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Rationale: The low efficiency of conventional therapies in achiev-
ing long-term survival of patients with lung cancer calls for the
development of novel therapeutic options. Recent advances in
aerosol-mediated gene delivery have provided the possibility of an
alternative for the safe and effective treatment of lung cancer.
Objectives: To demonstrate the feasibility and emphasize the impor-
tance of noninvasive aerosol delivery of Akt1 small interfering RNA
(siRNA) as an effective and selective option for lung cancer treat-
ment.

Methods: Nanosized poly(ester amine) polymer was synthesized and
used as a gene carrier. An aerosol of poly(ester amine)/Akt1 siRNA
complex was delivered into K-rasA’ and urethane-induced lung
cancer models through a nose-only inhalation system. The effects
of Akt1 siRNA on lung cancer progression and Akt-related signals
were evaluated.

Measurements and Main Results: The aerosol-delivered Akt1 siRNA
suppressed lung tumor progression significantly through inhibiting
Akt-related signals and cell cycle.

Conclusions: The use of poly(ester amine) serves as an effective
carrier, and aerosol delivery of Akt1 siRNA may be a promising
approach for lung cancer treatment and prevention.

Keywords: poly(ester amine); Akt1 siRNA; lung cancer; K-rasA’ mice;
urethane; aerosol gene delivery

Great effort has been invested in the field of pulmonary medi-
cine in the hopes of finding feasible therapeutic approaches for
diverse lung diseases, including cancer (1-3). Different ap-
proaches for gene delivery to the lung have been reported in
various animal models (4, 5). However, these strategies are
either invasive or the methods may not be suitable for effective
delivery of the gene throughout pulmonary tissues.

Viral and nonviral vectors are being used for gene therapy.
Viral vectors are frequently used because of their intrinsic ability
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Recent advances in aerosol-mediated gene delivery suggest
that this approach may be useful in the treatment of lung
cancer.

What This Study Adds to the Field

Poly(ester amine) carrier may serve as an effective carrier,
and aerosol delivery of Aktl small interfering RNA may
be a promising approach for lung cancer treatment and
prevention.

to enter the cells and promote the expression of the gene of in-
terest. However, many factors, such as immune response against
repeated administration and difficulties of large-scale production,
limit their practical use (6). On the other hand, nonviral vectors
continue to attract interest because of several advantages, such as
easy manipulation, low cost, safety, and less immunogenicity (7).
Many nonviral vectors have been developed for delivering genes
to various organs (8). Aerosol-mediated gene delivery is effective
and represents a noninvasive alternative for the targeting of
genes to the lungs (9). Recently, our group has synthesized a new
biocompatible nanocarrier, poly(ester amine) (degradable poly-
ethylenimine-alt-poly[ethylene glycol] copolymer), by reaction of
low-molecular-weight polyethyleneimine (PEI) with polyethyle-
neglycol (PEG) diacrylate (number average molecular weight
[M,] = 258) as a cross-linker. Our previous study has proven that
the poly(ester amine) carrier is less than 150 nm and offers
effective delivery potential due to a biodegradable complex for-
mation with genes with little toxicity and enhanced gene transfer
efficiency (10).

Akt (protein kinase B) is an important regulator of cell sur-
vival and cell proliferation (11). Akt plays a key role in cancer
by stimulating cell proliferation, inhibiting apoptosis, and mod-
ulating the protein translation (12, 13). Amplification of genes
encoding Akt isoforms has been found in many tumors (11).
Dominant negative alleles of Akt have been reported to block
cell survival and to induce an apoptotic response (14). Thus,
specific inhibition of its signals may be a rational therapeutic
strategy for tumors with amplification of the Akt gene.

Of the three members of the ras family, K-ras, N-ras, and
H-ras, K-ras is found to be the most frequently mutated member
in lung cancer (33-50%) (15, 16). Mice carrying the mutation are
highly predisposed to tumors and exhibit short latency and high
penetrance (17). Moreover, K-ras gene mutation enhances mo-
tility of lung adenocarcinoma cells via Akt activation (18), and
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radioresistance of K-ras-mutated human tumor is mediated through
the epidermal growth factor receptor-dependent PI3K-Akt
pathway (19). Blocking of the PI3K-Akt pathway in K-ras—
mutated AS549 cells caused radiosensitivity (20). Multidrug
resistance of gastric cancer cells was decreased by Aktl down-
regulation (21), and Aktl null mice were resistant to carcino-
genesis (22). Primary lung tumors in the mice have morpho-
logic, histogenic, and molecular features similar to human lung
adenocarcinoma (23). Therefore, in this study, K-ras™4/ mice,
a laboratory animal model of non-small lung cancer (NSLC),
were used for in vivo effects of aerosol-delivered Aktl small
interfering RNA (siRNA) in lung tumorigenesis. In K-rast4!
mice, oncogenic alleles of K-ras can be activated on a sponta-
neous recombination event, and mice carrying these mutations
are highly predisposed to a range of tumor types from hyper-
plasia/dysplasia to carcinomas, predominantly early-onset lung
cancer similar to human NSLC (17). In the present study, we
also used urethane-induced lung cancer model mice because
most (~80%) urethane-induced lung tumors harbor a mutation
in the K-ras gene and lung cancer model mice frequently have
been used in chemoprevention studies (24, 25).
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RNA interference (RNAI) is a post-transcriptional gene-
silencing mechanism (26-28). siRNA must be dissociated into
its component single strands to act as a guide for RNA-induced
silencing complexes, the protein complexes that repress gene
expression (29). In this regard, development of siRNA technol-
ogy has opened the possibility of effective genetic manipulation.
In fact, many studies clearly demonstrate the potential of
siRNA-based therapeutics in various animal disease models
(30). However, efficient uptake of siRNAs still represents
a significant obstacle in establishing RNAi as a therapeutic
approach (31). Therefore, effective delivery of siRNA with the
aid of appropriate carrier is the most challenging target for the
development of an RNAi-based therapeutic platform.

