose-dependent manner indicating a decrease in
tumoral cell proliferation (Fig. 7). Cofilin-1 gene knockdown using
the Ff-CNH3/cofilin-1 siRNA complex significantly increased
docetaxel-induced cell arrest in G2/M phase when compared with
LNCaP cells treated with docetaxel alone, thus shifting the
concentrationeresponse curve to the left (Fig. 7). The cofilin-1
siRNA effect in docetaxel-treated cells was sequence-specific
because no effect was observed for the f~CNH3/SCR siRNA. This
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Fig. 4. Silencing effect of siRNA on cofilin-1 mRNA levels. The level of cofilin-1 mRNA was assessed by real-time RT-PCR. LNCaP cells were incubated with f~-CNH3 alone, cofilin-1
siRNA alone and complex containing 15 mg/ml f~CNH3 and 100 nmol/L of either scramble siRNA or 100 nmol/L cofilin-1 siRNA for 72 h (A) and 96 h (B). Non-treated cells were used
as control (C) and are represented as 100% of the signal. Data represent mean SEM of 3 independent experiments. ***p < 0.001 as compared to C.

indicates that cofilin-1 removal potentiates docetaxel antitumoral
activity at low doses.

In addition, docetaxel (5e50 nmol/L) induced a significant
inhibition of proliferation in LNCaP cells in a dose-dependent
manner as measured by BrdU incorporation, which is consistent
with the arrest in the Gz/M phase caused by the drug. These
docetaxel-mediated inhibitory effects on cell proliferation were
significantly enhanced using a f~CNH3/cofilin-1 siRNA complex
(Fig. 8). These results were consistent with the results observed in
the cell cycle analysis and, again, the potentiation of docetaxel-
mediated cell cycle arrest was also sequence-specific because no
effect was observed for the f~CNH3/SCR siRNA.

4. Discussion

Current treatment options for PCa are far from ideal. The tumor
evolves from a hormone-sensitive to a hormone-independent stage
and metastasizes; causing high mortality that makes this neoplasia
one of the main causes of death among men in the Western world.
Various attempts have been made to improve the chemotherapy by
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Fig. 5. Effect of cofilin-1 gene silencing on caspase-3 activity after docetaxel treatment.
LNCaP cells were treated for 72 h with a complex containing 15 mg/ml of f~CNH3 and
one of the following siRNAs: 100 nmol/L scramble siRNA or 100 nmol/L cofilin-1 siRNA.
Then, cells were exposed to increasing doses of docetaxel (150 nmol/L) for 24 h.
Caspase-3 activity was measured as described in Material and methods. Data represent
mean SEM of 3 independent experiments. *p < 0.05 as compared to Control.

combining drugs that act on several targets required for the
proliferation of the tumoral cells [19]. A different approach consists
of combining an antitumoral drug with knocking down specific
proteins required for proliferation and survival of the tumor cells
using RNAi technology [9]. Here, we present data showing
a potentiation of the antitumoral action of docetaxel on LnCaP
human PCa cells using siRNA directed against the protein cofilin-1.
The siRNA is delivered to the tumor cells by a new system con-
sisting of G4-PAMAM dendrimers attached to a CNH. We found
a potentiation of the antitumoral action of docetaxel by using
a specific siRNA delivered to the cancer cell by the carbon-based
system to knockdown the protein cofilin-1.

CNHs are a new type of material formed by graphene tubes that
aggregate in structures of about 80€100 nm in diameter [27]. Their
use in biological applications have several advantages over other
carbon-based derivatives, such as their synthesis, which does not
require catalysts, and their size, which allows their internalization
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Fig. 6. Effect of cofilin-1 gene silencing on lactate deshydrogenase (LDH) released after
docetaxel treatment. LNCaP cells were transfected for 72 h with 15 mg/ml f-CNH3/
100 nmol/L scramble siRNA complex or 15 mg/ml f~-CNH3/100 nmol/L cofilin-1 siRNA
complex. Then, cells were incubated with increasing doses of docetaxel (1€50 nmol/L)
for 24 h and the cellular viability was assayed by measuring the percentage of LDH
released to the medium as described in Material and methods. Data represent
mean SEM of 12 independent experiments. *p < 0.05 as compared to Control.
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Fig. 7. Cell cycle analysis after docetaxel treatment of LNCaP cells silenced for cofilin-1. LNCaP cells were transfected for 72 h with 15 mg/ml ~CNH3 /100 nmol/L scramble siRNA
complex or 15 mg/ml ~CNH3/100 nmol/L cofilin-1 siRNA complex. Then, cells were incubated with increasing doses of docetaxel (1€50 nmol/L) for 24 h and analyzed by flow
cytometry as described in Material and methods. Non-treated cells were used as Control (C). A) percentage of cells in G1 phase; B) percentage of cells in S phase; and C) percentage
of cells in G2 p M phases. Data represent mean SEM of 3 independent experiments. *p < 0.05 as compared to C.

by endocytosis [38]. Functionalization of the CNH structures
broadens their applications while enhancing their solubility in
aqueous media [28,39] making them suitable as gene and drug
delivery carriers. Here, we attached G4-PAMAM dendrimers to
CNHs and explored the compound’s ability to deliver specific siRNA
to silence cofilin-1, a key protein involved in regulation of micro-
tubules and involved in cell proliferation, in the androgen-
dependent human PCa cell line LNCaP.

