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The potent ability of small interfering RNA (siRNA) to
specifically and efficiently inhibit the expression of comple-
mentary RNA transcripts offers a promising alternative
therapeutic approach for various diseases.'!! However, the
major challenge facing siRNA-based therapy is the require-
ment of a safe and efficient delivery system for the siRNA."
Although viral vectors are highly efficient, their potential
inflammatory, immunogenic, and mutagenic effects make
them a safety risk and underline the urgent need for nonviral
alternatives. Cationic lipids and polymers are the most
common nonviral vectors: both are able to assemble the
siRNA, through electrostatic interaction, into stable com-
plexes, which can protect the siRNA from degradation and
promote cell uptake.”™ But inadequate release of siRNA
into the cytosol often constitutes one of the main obstacles for
efficient nonviral delivery. Lipid vectors are presumed to
achieve endosome release of siRNA through a membrane
fusion mechanism,** whereas polymeric vectors commonly
use the proton sponge effect!! to facilitate endosome
escape.’! However, lipid vectors have the drawback of being
highly toxic for invivo applications and polymer delivery
systems are plagued with undefined structural composition.
An ideal nonviral vector would be one that is able to harness
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the advantageous features of both lipid and polymer vectors,
while at the same time overcome or reduce their limitations.

Cationic dendrimers, a special family of polymers with
well-defined molecular architecture, precisely controlled
chemical structure, and unique multivalent properties, are
emerging as promising nonviral vectors for siRNA deliv-
ery.*l We have recently demonstrated that high generations
of structurally flexible triethanolamine (TEA) core poly(-
amidoamine) PAMAM dendrimers®!% are effective vectors
for siRNA delivery!"lin various disease models.">"! Here we
disclose that a small amphiphilic dendrimer acts as an
efficient vector to deliver siRNA in a prostate cancer model
and achieve potent gene silencing and anticancer activity
in vitro and in vivo. This dendrimer, a kind of lipid/dendrimer
hybrid bearing a hydrophobic long alkyl chain and a low-
generation hydrophilic PAMAM dendron, displays the
advantageous delivery features of both lipid and polymer
vectors. To our knowledge, this is the first report of an
amphiphilic dendrimer able to successfully deliver siRNA and
produce a potent gene-silencing effect in vitro and in vivo. It
may constitute a promising nonviral system for siRNA
delivery in future applications of therapeutic RNAs.

The motivation behind us developing amphiphilic
PAMAM vectors for siRNA delivery is based on the
reasoning that an improved and safer delivery may be
achieved by combining the special features of lipid and
dendrimer vectors. We thus designed amphiphilic PAMAM
dendrimers 1-3 (Scheme 1) bearing different alkyl chain
length and dendron size as hybrid lipid/dendrimer vectors to
retain and exploit the properties of both lipid and dendrimer
vectors. These dendrimers were synthesized readily using
click chemistry (see Scheme S1 in the Supporting Informa-
tion), and their ability to deliver siRNA and induce gene
silencing was first screened on the basis of luciferase gene
silencing in A549Luc cells which stably express the GL3
luciferase gene. Among the amphiphilic dendrimers 1-3, 1a
allowed an exceptionally powerful gene silencing with the
specific GL3 Luc siRNA in serum-free medium, whereas no
gene silencing was observed using the nonspecific GL2Luc
siRNA bearing three mismatches (Figure 1 A). The observed
excellent siRNA delivery capacity of 1a was further con-
firmed using 1a to deliver, respectively, a siRNA targeting
heat shock factor 1 (HSF1) (see Figure S1 in the Supporting
Information),'*'”) and a siRNA targeting heat shock pro-
tein 27 (Hsp27)'? in human castration-resistant prostate
cancer PC-3 cells which led to potent down-regulation at
both the messenger RNA (mRNA) and protein levels (Fig-
ure 1B,C) with strength comparable to the commercial vector
Oligofectamine (Figure S2). Collectively, these results dem-
onstrate that 1a mediated a particularly specific and efficient
siRNA-based gene silencing. Moreover, no notable toxicity
was observed using either the lactate dehydrogenase (LDH)
assay to measure membrane damage (Figure 1D) or the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) test to assess the metabolic toxicity (Figure 1E and
Figure S3), revealing an excellent toxicity/activity profile for
1a. We further optimized the 1a-mediated siRNA delivery by
varying the siRNA concentration (Figure S4 A) as well as the
N/P ratio (= [terminal amines in the dendrimer]/[phosphates
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Scheme 1. Amphiphilic PAMAM dendrimers 1-3 and their precursors 4a and 5.