Here, we report that aerosol delivery of poly(ester amine)/
Aktl siRNA can suppress lung tumorigenesis in K-ras’A’
and urethane-induced lung cancer model mice through alter-
ing Akt signals and cell cycle. Our results support the hy-
pothesis that the poly(ester amine) carrier may serve as an
effective carrier, and that aerosol delivery of Aktl siRNA may
be a promising approach for lung cancer treatment and pre-
vention.

Poly(ester amine)/GFP

Figure 1.  Poly(ester amine)-induced
lung toxicity and delivery efficiency of
poly(ester amine) as a gene carrier. (A)
Delivery efficiency of poly(ester amine)
as a gene carrier was evaluated using
poly(ester amine)/green fluorescent pro-
tein (GFP) complex. ICR mice were ex-
posed to aerosol containing poly(ester
amine)/GFP complex for 30 minutes,

and 48 hours post-treatment, the mice
were killed for delivery efficiency assay.
Green signals indicated that most of the
delivered GFP was efficiently transfected
into lung. Original magnification, X200,
Scale bar represents 100 wm. (B) Histopa-
thology of the lungs. C57BL/6 mice were
exposed to poly(ester amine)-containing
aerosols twice a week for 4 weeks. At the
end of test period, mice were killed, and
- the lungs were fixed in 10% neutral
i buffered formalin for histopathologic ex-
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amination. (C) Changes in the level of
lactate dehydrogenase (LDH) activity in
bronchoalveolar lavage fluid from C57BL/
6 mice exposed to poly(ester amine).
Mean = SE, n = 6. CON = control.
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METHODS

Materials

PEI (97% purity), PEG (97% purity), and urethane were purchased
from Sigma-Aldrich (St. Louis, MO), and pcDNA3.1-green fluorescent
protein (GFP) (6.1 kb) was purchased from Invitrogen (Carlsbad, CA).
The following antibodies were obtained from Cell Signaling Technol-
ogy (Beverly, MA): anti-phospho-Aktl at Ser473, anti-phospho-Akt1
at Thr308, anti-phospho-mammalian target of rapamycin (anti—p-
mTOR) at Ser2448, and anti-p70S6K at Thr389. Monoclonal antibodies
against Aktl and phospho-Akt at Thr308 were produced using
a general method described elsewhere. The following antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA): anti-
Akt2, anti-Akt3, anti- Bcl-2 antagonist of cell death protein (anti-
BAD), anti—cell division cycle (CDC) 2, anti—cyclin-dependent kinase
2 (anti-CDK?2), anti-CDK4, anti—cyclin A, anti-cyclin B1, anti—cyclin
D1, anti-cyclin D3, anti-cyclin E, anti-4E-BP1, anti-phospho-4E-BP1
at Ser65, anti-phospho-4E-BP1 at Thr69, anti-mTOR, anti-p70S6K,
and anti-proliferating cell nuclear antigen (anti-PCNA).

C CON
A CON SCR siAktl

Construction of Akt 1 siRNA and Preparation of
Poly(ester amine)/siRNA Complex

Chemically synthesized siRNA is known to induce only a transient reduction
of endogenously expressed target mRNA (32). To overcome this problem,
anumber of groups have developed effective delivery systems for optimizing
siRNA-mediated down-regulation of gene expression in mammalian cells
via RNA interference (33). In this regard, the oligonucleotides encoding the
19-mer hairpin sequence of siRNA specific to Aktl were designed using
siRNA converter software. The sequences of targeting Aktl were as follows:
sense strand GGCCACGATGACTTCCTTC, antisense strand GAAGG
GAGTCGTCGTGGCC. A scrambled siRNA with the same nucleotide
composition as the siRNA but which lacks significant sequence homology
to the genome was also designed. These oligonucleotides were ligated into
the siXpress Human U6 PCR vector system (Mirus Bio, Madison, WI)
according to the manufacturer’s instructions.

