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Regular Paper

Aerosol delivery of beclinl enhanced the anti-tumor effect of
radiation in the lungs of K-ras™*! mice
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Radiotherapy alone has several limitations for treating lung cancer. Inhalation, a non-invasive approach for
direct delivery of therapeutic agents to the lung, may help to enhance the therapeutic efficacy of radiation.
Up-regulating beclinl, known as a tumor suppressor gene that plays a major role in autophagy, may sensitize
tumors and lead to tumor regression in lungs of K-ras™*' lung cancer model mice. To minimize the side-
effects of radiotherapy, fractionated exposures (five times, 24-h interval) with low dose (2 Gy) of radiation
to the restricted area (thorax, 2 cm) were conducted. After sensitizing the lungs with radiation, beclinl, com-
plexed with a nano-sized biodegradable poly(ester amine), was prepared and delivered into the murine lung
via aerosol three times/week for four weeks. In a histopathological analysis, animals treated with beclinl and
radiation showed highly significant tumor regression and low progression to adenocarcinoma. An increase in
the number of autophagic vacuoles and secondary lysosomes was detected. Dissociation of beclinl-bcl2 sti-
mulated autophagy activation and showed a synergistic anti-tumor effect by inhibiting the Akt-mTOR
pathway, cell proliferation and angiogenesis. The combination of radiation with non-invasive aerosol delivery
of beclinl may provide a prospect for developing novel therapy regimens applicable in clinics.
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INTRODUCTION

Lung cancer is one of the most life-threatening diseases.
Non-small cell lung cancer (NSCLC) is the most
common type of lung cancer, accounting for 75-85%, of
which only 15-25% of cases are potentially curable [1].
Many efforts have focused on developing efficient thera-
peutics for lung cancer; however, morbidity and mortality
are still increasing constantly worldwide. Due to its

anatomical structure and location, the lung has several
limitations for an early diagnosis and surgical approach.
Therefore, chemotherapy and/or radiation are compulsory
treatments followed by surgical resection. Radiotherapy is
the primary choice for inoperable NSCLC (stage I, II) or
locally advanced disease (stage III). Various fractionation
regimens and/or combination regimens with chemotherapy
are on trial due to the poor outcome of high dose radio-
therapy [2].
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A non-invasive approach is under investigation to
minimize side-effects and maximize the efficacy of lung
cancer treatment, and aerosol delivery of therapeutic agents
directly to the target organ may be one of the most feasible
candidates. However, several obstacles must be overcome
to design an in vivo gene delivery study, including low
delivery/expression efficiency, technical difficulties and
organ-specific immune barriers. Previous studies from our
group have demonstrated the efficiency of gene delivery
when complexed with non-viral or viral vectors through in-
halation [3-5], suggesting that aerosol gene delivery is
plausible for clinical applications.

Beclinl is a well-known tumor-suppressor gene, which
plays a major role in autophagy, but is usually silenced in
various cancers, including breast, cervical, prostate and
lung cancer [6, 7]. RNAIi against beclinl increases cell pro-
liferation, and overexpressed beclinl activates the autopha-
gic death pathway [8]. A recent study reported that beclinl
overexpression may up-regulate chemosensitivity, suggest-
ing that beclinl is a potent target for cancer gene therapy
[7].

Here, we report the synergistic effect of a fractionated
regimen of radiotherapy and beclinl inhalation for tumor
regression in the lungs of K-ras™*' lung cancer model
mice. Animals were divided into four groups: control, radi-
ation, beclinl, combination of radiation and beclinl — and
therapeutic efficacies were determined and compared. Mice
in the radiation only or beclinl inhalation groups showed a
decrease in tumor progression to some extent, whereas
those in the combination treatment group showed a highly
significant decrease. Consequently, our findings suggest
that radiation with aerosol-delivered beclinl may induce a
synergic anti-tumor effect by controlling autophagic cell
death via prolonged activation of autophagy. Our results
also suggest that combination gene therapy with radiation
may be a good therapeutic strategy applicable in clinics.