in the siRNA]) between 1a and the siRNA (Figure S4B).
Effective gene silencing was achieved even in 10% serum-
containing medium using chloroquine together with increas-
ing N/P ratios (Figure S4C) and was maintained after seven
days (Figure S4D), demonstrating the superiority of 1a over
the structurally flexible TEA core PAMAM dendrimers
working at a concentration of 50 nm.l'""?l In addition, the
preparation of the amphiphilic dendrimer 1a bearing a low-
generation dendron is convenient and reliable and thereby
constitutes another obvious advantage over high generations
of TEA core PAMAM dendrimers, the synthesis of which is
time-consuming and tedious.!"*!!!

We next confirmed that the excellent delivery ability of 1a
was indeed because of the combined effect of the hydro-
phobic alkyl chain and the hydrophilic PAMAM dendron,
since neither the alkyl chain 4a nor the dendron 5 alone led to
any gene silencing effect (Figure S5). Only the combined
effect of the hydrophobic alkyl chain and the cationic
hydrophilic PAMAM dendron was able to impart 1a with
a strong capacity to form stable self-assembled complexes
with siRNA and completely retard the migration of siRNA in
a gel at N/P ratios over 2.5; dendrimer S devoid of the alkyl
chain could not completely retard siRNA migration even at
a N/P ratio of 10 (Figure 2 A). This was further confirmed by
ethidium bromide exclusion assay which demonstrated that
1a, but not §, was effective at displacing ethidium bromide
from its siRNA complexes (Figure S6). Altogether, these data
indicate that the long alkyl chain profoundly favors the
siRNA/vector assembly and increases complex stability
through hydrophobic interaction.'®*"! The amphiphilic den-
drimers with either shorter alkyl chains (1b and 1¢) or lower-

www.angewandte.org

H
e A A, ° the delivery efficiency.

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

generation dendrons (2 and 3)
failed to elicit significant gene
silencing (Figure S7). This indi-
cates that both PAMAM den-
dron size and alkyl chain length
are important factors impacting
One
explanation could be that the
hydrophobic properties
imparted by shorter alkyl
chains may be insufficient, and
3 similarly that lower-generation
dendrons might not provide
sufficient multivalency and
cooperativity to ensure a stable
electrostatic interaction with
sSiRNA  molecules.?)  The
molecular composition of 1a
seems therefore to offer an
optimal balance between the

Nt alkyl-chain-induced hydropho-

bicity and the dendrimer-struc-

N~ N ture-induced hydrophilicity and

NH cooperativity, resulting in supe-
NH, rior siRNA delivery activity.

A clear and transparent
stock solution of la can be
prepared at a concentration

reaching 13 mMm in phosphate saline buffer, although it has
a critical micelle concentration of 15 pm. In addition, 1a is
simple to mix with siRNA in buffer and is easy to handle in
terms of siRNA delivery. This is a major advantage over the
conventional lipid vectors, which often require special lip-
osome formulation techniques for siRNA incorporation/
encapsulation. Furthermore, the siRNA/la complexes
formed uniform and compact nanoparticles as revealed by
transmission electron microscopy (Figure 2B). These nano-
particles had diameters of around 100 nm, as was further
confirmed by dynamic light scattering (DLS, Figure 2C).
Moreover, C-potential measurement gave positive values of
around + 20 mV for the siRNA/l1a complex at a N/P ratio of
10, demonstrating that 1a was able to form stable colloidal
nanoparticles with siRNA. These nanoparticles could protect
siRNA from enzymatic degradation (Figure 2D) and pro-
mote effective cell uptake (Figure 2E). As the fusogenic lipid
dioleoylphosphatidylethanolamine =~ (DOPE) is  often
employed as a helper lipid to enhance the delivery ability of
lipid vectors,” we wished to test its capacity to enhance 1a-
mediated siRNA delivery. To this end, we added DOPE to the
1a delivery system. In the absence of DOPE, 10 nm siRNA
with 1a did not generate strong gene silencing (Figure 2F);
whereas in the presence of DOPE, the corresponding gene
silencing was significantly increased. Altogether, these find-
ings strongly support our motivation to introduce a long alkyl
chain in 1a.