Poly(ester amine) was synthesized as described in our previous
work. The poly(ester amine)/siRNA complex at a charge ratio of 45
was chosen as the most efficient condition for gene delivery on the
basis of previous results (10). Briefly, self-assembled poly(ester amine)/
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Figure 2. Aerosol delivery of poly(ester

amine)/Akt1 siRNA inhibited Akt1 activity
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analyzed by densitometer. (C) Western
blot analysis of the Akt protein family.
Lysates from the lungs of K-ras4’ mice
treated with aerosol-delivered Akt1 siRNA
were analyzed for Akt1-3 protein expres-
sion. Results indicated a selective suppres-
sion of the Akt1 protein level only. (D) The
bands of interest were further analyzed by
densitometer. (E) Western blot analysis of
c Akt1 protein expression in the heart, liver,
kidney, and spleen. Lysates from these
tissues of K-rast47 mice treated with aero-
sol-delivered Akt1 siRNA were analyzed for
Akt1 protein expression. (F) The bands
of interest were further analyzed by den-
sitometer. (G) Western blot analysis of
phospho-Akt proteins in the lungs. (H)
Densitometric analysis of phospho-Akt
proteins. (/) Immunohistochemical analy-
sis of phospho-Akt expression in the lungs
of K-rastA’ mice. Dark brown color indi-
cates phospho-Akt expression. (/) Com-
parison of phospho-Akt labeling indices
in the lungs of K-rastA’ mice. Each bar
represents the mean *= SE (n = 6). Low-
ercase letters denote statistical difference:
(a,b) = P<0.05; (a,c) = P<0.01; CON =
control; GAPDH = glyceraldehyde phos-
phate dehydrogenase; SCR = scrambled
control; siAktl = Akt1 siRNA. Original
magnification, X400, Scale bar represents
100 pm.
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siRNA complex was initiated in distilled water by adding 1 mg of
plasmid DNA to poly(ester amine), drop by drop, under gentle
vortexing, and the final volume was adjusted to 50 ml. The complex
was then incubated at room temperature for 30 minutes before use.

In Vivo Aerosol Delivery of Poly(ester amine)/siRNA Complex

Experiments were performed on 5-week-old ICR mice, K-rast4! mice,
C57BL/6 mice, and 6-week-old A/J mice, respectively. ICR mice,
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C57BL/6 mice, and A/J mice were purchased from Joongang Labora-
tory Animal (Seoul, Korea) and breeding K-rast4! mice were obtained
from the National Cancer Institute (Frederick, MD). The animals were
kept in the laboratory animal facility with temperature and relative
humidity maintained at 23 * 2°C and 50 *= 20%, respectively, under
a 12-hour light/dark cycle. All methods used in this study were
approved by the Animal Care and Use Committee at Seoul National
University (SNU-061110-5, SNU-070910-1). For gene delivery, mice

CON SCR siAktl

SCR SiAKk1

Figure 2. (Continued).

SCR SiAKk1
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were placed in the nose-only exposure chamber and exposed to the
aerosol based on the methods used previously (34, 35).

For the test of gene delivery efficiency of poly(ester amine), ICR
mice were divided into three groups (3 mice/group). Two treatment
groups were exposed to aerosol containing GFP plasmid DNA with or
without poly(ester amine) and one remaining group was used as
a control. Two days after exposure, these mice were killed and the
lungs were collected for the detection of GFP green signal.

For the toxicity test of poly(ester amine) inhalation on the lungs of
mice, the C57BL/6 mice (background of K-ras™A! mice) were divided
into two groups (6 mice/group). The control group was not treated with
anything and the other group was exposed to aerosol containing 43.92
mg poly(ester amine) in distilled water (1 mg DNA). The C57BL/6
mice were exposed to aerosol twice a week for total of 4 weeks. At the
end of the experiment, C57BL/6 mice were killed, and the bronchoal-
veolar lavage (BAL) fluid was collected for the measurement of lactate
dehydrogenase (LDH) activity as described by Shvedova and col-
leagues (36). After collection of BAL fluid, the lungs were fixed in 10%
neutral buffered formalin for histopathologic examination.

To determine the effects of Aktl siRNA on lung cancer develop-
ment, the K-ras’4! mice were divided into three groups (7 mice/group).
The control group was not treated with anything and the other two
groups were exposed to aerosol containing poly(ester amine) with Aktl
siRNA or scrambled siRNA (scrambled control), respectively. The
K-ras™! mice were exposed to aerosol twice a week for total 4 weeks.
At the end of the test period, K-ras“4! mice were killed, and the lungs
were collected. During the autopsy procedure, the neoplastic lesions of
lung surfaces were carefully counted and the lesion diameter was mea-
sured with the aid of digital calipers under a microscope as described by
Singh and coworkers (37). Simultaneously, the lungs were perfused and
fixed in 10% neutral buffered formalin for histopathologic examination
and immunohistochemistry (IHC). Lungs from seven mice per group were
used for histopathologic and immunohistochemical analysis. Remain-
ing lungs were stored at —80°C for further study. We also tested the
effects of Aktl siRNA on a different model of lung carcinogenesis. Six-
week-old A/J male mice were given a single intraperitoneal injection of
urethane (1 mg/g body weight) freshly dissolved in 0.9% saline or of

saline only, as described by Kisley and colleagues (38). Six weeks after
the urethane injection, the mice were divided into three groups (7 mice/
group) and exposed to aerosol using the same method as described
with the experiment using K-rast4/ mice.