MATERIALS AND METHODS

Construction of mTERT-beclinl and preparation
of the poly(ester amine)s/pDNA complex

The mouse TERT promoter sequence (GenBank:
AF157502.1) was substituted into pcDNA3.1/CT-GFP-TOPO
(Invitrogen, Carlsbad, CA, USA) with mouse beclinl, and
the CMV promoter was removed from the BgIII/Kpnl
enzyme sites. Poly(ester amine) was synthesized as described
in a previous study, and a weight ratio of 1.3 was chosen [9].
Complexation of poly(ester amine)/pDNA was performed as
described earlier and incubated at room temperature for 30
min before use.

Animals
Female K-ras™*' mice (five mice/group) were obtained
from the Human Cancer Consortium, National Cancer

Institute Breeding Colony (Frederick, MD, USA) and main-
tained in a laboratory animal facility with temperature and
relative humidity maintained at 23 +2°C and 50 =20%, re-
spectively, under a 12-h light/dark cycle. All experimental
protocols were reviewed and approved by the Animal
Care and Use Committee of Seoul National University
(SNU-201003-30).

Radiation and inhalation

Animals were anesthetized and immobilized in the treat-
ment position for irradiation. Radiation was delivered at a
dose rate of 1.85 Gy/min through a single posterior to an-
terior collimated 2-cm cobalt-60 beam with a 5-mm bolus
placed over the thoracic area. Mice were irradiated with
2-Gy fractions given over five consecutive days. To minim-
ize the side-effects of radiation and to protect the salivary
gland from radiation, only the thorax of the K-ras“*' mice
was exposed to 10-Gy radiation, fractionated five times at
24-h intervals [10-12]. Animals were placed into a
nose-only exposure chamber for 30 min, and 1 mg plasmid
DNA/BECNI1 was delivered to the lungs via aerosol each
time. Mice were sacrificed after four weeks (12 inhalations;
three times/week for four weeks).

Electron microscopy

Lungs were fixed in modified Karnovsky’s fixative before
post-fixation in 1% osmium tetroxide in 0.05 M sodium
cacodylate buffer (pH 7.2). Uranyl acetate (0.5%) was used
for en bloc staining. The lungs were dehydrated in an
ethanol series and embedded in Spurr’s resin. Ultrathin sec-
tions were stained with 2% uranyl acetate and Reynolds’
lead citrate and observed under transmission electron mi-
croscopy (TEM) (LIBRA 120, Carl Zeiss, Oberkochen,
Germany).

Western blot analysis

Lungs were homogenized, and protein concentrations were
measured with a Bradford kit (Bio-Rad, Hercules, CA,
USA). An equal amount of protein (25 pg) was loaded
onto a sodium dodecyl sulfate (SDS) gel and separated.
Beclinl, p-Aktl at Serd73, p-Aktl at Thr308, vascular
endothelial growth factor (VEGF), bcl-2, proliferating cell
nuclear antigen (PCNA) and B-actin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA), Atg5
and LC3 were obtained from Abgent (San Diego, CA,
USA), Aktl was purchased from Abfrontier (Seoul, South
Korea) and p-mTOR, mTOR, raptor and rictor were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Secondary antibodies conjugated with horseradish
peroxidase (HRP) (Invitrogen) were applied according to
the manufacturer’s protocols. Bands of interest were
obtained with an LAS-3000 luminescent image analyzer
(Fujifilm, Tokyo, Japan).
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Immunoprecipitation assay

Beclinl and bcl-2 immunoprecipitation was conducted
using Dynabead Protein G (Invitrogen), according to the
manufacturer’s protocol.

Histopathological examination and
immunohistochemistry (IHC)

Lung sections were prepared at a thickness of 3 pm on
charged slide glasses (Fisher Scientific, Pittsburgh, PA,
USA). Slides were stained with hematoxylin and eosin
(H&E) for histopathological analysis. Slides were deparaffi-
nized, rehydrated, antigens were retrieved and endogenous
peroxidase was quenched for immunohistochemistry.
Primary and secondary antibodies and 3,3-Diaminobenzidine
(DAB) were applied accordingly (Vector Laboratories,
Burlingame, CA, USA). Slides were reviewed using a light
microscope (Carl Zeiss, Thornwood, NY, USA). Staining in-
tensity was assessed by counting the number of positive cells
in randomly selected fields viewed with appropriate magnifi-
cation using In Studio version 3.01 (Pixera, San Jose, CA,
USA).