Since PAMAM dendrimer vectors are presumed to
release their nucleic acid cargo and escape from endosomes
through the proton sponge effect because of the protonation
of their interior tertiary amines® we wanted to check
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Figure 1. The amphiphilic dendrimer 1a mediated siRNA delivery and gene silencing of luciferase in
A549Luc cells (A) and heat shock protein 27 (Hsp27) in human prostate cancer PC-3 cells (B and C). No
toxicity was observed using D) the LDH assay and E) MTT test. A) Inhibition of luciferase gene expression
determined using luciferase assay system 48 h post-treatment with different siRNA concentrations and 1a
at a N/P ratio of 10. B) Hsp27 mRNA expression evaluated using quantitative real-time qRT-PCR 48 h
post-treatment, and C) Hsp27 protein expression quantified using Western blot 72 h post-treatment with
20 nm siRNA and 1a at a N/P ratio of 10. D) Cell killing through membrane damage was measured using
the LDH assay, and E) cell viability was assessed using the MTT assay for 1a-mediated siRNA delivery to
PC-3 cells with 50 nm siRNA and 1a at a N/P ratio 10, compared to no treatment control, 1a alone, and
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corresponding presumably to
the eight primary amines at
the dendrimer ends; whereas,
at acidic endosomal pH 5.0,
83% amine nitrogen atoms
(13 out of 15 total nitrogen
atoms) of la are protonated,
implying that a further five
tertiary amines in the dendri-
mer interior are protonated in
addition to the eight terminal
primary amines. Consequently,
1ais able to perform the proton
sponge effect for realizing
endosomal release. All in all,
these data provide strong evi-
dence that the amphiphilic den-
drimer 1a indeed harnesses the
characteristic and beneficial
properties of both lipid and
dendrimer vectors, the combi-
nation of which contributes
towards ensuring an efficient

siRNA delivery and gene
silencing.
Encouraged by  these

results, we next evaluated the
capacity of 1a-mediated siRNA
delivery to silence Hsp27 and
its resulting anticancer activity
in prostate cancer models in vi-
tro and invivo. Hsp27 is
a molecular chaperone playing
an important role in drug resist-
ance and has been recently
considered as a novel target
for treating drug-resistant pros-

scramble siRNA/1a 24 h post-treatment.

whether this mechanism was operating in la-mediated
siRNA delivery. We hence examined the gene silencing
effect in the presence of bafilomycin Al. Bafilomycin Al is
a proton pump inhibitor which selectively inhibits vacuolar
H*-ATPase and prevents the acidification of endosomes, and
can be used to study the proton sponge effect. As shown in
Figure 3 A, bafilomycin A1 was able to significantly decrease
the gene silencing efficiency, suggesting that the 1a-mediated
siRNA delivery was dependent on the endosomal acidifica-
tion process and that the proton sponge effect was indeed
involved in la mediated siRNA delivery. This can be
reasonably understood by the dendron structure of 1a,
which harbors seven tertiary amines in the interior and
eight primary amines at the surface, able to act as a buffer
collectively. Involvement of the proton sponge effect was
further supported by the pH titration profile of 1a shown in
Figure 3B: at physiological pH 7.4, 55% amine nitrogen
atoms (8 out of 15 total nitrogen atoms) of 1a are protonated,
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tate®**! and other cancers.[***’