LDH Activity Assay in BAL Fluid

The activity of LDH in the BAL fluid was measured spectrophoto-
metrically by monitoring the reduction of nicotinamide adenine dinu-
cleotide at 340 nm in the presence of lactate (Pointe Scientific, Lincoln
Park, MI).

Reverse Transcriptase—Polymerase Chain
Reaction Experiments

Total RNA was isolated from the lung tissue with Trizol reagent
(Invitrogen). Primers used for the polymerase chain reaction (PCR)
were designed to be isoform specific. The sequences were as follows:
for Aktl, sense 5'-GCC AAA GTC CAG CAA GAA GG-3' and
antisense 5'-CTG AAC CGC ATG GGA CAC AG-3’; for Akt2, sense
5'-CTG CCC TGA GCT CAC TCA AG-3' and antisense 5'-CGG
GCCTCT CCT TAT ACC CA-3'; for Akt3, sense 5'-CCT ACC AAC
TCC ACC TTG AC-3' and antisense 5'-CAA GAA GTC AGC TCC
GAG AA-3'; for GAPDH (glyceraldehyde phosphate dehydrogenase),
sense 5'-GAA GGA CTC ATG ACC ACAG-3' and antisense 5'-
CTTCAC CAC CTT CTT GATG-3'. The amplification conditions
were as follows: 94°C for 5 minutes; 30 cycles of 30 seconds each of
denaturation at 94°C, annealing at 58°C (54°C for Akt2, 56°C for Akt3,
and 50°C for GAPDH), and extension at 72°C; and a final extension for
5 minutes at 72°C.

Western Blot Analysis

For Western blot analysis, lungs of six mice from the group of seven
mice were selected by random sampling. After measuring the protein
concentration of homogenized lysates using a Bradford kit (Bio-Rad,
Hercules, CA), 30 pg protein was separated on sodium dodecyl sulfate—
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0.5 4
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CON siAkt1

polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes. The membranes were blocked for 1 hour in tris-buffered
saline with Tween 20 (TTBS) containing 5% skim milk, and immuno-
blotting was done by incubating the membranes overnight with their
corresponding primary antibodies in 5% skim milk at 4°C, and then
with secondary antibodies conjugated to horseradish peroxidase (HRP)
for 3 hours at room temperature or overnight at 4°C. After washing, the
bands of interest were analyzed by the luminescent image analyzer
LAS-3000 (Fujifilm, Tokyo, Japan), and quantification of Western blot
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s1Aktl

Figure 3. Tumor pathology of lungs in
K-rast4” mice. (A) K-ras*A” mouse lungs show-
ing numerous visible lesions (arrows and
dashed circles). (B) The mean tumor diameter
of at least 1.5 mm in K-ras"*’ mouse lung.
Each bar represents the mean * SE (n = 7).
abDifferent letters denote statistical differ-
ence (P < 0.05). (C) Histologic characteristics
of K-rastA’ mouse lungs. Arrows and dashed
circles indicate the adenocarcinoma in the
lungs of K-ras*A’ mice. CON = control;
SCR = scrambled control; siAkt1 = Akt1 siRNA.
Original magnification, X100, Scale bar rep-
resents 100 pm.

AR AR
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analysis was done by using the Multi Gauge version 2.02 program
(Fujifilm, Tokyo, Japan).

Histopathologic Analysis and IHC

The lung tissues were fixed in 10% neutral buffered formalin, paraffin
processed, and sectioned at 4 wm. For histologic analysis, the tissue sec-
tions were stained with hematoxylin and eosin. For IHC, the tissue sec-
tions were deparaffinized in xylene and rehydrated through alcohol
gradients, then washed and incubated in 3% hydrogen peroxide (Appli-

TABLE 1. SUMMARY OF TUMOR INCIDENCES IN THE LUNGS OF K-RAS'A" MICE

Hyperplasia
No. of Tumors/Mouse Incidence
Adenoma _—
Group No. of Mice Total =1.5 mm* <1.5 mm? Incidence +++1 ++8
CON 7 18 = 0.32 4 + 0.3% 14 + 0.92 5 3 0
SCR 7 18 = 0.72 5+ 0.67 13 = 1.28b 4 2 1
siAkt1 7 11 +0.3¢ 2 +0.2¢ 9 + 0.6¢ 2 2 3

Definition of abbreviations: CON = control; SCR = scrambled control; siAkt1 = Akt1 siRNA.

The K-rast4’ mice were exposed to aerosols containing poly(ester amine)/Akt1 siRNA twice a week for a total of 4 weeks. At the
end of the test period, the K-ras!4” mice were killed, the lungs were collected, and the lesions were counted carefully on the
surfaces of lungs under microscope. Simultaneously, the lungs from seven mice were fixed in 10% neutral buffered formalin for
histopathologic examination. Incidence and multiplicity of lung proliferative lesions were compared.

* Number of tumors at least 1.5 mm in diameter.