Statistical analysis

Quantification of Western blot analyses was performed
with Multi-Gauge version 2.02 program (Fujifilm). All data
are given as mean + SE, and significant differences between
groups were determined using Student’s -test (Graphpad
Software, San Diego, CA, USA) .

RESULTS

Combination treatment decreased tumor incidence
in the lungs of K-ras™*! mice

Fractionated radiation alone did not decrease the number or
size of tumor nodules compared with those in the control
group; however, the changes were significant in the beclinl

and combination treatment groups (Table 1, Fig. 1a). Lungs
of the control group showed progressed adenocarcinoma
with a dense population of tumor cells on H&E staining.
However, adenocarcinomas were alleviated to adenomas in
the radiation- and beclinl-treated groups, and near-normal
structures of the lungs with a single lining of alveolar walls
were observed in the combination treatment group
(Fig. 1b). The overall anti-tumor effects of radiation and
beclinl are summarized in Table 1.

Aerosol delivery of beclinl increased autophagy in
the lungs of K-ras™*! mice

Activation of the autophagy pathway was considered to
examine the correlation between beclinl and regression of
tumor numbers. Intracellular lung tissue structures were
observed under TEM. Various sizes of granules, which
were considered normal, and primary lysosomes (arrows)
were observed in the cytoplasm of cells from the control
and radiation groups (Fig. 2a). An increase in the number
of vacuoles in the cytoplasm (arrow heads) was distinguish-
able in the beclinl group. In particular, the combination
treatment group showed many secondary lysosomes (circle
heads) indicating autophagosomes fused with lysosomes
(Fig. 2a). Western blots were performed to further confirm
the activation of autophagy-related proteins. As a result, an
increase in beclinl, ATGS5 and LC3-II was detected
(Fig. 2b), and densitometry analysis of beclinl supported
these findings accordingly (Fig. 2c). Efficiency of beclinl
inhalation was further confirmed with IHC and epithelial
cells of the bronchioles showed marked increase, especially
in the beclinl- and combination-treated groups (Fig. 2d).

Combination treatment increased the dissociation
of the beclin1-bcl2 complex

As beclinl is a binding partner of bcl2, binding affinity is
considered important to maintain the cellular regulation.

Table 1. Summary of tumor incidence in the lungs of K-ras™*' mice

f

Group No. of mice No. of tumors/mouse Adenocarcinoma Adenoma
Total >1 mm <1 mm +++ ++ +
Control 5 17.36 £3.04 5.89+£3.57 11.64 £0.70 3 2 0 0
Radiation only 5 1644 £2.71 5.28+2.72 10.92£3.83 2 0 1 2
Beclinl only 5 11.19+£1.21*¢ 3.28+0.98 7.94+1.51 1 1 2 0
Radiation + Beclin1 5 8.97+0.56% 292+1.10  6.06=1.61° 0 0 0 2

Sixteen K-ras™*! lung cancer model mice were randomly divided into four groups; control, radiation only, beclinl only and
radiation/beclin 1 combination. Animals were 17 weeks old at sacrifice. Lungs were collected, tumor numbers/sizes on the surface of
lungs were counted, and fixed in 10% neutral buffered formalin for histological examination. Incidence and multiplicity of lung

proliferative lesions were compared (mean + SE).

P <0.05 compared with control group; °P<0.01 compared with control group; ‘P <0.05 compared with radiation only group;
4P <0.01 compared with radiation only group; °P <0.05 compared with beclinl only group; ‘grades of adenoma: ++ +, severe; ++,

moderate; +, mild.
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Control Radiation Only

BECNI Only Radiation + BECN1

Fig. 1. Inhalation of beclinl resulted in a synergistic anti-tumor effect with radiation in the lungs of K-ras™*' mice. (a) The left lobe of
the lungs were collected and fixed with 10% neutral formalin for the gross description of the tumors. Tumor nodules were counted, and
sizes were measured with automated calipers. Dotted circles represent tumor nodules >1.0 mm. Arrows represent tumor nodules
<1.0 mm. (b) Lungs were paraffin-sectioned at 3 um and slides were stained with H&E for histopathological analysis. Magnification:

x400. Scale bar: 20 um. Representative figures of five mice per group.