We observed that this new CNH derivative is able to bind siRNA
and release it in the presence of an excess of the polyanion heparin,
suggesting that the binding is reversible. Moreover, the binding to
the CNH derivative protects the siRNA from degradation by
RNAases. These 3 combined properties make this system suitable
for genetic material delivery to cells in culture and likely in vivo
[40]. The CNH derivative was able to enter more than 75% of the
cells present in the culture and to deliver its siRNA cargo to the cells
causing a decrease in both mRNA and protein levels for cofilin-1,
indicating its efficiency as a siRNA delivery agent.
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Fig. 8. Effect of cofilin-1 gene silencing on LNCaP cell proliferation after docetaxel
treatment. LNCaP cells were transfected for 72 h with 15 mg/ml f~CNH3/100 nmol/L
scramble siRNA complex or 15 mg/ml f~-CNH3/100 nmol/L cofilin-1 siRNA complex.
Then, cells were incubated with increasing doses of docetaxel (1€50 nmol/L) for 24 h.
LNCaP cell proliferation was determined by 5-bromodeoxyuridine (BrdU) assay as
described in Material and methods. Data represent mean SEM of 5 independent
experiments. *p < 0.05 as compared to Control.

Cofilin-1 has emerged as a key regulator of actin dynamics at the
leading edge of motile cells [41]. It belongs to a family of F-actin
depolymerizing factors with actin severing activity and that
promotes actin dynamics by accelerating the treadmilling of actin
filaments [42]. Thus, ADF/cofilin has been shown to regulate
migration and chemotaxis in various cell types by cytoskeleton
remodeling [43]. Accordingly, enhanced amounts of the actin-
binding protein cofilin-1 have been associated with some types of
tumors and metastases [12,44].

Here, we took advantage of the ability of the functionalized CNH
derivative attached to G4-PAMAM dendrimers to deliver siRNA to
human PCa cells to knockdown cofilin-1 and to explore whether
this knockdown potentiates the effectiveness of the antitumoral
drug docetaxel against these prostate cancer cells. Docetaxel is
a member of the taxane drug family that is approved for the
management of several cancers including PCa [45]. It promotes cell
death by binding to b-tubulin and inhibiting its depolymerization,
leading to modifications of the centrosome organization and acting
on S, G2 and M phases of the cell cycle [46]. Knocking down
expression of disease-related genes using siRNAs has the potential
to treat a variety of illnesses including cancer [47,48]. Previous
studies have reported that the suppression of cofilin expression
with siRNA reduces the invasion of carcinoma cells by reducing the
assembly and stability of invadopodia [44]. In addition, it has been
shown that silencing the cofilin-1 gene in stromal cells markedly
attenuated proliferation, adhesion and invasion of tumoral cells,
but enhanced apoptosis [49].

Docetaxel concentrations show a sigmoidal relationship with
the toxicity produced on PCa cells. The effects started at 1 nmand
reached a plateau at 10 nm. Knocking down cofilin-1 potentiated
the antitumoral actions of docetaxel shifting the concen
trationeresponse curve to the left without increasing the
maximum effect produced by docetaxel, probably because both
treatments act on different targets of the same pathway. The
development of therapies affecting multiple cell targets has been
proposed as a strategy to overcome drug resistance in cancer
therapy [50,51]. By reducing the required dose of each compo-
nent, this association may increase efficiency while decreasing
side effects. Moreover, combination therapy in cancer patients
treated with a combination of different antitumoral drugs has
been shown to have many advantages over single-agent therapies
[50,51]. On the other hand, there is an emerging concept in PCa
treatment in which it is likely that combining drugs acting on
microtubules with drugs targeting different sites on the tubulin
molecule may enhance treatment efficacy while reducing its
toxicity [7,19].



5. Conclusion

This study demonstrates that a CNH derivative formed by
a complex between a CNH and G4-PAMAM dendrimers is not toxic
and can deliver a specific cofilin-1 siRNA to specifically inhibit the
synthesis of this protein and modulate actin remodeling in tumoral
cells in vitro, thus potentiating the antitumoral effects of docetaxel.
Furthermore, these experiments support the hypothesis that siRNA
treatment combined with classical anticancer drugs may represent
a new approach for cancer therapy, providing the genetic material
is coupled to the proper delivery system.
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