T Number of tumors smaller than 1.5 mm in diameter.

* Alveolar epithelial hyperplasia grade was moderate.

¢ Alveolar epithelial hyperplasia grade was mild.

ab.c pifferent letters denote statistical difference (P < 0.05).
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Figure 4. Western blot analysis of
Akt1-related proteins in lungs of
K-rastAT mice. (A) Western blot
analysis of mammalian target of
rapamycin  (mTOR), p70SéK,
4E-BP1 (eukaryotic initiation factor
4E binding protein 1) proteins.
Lysates from the lungs of K-rastA?
mice treated with aerosol-delivered
Akt1 siRNA were analyzed for pro-
teins important for protein trans-
lation. (B) The bands of interest
were further analyzed by densi-
tometer. Each bar represents the
mean = SE (n = 6). Lowercase
letters denote statistical difference:
(a,b) = P<0.05; (a,c) = P<0.01;
CON = control; SCR = scrambled
control; siAkt1 = Akt1 siRNA.
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Chem, Darmstadt, Germany) for 30 minutes to quench endogenous
peroxidase activity. After washing in phosphate-buffered saline (PBS),
the tissue sections were incubated with 5% bovine serum albumin in PBS
for 1 hour at room temperature to block unspecific binding sites. Primary
antibodies were applied on tissue sections overnight at 4°C. The following
day, the tissue sections were washed and incubated with secondary HRP-
conjugated antibodies (1:50) for 1 hour at room temperature. After
careful washing, tissue sections were counterstained with Mayer’s hema-
toxylin (Dako, Carpinteria, CA) and washed with xylene. Cover slips
were mounted using Permount (Fisher, Pittsburgh, PA), and the slides
were reviewed using a light microscope (Carl Zeiss, Thornwood, NY).
The evaluation of phospho-Akt (Ser473 and Thr308) staining was done
according to the scoring system of Tang and coworkers (39), and the
evaluation of PCNA staining was done as described by Zhang and
colleagues (40).

Statistical Analysis

All data are given as means * SE, and statistical differences among
treatment groups were analyzed by one-way analysis of variance and
Duncan’s multiple range test (41) using SAS statistical software
package version 6.12 (SAS Institute, Cary, NC).

RESULTS

Poly(ester amine) Can Be Used as a Good Carrier for Aerosol
Gene Delivery

In a previous study, we confirmed the low cytotoxicity and high
transfection efficiency of poly(ester amine) polymer in cell
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culture (10). On the basis of this study, we confirmed the
in vivo transfection efficiency and toxicity of poly(ester amine)
in the mouse lung. As shown Figure 1A, the green signal of
green fluorescent protein (GFP) was dominant in poly(ester
amine)/GFP complex—exposed group compared with other two
groups. The results indicated that our delivery system func-
tioned efficiently. Results of both histopathologic examination
of the lung and LDH activity in BAL fluid demonstrated that
the poly(ester amine) carrier did not cause any significant
toxicity (Figures 1B and 1C).

Aerosol Delivery of Akt1 siRNA Significantly Suppresses Lung
Tumorigenesis in K-rast4’ Mice

To determine whether aerosol-delivered Aktl siRNA might
affect other isoforms of Akt, the mRNA and protein expres-
sions of Aktl, Akt2, and Akt3 were measured by reverse
transcriptase-PCR and Western blot in the lungs of K-ras’4/
mice. As shown in Figure 2, aerosol-delivered Aktl siRNA
suppressed the mRNA (Figures 2A and 2B) and protein
expression (Figures 2C and D) of Aktl specifically without
affecting the Akt2 and Akt3 in the lungs of K-ras“4! mice.
Moreover, aerosol delivery of Aktl siRNA did not affect the
protein expression of Aktl in other organs (Figures 2E and 2F).
Because Akt requires phosphorylation of both Thr308 and
Serd73 for full activity (34, 42), phosphorylation status of
Aktl was examined in the lungs of K-ras“A’ mice. Aktl siRNA

Figure 5. Analysis of proteins impor-
tant for cell cycle regulation in lungs
of K-rastA” mice. (A) Expression of
cyclin B1 and CDC2 proteins. Lysates
from the lungs of K-rastA” mice treated
with aerosol-delivered Akt1 siRNA
were analyzed for proteins important
for cell cycle control. (B) The bands of
interest were further analyzed by den-
sitometer. (C) Expression of cyclin D1,
cyclin D3, CDK4, cyclin A, cyclin E,
CDK2, and PCNA proteins. Lysates
from the lungs of K-rastA” mice treated
with aerosol-delivered Akt1 siRNA
were analyzed for proteins important
for cell cycle control in the lungs of K-
rastA’ mice. (D) The bands of interest
were further analyzed by densitome-
c ter. (E) Immunohistochemical mea-
surement of PCNA in the lungs of K-
rastAT mice. Dark brown color indicates
the PCNA expression (original magni-
fication, X400; scale bar, 100 pm). (F)
Comparison of PCNA labeling index in
lungs of K-ras‘A” mice. PCNA-positive
staining was determined by counting
three randomly chosen fields per sec-
tion, determining the percentage of
diaminobenzidene (DAB)-positive cells
per 100 cells at X400 original mag-
nification. Each bar represents the
mean * SE (n = 6). Lowercase letters
denote statistical difference: (a,b) =
P < 0.05; (a,c) = P < 0.01; CON =
control; PCNA = proliferating cell nu-
clear antigen; SCR = scrambled con-
trol; siAktl = Akt1 siRNA.