Dissociation of the beclinl-bcl2 complex is a compulsory
event before activating the autophagy pathway [13-16].
An immunoprecipitation assay with beclinl and bcl2 anti-
bodies was performed to determine the extent of diss-
ociation of this complex. The combination treatment
showed a definite decrease on sodium dodecyl sulfate-
polyacrylamide  gel  electrophoresis  (SDS-PAGE),

confirming less binding affinity of these two proteins
(Fig. 3a).

Combination treatment down-regulated the
Akt-mTOR pathway

Aktl and mTOR phosphorylation is associated with tumor
formation and progression [17], and mTOR has a direct
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Fig. 2. Delivery of beclinl via inhalation was successful and activated the autophagy pathway. (a) Intracellular lung structures were
screened under transmission electron microscopy. Arrows, primary lysosomes; arrow-heads, cytoplasmic vacuoles; circle-heads,
secondary lysosomes/autophagolysosomes. Magnification: x6000. Scale bar: 1 pm. (b) Western blot was performed to monitor the
increase in autophagy-related proteins: beclinl (1:500 dilution), ATG5 (1:1000 dilution) and LC3 (1:1000 dilution). Bands are
representative of five individuals from each group. (¢) Densitometric analyses reconfirmed the synergistic effect of beclinl on autophagy.
Each bar represents the mean = SE (n=5). **P <0.05 was considered highly significant compared with the control group and *P <0.01
was highly significant compared with the radiation group. (d) Delivery of beclinl and its synergistic effect in combination group were
confirmed with IHC analysis; Beclinl (1:100 dilution). Magnification: x200. Scale bar: 20 um. Representative figures of five mice per
group.
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Fig. 3. Radiation stimulated dissociation of the beclinl-bcl2
complex and downregulated of Aktl-mTOR pathway in the lungs
of K-ras™*' mice. (a) SDS-PAGE of the beclinl and bcl2 lung
lysate immunoprecipitation. I[P beads were bound to the beclinl
antibody and immunoblotted with the bcl2 antibody (1:500
dilution). (b) Western blot analysis using phospho-Aktl at Thr308
(1:500 dilution), phospho-Aktl at Ser473 (1:500 dilution) and
Aktl (1:5000 dilution). (¢) Western blot analysis with phospho-
mTOR at Ser2448, mTOR, raptor and rictor antibodies diluted
1:1000. Bands are representative of five individuals from each
group. Representative figures of five mice per group.

effect on the autophagy pathway [18-21]. Aktl is a serine/
threonine protein kinase that plays a major role in cell
growth, proliferation and survival. Therefore, we deter-
mined Aktl phosphorylation status by western blot. The
treated groups, particularly the combination treatment
group, showed a decrease in both Aktl phosphorylation
sites (Ser473 and Thr308), demonstrating that the anti-tumor
effect was activated by suppressing the Aktl pathway
(Fig. 3b). Furthermore, the mTOR and phospho-mTOR ex-
pression levels were suppressed. The protein levels of raptor
and rictor as a part of mMTORC1 and mTORC2, respectively,

were also decreased by both the beclinl and combination
treatments (Fig. 3c).

Combination treatment decreased cell proliferation
in the lungs of K-ras™*! mice

PCNA was selected as a marker and a western blot was per-
formed to examine the correlation between tumor regres-
sion and cell proliferation. The combination treatment
group showed a highly significant decrease in proliferation,
whereas beclinl alone also showed an anti-proliferative
effect to some extent, compared with that in the radiation
and control groups (Fig. 4a). The IHC analysis further con-
firmed the anti-proliferative effect of the combination treat-
ment (Fig. 4b and c).

Combination treatment inhibited angiogenesis

in lungs of K-ras™*! mice

Angiogenesis, the ability to build new blood vessels, is a
vital process for tumor growth. We selected the pro-
angiogenic factor VEGF-A as an angiogenesis marker to
determine the extent of angiogenesis at the target site. The
radiation group did not show a significant change compared
with that in the control; however, a decreased protein level
was detected in the beclinl group and a further decrease was
observed in the combination treatment group (Fig. 5a).
Decreased VEGF-A expression in the combination treatment
group was also demonstrated by IHC (Fig. 5b).