Following  treatment  with

Hsp27 siRNA/la complexes,

an effective gene silencing (Fig-
ure 1B,C) and the resulting antiproliferation effect on human
castration-resistant prostate cancer PC-3 cells were achieved
(Figure 4 A), alongside the observation of apoptosis (Fig-
ure 4B) induced by caspase activation (Figure 4C). In vivo
gene silencing and anticancer activity was further assessed
using nude mice bearing PC-3 xenograft tumors: Hsp27 was
effectively down-regulated at mRNA and protein levels
(Figure 4D,E) as revealed by quantitative real-time poly-
merase chain reaction (qRT-PCR) and Western blot, respec-
tively. Further immunohistochemistry with Ki67 staining
showed considerable inhibition of tumor proliferation follow-
ing treatment with Hsp27 siRNA/1a as compared to a 1a/
scramble treatment (Figure 4F). Collectively, our results
demonstrate that the amphiphilic dendrimer 1a can success-
fully mediate the effective delivery of siRNA to down-
regulate Hsp27 and produce potent anticancer activity
invivo. To our knowledge, this is the first report of an
amphiphilic dendrimer able to effectively deliver siRNA and
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Figure 2. A) Gel retardation of 200 ng siRNA in agarose gel with Ta and 5, respectively, at N/P charge ratios ranging from 1:5 to 10:1. Formation
of nanosized siRNA/1a complexes at a N/P ratio of 10 revealed by B) transmission electron microscopy and C) dynamic light scattering. D) The
resulting siRNA/Ta complexes protect siRNA from RNase degradation. E) Uptake of Alexa488-labeled siRNA/Ta complexes at a N/P ratio of 10 in
PC-3 cells analyzed by live-cell-confocal microscopy. F) Dioleoylphosphatidylethanolamine (DOPE), a fusogenic lipid, enhances the effective gene
silencing of Hsp27 in PC-3 cells with 10 nm siRNA and 1a at a N/P ratio of 10.
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Figure 3. A) Bafilomycin A1, a proton pump inhibitor, decreases the 1a-mediated gene silencing of Hsp27 observed with 20 nm siRNA and Ta at
a N/P ratio of 10. B) Potentiometric pH back titration of the completely protonated form of the amphiphilic dendrimer 1a.

silence the corresponding gene in vitro and in vivo. Although
amphiphilic dendrimers have been previously developed for
effective DNA delivery in vitro,'*?**3! none have been
explored and reported for delivery of short synthetic sSiRNA
for gene silencing in vitro and in vivo. Delivery of siRNA
differs from that of DNA in several aspects such as the site of
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action in the cell, molecular stability, and molecular size.
Consequently, the vectors suitable for DNA delivery may not
be ideal for siRNA delivery. The amphiphilic dendrimer 1a
disclosed in this work therefore constitutes a significant
novelty for effective siRNA delivery and potent gene silenc-
ing.
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Figure 4. In vitro and in vivo anticancer activity in prostate cancer models following gene silencing of Hsp27
with Hsp27 siRNA/1a complex. Human castrate-resistant prostate cancer PC-3 cells were used for the

in vitro assay (A, B, C) with 50 nm siRNA and Ta at a N/P ratio of 10, and PC-3 xenografted nude mice with
intratumoral injection of siRNA/1a (3 mgkg™' siRNA and 1a at a N/P ratio of 5) were used for in vivo
evaluation during a period of one week with an injection frequency of twice a week (D, E, F). A) Cell
proliferation of human prostate cancer PC-3 cells assessed by MTT assay six days post-treatment.

B) Apoptotic cells quantified with FACS flow cytometry using Annexin V staining four days post-treatment.
C) Caspase-3/7 activation evaluated using a colorimetric assay three days post-treatment. Effective gene
silencing of Hsp27 at both the mRNA level (D) and the protein level (E) as well as the antiproliferation
activity (F) in tumors after one week of treatment were assessed using quantitative real-time qRT-PCR,

Western blot, and Ki-67 immunohistochemistry staining, respectively.

In conclusion, we have developed an efficient amphiphilic
dendrimer vector 1a for siRNA delivery and gene silencing.
This vector bears a hydrophobic alkyl chain and a hydrophilic
PAMAM dendron with seven tertiary amines in the interior
and eight primary amines at the terminals, and is capable of
combining the advantageous features of lipid and dendrimer
vectors. Most importantly, this vector is able to deliver Hsp27
siRNA in vitro and in vivo in a castration-resistant prostate
cancer model and produce significant gene silencing and
potent anticancer activity and therefore offers a new alter-
native for treating castration-resistant prostate cancer, for
which there remains no efficacious treatment.”? We are
currently focusing our efforts on performing a detailed
structure/activity relationship analysis to gain a better insight
and understanding of this amphiphilic dendrimer vector and
will apply it to other disease models based on siRNA
therapeutics.
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