SCR siAkt1

SCR SiAK1
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significantly inhibited the phosphorylation of Aktl at Thr308 as
well as Ser473 (Figure 2G), and suppressed phosphorylation at
the critical sites was clearly reconfirmed by densitometric
analysis (Figure 2H). Such suppressed Akt phosphorylation
was further confirmed by IHC as shown in Figure 21 and also
by the scoring of immunopositive cells as shown in Figure 2J. To
determine the effect of suppressed Akt activity on tumorigen-
esis, the number and size of tumors were measured in the lungs
of K-ras™4! mice. As shown in Figures 3A and 3B (arrows and
dashed circles) and Table 1, the number of tumors and the mean
of tumor diameter were significantly decreased by Aktl siRNA.
Histopathologic examination also indicated that pulmonary
tumor formation was significantly suppressed (arrows in Figure
3C and Table 1). Taken together, Aktl siRNA suppressed
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tumor numbers as well as tumor progression significantly in the
lungs of K-ras™“4! mice.

Aerosol Delivery of Akt1 siRNA Inhibits Proteins Important for
Protein Translation in Lungs of K-rast4’ Mice

Activation of Akt by phosphorylation plays a central role in tu-
morigenesis. The Akt/mTOR pathway controls cellular protein
translation through regulation of 70-kD ribosomal protein S6 ki-
nase (p70S6K) and eukaryotic initiation factor 4E binding protein
1 (4E-BP1) phosphorylation, and protein translation closely re-
lated with cancer cell growth (12). To obtain mechanistic insight
into how Aktl siRNA suppresses lung tumorigenesis, we analyzed
the proteins important for Akt-related protein translation signals.
Our results showed that inhibition of Aktl significantly decreased

siAk1

siAK1
Figure 5. (Continued).
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mTOR and phospho-mTOR protein expressions. Also, aerosol
delivery of Aktl siRNA suppressed the protein expression of
p70S6K and phosphor-p70S6K. Expression of Aktl siRNA did
not affect the protein expression of total 4E-BP1, but suppressed
phosphorylation at Ser65 as well as Thr69 in lungs of K-rastA!
mice significantly (Figures 4A and 4B).

Aerosol Delivery of Akt1 siRNA Significantly Inhibits Proteins
Important for Cell Cycle Regulation in Lungs of K-rast4” Mice

Akt is known to regulate cell cycle progression (12), thus, we
evaluated the effects of Aktl siRNA on cell cycle-regulated
proteins in the lungs of K-ras“4’ mice. Results demonstrated
that aerosol delivery of Aktl siRNA suppressed the proteins
important for cell cycle regulation, such as cyclin D1, cyclin D3,
cyclin A, cyclin E, CDK4, CDK2, CDC2, and PCNA (Figures
5A-5D). The expression of PCNA, a marker of cell prolifera-
tion, was further analyzed. Results obtained by IHC (Figure 5E)
and by PCNA labeling index of the immunopositive cells
(Figure 5F) clearly indicated that Aktl siRNA suppressed cell
proliferation in the lungs of K-ras“4! mice.

Aerosol Delivery of Akt1 siRNA Significantly Suppresses Lung
Tumorigenesis in Urethane-induced Lung Cancer Model Mice

To determine if our aerosol delivery of siRNA is broadly
applicable, we additionally examined the effects of Aktl siRNA
on a urethane-induced lung cancer model in A/J mice. Obtained
results showed that Aktl siRNA significantly suppressed the
tumor development in urethane-induced lung cancer model
mice. The mean number of tumor foci (Figure 6A and Table
2) and the mean tumor diameter (at least 1.0 mm in diameter)
(Figure 6B) were significantly decreased by Aktl siRNA.
Histopathologic examination also demonstrated that pulmonary
tumor formation was significantly suppressed (arrows in Figure
6C and Table 2). Results are summarized in Table 2.

DISCUSSION

Two major advantages of aerosol delivery are instant access and
high ratio of the drug/gene deposited within the lung non-

E CON
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invasively (43). In recent years, much effort has focused on the
development of aerosol gene delivery technology for the
treatment of diverse lung diseases, including cancer. This effort
has involved finding appropriate nonviral DNA delivery car-
riers that both withstand the sheering force of nebulization and
also function optimally in the lungs (34). PEI is a well-known
cationic polymer, which can deliver the DNA both in vitro and
in vivo due to unique buffering capacity—mediated high trans-
fection activity (5, 44). However, PEI is toxic and nondegrad-
able (45). To enhance the biocompatibility of PEI, Ahn and
colleagues (46) synthesized a PEI derivative, PEI-PEG co-
polymer; however, transfection efficiency of the copolymer was
not satisfactory, although the copolymer was degradable and
less toxic. The above example in combination with many
unsatisfactory efforts for the synthesis of PEI derivatives
prompted us to synthesize a novel copolymer as new gene
carrier, producing new degradable poly(ester amine) copolymer
with high transfection efficiency and low toxicity (10). The
current study clearly demonstrates a high transfection efficiency
with satisfactory safety of poly(ester amine) (Figure 1).