DISCUSSION

Radiation therapy has been applied widely, despite the fact
that high dose radiation leads to systemic side-effects.
Therefore, in this study, we adopted fractionated radiother-
apy to the thorax of K-ras™*! mice to maximize the thera-
peutic effects with fewer side-effects. Various kinds of
vectors have been developed to deliver specific genes to
target organs, and various routes of delivery have been
studied [23, 24]. In this study, we used poly(ester)-amine, a
modified non-viral vector based on branched polyethylenei-
mine. Our previous study has shown that this carrier has
significantly low cytotoxicity with high transfection effi-
ciency [10]. Fractionated radiation did not result in signifi-
cant therapeutic effects, as summarized in Fig. 1 and
Table 1. Showing no significant difference from the control
group, it can be assumed that mice treated with a low dose
of radiation have recovered from the autophagic stress by
the time of sacrifice. Interestingly, beclinl alone seemed to
have a therapeutic effect to some extent; however, the com-
bination treatment resulted in highly significant tumor re-
gression. Therefore, a combination radiotherapy treatment
may allow for more effective outcomes. In fact, our results
are supported by recent studies indicating that radiation
with chemotherapeutics or other agents increases the effects
of radiotherapy alone [25-27].
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Fig. 4. Beclinl with radiation decreased cell proliferation in lungs of K-ras™*! mice.

Con  Radiation BECN]1 Radiation + BECN1

(a) Western blot of anti-PCNA (1:5000 dilution)

and the lung tissue lysates. Bands are representative of five individuals from each group. (b) The immunohistochemistry analysis showed
fewer double stained nuclei with hematoxylin and chromogen on lung tissue slides. Magnification: x400. Scale bar: 50 pm. (¢) Statistical
analysis of PCNA positive cells. Nuclei double-stained with DAB and hematoxylin were counted in three different fields from each slide.
Each bar represents the mean + SE (n=5). **P <0.01 was considered highly significant compared with the control group. *P <0.01 was
considered highly significant compared with the radiation group. Representative figures of five mice per group.

The autophagy pathway is a catabolic intracellular
process that activates the lysosomal degradation pathway.
During autophagy, cytoplasmic structures are sequestered
into double-membraned or multi-layered autophagosomes
and fused with lysosomes to form secondary lysosomes or
autophagolysosomes for degradation [28]. In addition to
the formation of various density-graded granules in the
cytoplasm of lung tissues, an increased number of vacuoles
were observed both in the beclinl-delivered and combin-
ation treatment groups. Moreover, the beclinl-delivered

group showed more secondary lysosomes than primary
lysosomes compared with the control and radiation groups,
whereas the combination treatment group showed many
multi-layered structures and autophago-lysosomes (Fig. 2a).
Protein expression levels further supported the TEM ana-
lysis in that autophagy-related proteins were overexpressed
in the beclinl-delivered group, particularly a highly signifi-
cant increase was observed in the combination treatment
group (Fig. 2b and c). Interestingly, fractionated radiation
itself did not show marked autophagy activation in vivo and
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Fig. 5: Beclinl with radiation decreased angiogenic activity in
lungs of K-ras™*' mice. (a) Western blot analysis using lung tissue
lysates and anti-VEGF (1:5000 dilution). Bands are representative
of five individuals from each group. (b) The immunohistochemistry
analysis showed less chromogen expression in the combination
treatment group, confirming (a). Magnification: x200. Scale bar:
10 um. Representative figures of five mice per group.

beclinl alone activated the autophagy pathway, and the
combination therapy further stimulated the beclinl pathway
leading to autophagic cell death. IHC of beclinl in the
lungs confirmed the synergistic effect of beclinl expression
(Fig. 2d). Autophagy is still controversial in that it may
promote tumor cell survival, as activated autophagy can be
detected under hypoxic or starved conditions of the tumor
microenvironment. However, autophagy as a survival
mechanism only lasts for a limited time, and prolonged
autophagy leads to cell death [29, 30]. Our results are sup-
ported by recent studies indicating that activation of the autop-
hagy pathway is correlated with tumor regression [31-33].