siRNA-based RNAi has been used widely to study gene
functions and disease therapeutics because RNAI is activated in
mammalian cells by introducing siRNAs (47), and is known to
silence the gene of interest specifically at low concentration
(30). Transfection of siRNA into lung cells has been demon-
strated in vivo in transgenic enhanced GFP mice using in-
tranasal administration of enhanced GFP siRNA with chitosan
nanoparticles (48). Ge and colleagues (49) also reported
satisfactory transfection of siRNA into lung cells in vivo in
mouse models of influenza infection using PEI as a vector via
intravenous administration, and this transfected siRNA specific
to conserved regions of influenza virus genes significantly
reduced the influenza production in the lungs.

Akt is one of the most frequently hyperactivated signaling
pathways in cancer, including lung cancer (50). The Akt
pathway can be hyperactivated by several gene mutations
(30), such as the K-ras gene (18), and 33-50% of patients with
lung adenocarcinoma have specific mutations in the K-ras gene
(16). Recently, several in vitro studies examined the effect of
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Akt on cancer development using Akt siRNA treatment and
demonstrated that Akt was an important molecular target for
cancer treatment (32, 51, 52). Here, our in vivo study clearly
demonstrated the significant anticancer effect of Aktl siRNA in

Figure 6. Tumor pathology of lungs in ure-
thane-induced lung cancer model mice. (A)
Mouse lungs showing numerous visible
lesions (dashed circles). (B) The mean tumor
diameter of at least 1.0 mm in the lungs of
urethane-induced lung cancer model mice.
Each bar represents the mean = SE (n = 7).
Lowercase letters denote statistical difference:
(a,b) = P < 0.05. (C) Histologic character-
istics of mouse lungs. Arrows indicate the
adenoma in the lungs of urethane-induced
lung cancer model mice. CON = control;
SCR = scrambled control; siAktl = Aktl
siRNA. Original magnification, X100, Scale
bar, 100 pm.

the lungs through aerosol inhalation. Our results showed that
aerosol-delivered Aktl siRNA decreased about 80% of the
Aktl protein expression specifically in the lungs (Figure 2) and
significantly inhibited the progression of lung cancer in different

TABLE 2. SUMMARY OF TUMOR INCIDENCES IN THE LUNGS OF URETHANE-INDUCED LUNG

CANCER MODEL MICE

Hyperplasia
No. of Tumors/Mouse* Incidence
No. of Adenoma —_
Group Mice Total =1.0 mm’ <1.0 mm?# Incidence ++ 48 ++ll
CON 7 26 = 0.92 4 + 0.3 22 =1.02 5 3 1
SCR 7 27 =1.02 4 *0.32 23 =1.0° 6 4 0
siAkt1 7 17 £ 1.3¢ 3+ 0.3 14 +1.2¢ 2 5 1

For definition of abbreviations, see Table 1.

The urethane-induced lung cancer mice were exposed to aerosols containing poly(ester amine)/Akt1 siRNA twice a week for
a total of 4 weeks. At the end of the experiment, the mice were killed, the lungs were collected, and the lesions were counted
carefully on the surfaces of lungs under microscope. Simultaneously, the lungs from seven mice were fixed in 10% neutral
buffered formalin for histopathologic examination. Incidence and multiplicity of lung proliferative lesions were compared.

* Duncan’s New Multiple Range Test, (a,b) = P < 0.05; (a,c) = P < 0.01. Means sharing the same letter are not statistically

different.
T Number of tumors at least 1.0 mm in diameter.
* Number of tumors smaller than 1.0 mm in diameter.
% Alveolar epithelial hyperplasia grade was moderate.
I Alveolar epithelial hyperplasia grade was mild.
ab.c piferent letters denote statistical difference (P < 0.05).



Xu, Jere, Jin, et al.: Aerosol Delivery of Akt1 siRNA

mouse models (Figure 3 and Table 1; Figure 6 and Table 2).
These findings suggest that aerosol delivery of Aktl siRNA may
be a promising approach for lung cancer treatment and pre-
vention. In addition, recent studies reported that resistance of
chemo- and radiotherapy might be associated with constitutive
activated Akt in lung cancer (53). Such findings also suggest that
aerosol delivery of Aktl siRNA may be useful for the treatment
of chemotherapy- or radiotherapy-resistant lung cancer, and
combined treatment with other classical chemotherapeutic
treatments may enhance the therapeutic efficacy.