As beclinl is a binding partner of bcl2, binding affinity
is considered important to maintain the cellular regulation.
According to previous findings, low levels of beclinl
reduce its capacity to activate autophagy [13, 14] and under
stress conditions, such as hypoxia or starvation, which

activate autophagy, beclinl dissociates from the complex
for activation [15]. Activating autophagy with radiation and
beclinl, binding affinity of beclinl-bcl2 decreased signifi-
cantly (Fig. 3a). A recent study revealed that activating
autophagy induces phosphorylation of beclinl to stimulate
dissociation of beclinl-bcl2 complex [16].

Aktl and mTOR phosphorylation is strongly correlated
with tumorigenesis and tumor progression [17]. In particu-
lar, mTOR has a direct effect on the autophagy pathway
[18-21]. Many studies have been conducted with mTOR
inhibitors to induce autophagy to confirm anti-tumor
effects, but not with direct targeting of the autophagy
pathway. Radiation with beclinl was a novel approach and
proved that it showed similar effects to using mTOR inhibi-
tors (Fig. 3b, ¢). Aktl is important in most cellular events
[22], and phosphorylation at both serine473 and threo-
nine308 must occur for full Aktlactivation [34, 35]. A de-
crease in phosphorylation at both sites was observed in the
beclinl-delivered groups, and the combination treatment
group showed a highly significant decrease in phosphoryl-
ation at Thr308 and Ser473 (Fig. 3b). Thus, cellular fate
induced by beclinl and/or the combination treatment may
be significantly different from that in control cells. In fact,
our results are supported by recent studies reporting that
different rates of phosphorylation are dependent on the cel-
lular environment [36]. Even the radiation-only group did
not show any significant difference in the Akt-mTOR
pathway, but interestingly with beclinl it definitely down-
regulated Akt-mTOR signaling. Radiation has been studied
to effect mTORC2-Akt, which is wupstream of
Akt-mTORC1 [37], and combination therapy showed
marked suppression of both mTOR complexes. mTOR can
be divided into mTORCI1 with raptor and mTORC2 with
rictor. Delivery of beclinl affected both complexes, as well
as mTOR phosphorylation itself (Fig. 3¢), and the combin-
ation treatment induced a further decrease. Several lines of
evidence have demonstrated that mTORC2 directly phos-
phorylates Aktl at Ser473 and facilitates PDK1-mediated
Aktl phosphorylation at Thr308 [38]. Drugs targeting
mTOR complexes, such as rapamycin derivatives, potently
inhibit Akt activity in cancer cells by suppressing
mTORC2 and the mTORCI1 pathway followed by down-
regulation of p70S6K and 4EPB1 phosphorylation [39].
These findings fit well with our results, because the com-
bination treatment resulted in significant tumor regression
by affecting the Akt pathway, leading to mTORCI1 and
mTORC2 down-regulation.

Cell proliferation and angiogenesis are markers to predict
the fate of tumorigenesis [40, 41]. Cancers have a tendency
to grow quickly and may metastasize to other organs.
Therefore, checkpoints to anticipate the prognosis of tumors
are PCNA for proliferation and VEGF-A for angiogenesis
[42, 43] in the tumor regions. Overexpression of PCNA and
VEGF have been observed in various human tumors;
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therefore, they are used as biomarkers of invasiveness, vas-
cular density, metastasis and recurrence [44—45]. Our results
also demonstrated that a decrease in PCNA and VEGF-A
was well correlated with tumor regression concurrent with a
decrease in angiogenesis and cell proliferation at the tumor
regions (Figs 4 and 5). This result suggests that the combin-
ation treatment effectively regressed tumors by inhibiting
cancer cell metastasis, proliferation and angiogenesis.

In summary, our results demonstrated that the combin-
ation treatment was more effective for treating lung cancer
compared with fractionated radiation or beclinl delivery.
Although fractionated radiation itself did not show a thera-
peutic effect, it seemed to sensitize tumor cells in lung
cancer model mice and successfully showed a synergistic
anti-tumor effect when beclinl was delivered to the target
organ. We have demonstrated that aerosol delivery of
beclinl enhanced the efficacy of fractionated radiotherapy.
Therefore, a combination of radiation with aerosol delivery
of a therapeutic gene may provide a prospect for develop-
ing novel therapy regimens applicable in clinics.
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