The Akt family is composed of three isoforms (Aktl, Akt2,
and Akt3), which, in general, are broadly expressed, although
there are some isoform-specific features (11). In fact, Aktl is
implicated in the treatment resistance of NSLC (54), suggesting
that Aktl inhibition is a key factor for specific cancer cell death.
Although Aktl activation has been implicated in up-regulated
cell proliferation, in vivo effects of Aktl in terms of cell
proliferation and critical downstream effectors, such as mTOR,
p70S6K, and 4E-BP1, remain largely uncertain. As such, we
undertook the function of Aktl in lung cancer progression with
the aid of Aktl siRNA to address these issues.

We demonstrated that the knockdown of Aktl activity, and
not Akt2 and Akt3 (Figure 2) is sufficient to suppress Aktl-
related signals important for protein translation (Figure 4) and
cell cycle progression (Figure 5), and thus inhibit pulmonary
tumor progression (Figure 3 and Table 1) in K-ras4! mice and
urethane-induced lung cancer mice (Figure 6 and Table 2). As
mentioned earlier, the current study was performed to verify
that Aktl suppression by siRNA might be sufficient to confer
resistance to tumorigenesis in vivo. Our results demonstrated
that Aktl knockdown was sufficient to delay the tumor progres-
sion and to provide profound resistance to lung tumor develop-
ment. In part, this result may be related with the attenuated Akt/
mTOR-mediated protein translation signaling because transla-
tion defects due to aberrant Akt activation may be a critical un-
derlying mechanism leading to tumorigenesis (13). In mammals,
Akt can phosphorylate mMTOR on Ser2448 to activate this kinase
(55), and subsequently activated mTOR leads to translation
initiation through phosphorylation of p70S6K and 4E-BP1 pro-
tein (56). A recent report also has shown that phosphorylation of
p70S6K and of 4E-BP1 is well correlated with PI3K-induced
tumorigenesis (57). 4E-BP1 is an important regulator of cap-
dependent translation through binding to eIF4E, resulting cap-
dependent protein translation, and this binding can be disrupted
by hyperphosphorylation of 4E-BP1 (56). Jacobson and col-
leagues (58) reported that repression of cap-dependent transla-
tion attenuated the transformed phenotype in NSCLC. Another
main target protein of mTOR, p70S6K also plays an important
role in lung tumorigenesis. Wislez and associates (59) reported
that high levels of phosphor-p70S6K were prominently associated
with atypical alveolar hyperplasia, an early neoplastic change,
and that inhibition of mMTOR/p70S6K reversed alveolar epithelial
neoplasia induced by oncogenic K-ras. A recent line of evidence
also demonstrated that Aktl deficiency was sufficient to signif-
icantly attenuate tumor development induced by phosphatase
and tensin homolog deleted on chromosome 10 (PTEN) de-
ficiency (60). Our group also provided strong evidence that
aerosol delivery of PTEN suppressed Aktl downstream path-
ways in the lungs of K-ras“4/ mice (35). In addition, a recent
study reported that Aktl knockout mice were not impaired in
their lifespan and might possibly live longer than wild-type mice
(61). Taken together, targeted inhibition of Aktl activity may be
used as a therapeutic approach for cancer without causing sig-
nificant physiologic problems.

In the last decade, many studies have focused on the correla-
tion between cell cycle control and lung carcinogenesis. Just as
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apoptosis is controlled by highly conserved machinery, cell cycle
is also a highly conserved mechanism by which eukaryotic cells
proliferate. The cell cycle progression is principally governed by
several families of CDKs, each pairing with cell cycle—specific
regulatory subunits known as cyclins (62). In this study, the
effects of aerosol-delivered Aktl siRNA on cell cycle control in
lungs of K-rast4! mice were investigated. Initiation of cell cycle
control via extracellular signals induces the transcription of
several proteins, including cyclin D, which, when complexed
with CDK4, moves into the next cell cycle (63). Cyclin A and
cyclin E, which paired with CDK2, were found to be required
for the G1/S transition and progression through the S phase.
Finally, cyclin B governs the G2/M transition paired with CDC2
(64). In our study, aerosol-delivered Aktl siRNA suppressed
the lung cancer growth through inhibiting the cell proliferation
proteins such as cyclins A, D, and E; CDK4; CDK2; CDC2; and
PCNA (Figure 5). Our results are supported by the findings that
Aktl is associated with cyclin D1 up-regulation, which helps in
the disruption of the G1/S regulatory point of the cell cycle and
leads to abnormal cell proliferation during carcinogenesis (65).
Our additional studies with a urethane-induced lung cancer
model (Figure 6) also strongly support that aerosol delivery of
Aktl siRNA is a promising approach to treat lung cancer.
This study emphasizes the importance of developing effec-
tive and selective preventive options for lung cancer through
extensive in vivo research into the therapeutic effects of Aktl
siRNA. In conclusion, aerosol-delivered poly(ester amine)/
Aktl siRNA complex efficiently suppressed lung cancer pro-
gression through regulating proteins important for Akt-related
signals, and cell cycle regulation. The results of our study
strongly suggest that aerosol gene delivery may provide an
effective noninvasive model of gene delivery and Aktl siRNA
may be effective in targeting protein translation and cell cycle
regulation for lung cancer prevention as well as treatment.
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