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Abstract

Background: Rab25, a member of Rab family of small guanosine triphosphatase, is associated with progression
of various types of human cancers, including lung cancer, the leading cause of cancer-associated deaths around
the globe.

Methods: In this study, we report the gene therapeutic effect of short hairpin Rab25 RNA (shRab25) on
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced lung tumorigenesis in female A/J mice. In-
itially, mice (6 weeks old) were injected with single dose of NNK (2 mg/0.1 mL saline/mouse) by intraperi-
toneal injection to induce the tumor. Eight weeks later, shRab25 was complexed with glycerol propoxylate
triacrylate-spermine (GPT-SPE) copolymer and delivered into tobacco-induced lung cancer models through a
nose-only inhalation system twice a week for 2 months.

Results: GPT-SPE/shRab25 largely decreased the tobacco-induced tumor numbers and tumor volume in the
lungs compared to GPT-SPE- or GPT-SPE/shScr-delivered groups. Remarkably, aerosol-delivered GPT-SPE/
shRab25 significantly decreased the expression level of Rab25 and other prominent apoptosis-related proteins in
female A/J mice. The apoptosis in these mice was determined by detecting the expression level of Bcl-2,
proliferating cell nuclear antigen, Bax, and further confirmed by TUNEL assay.

Conclusions: Our results strongly confirm the tumorigenic role of Rab25 in tobacco carcinogen-induced lung
cancer and hence demonstrate aerosol delivery of shRab25 as a therapeutic target for lung cancer treatment.
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Introduction 4-(methylnitrosamino)-1-(3-pyridyl)-1 -bu%tanone (NNK) is

the main player to lung carcinogenesis."”

L UNG CANCER is the main cause of cancer-related deaths
in the world (1.6 million, 19.4%), and the development
of more effective lung cancer therapy still remains chal-
lenging." In fact, 80%-90% of lung cancers are strongly
associated with tobacco smoking. Among the thousands
of carcinogenic compounds found in tobacco products,

Rab25 belongs to the Rab-related small guanosine tri-
phosphatase (GTPases) proteins; these proteins are consid-
ered key regulators of intracellular membrane trafficking
involved in various diseases, including cancer.*> Several
Rab GTPases, including Rab25, have been examined for
being potential drivers in carcinogenesis.® Studies have
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shown that Rab25 contributes to the aggressiveness of breast
and ovarian cancers.” Notably, knockdown of Rab25 ex-
pression inhibits the growth of ovarian cancer cells,® in-
dicating the essential role for RAB25 in tumor progression
and aggressiveness.” Specifically, knockdown of Rab25 by
small interfering RNA (siRNA) suppressed cell migration
and invasion in nonsmall-cell lung carcinoma (NSCLC)
cells."” While RAB25 expression is positively correlated
with E-cadherin, it is negatively associated with ZEB1 in
NSCLC cell lines.!'? Particularly, the effects of Rab25
knockdown on tumor proliferation and apoptosis were
confirmed in mice xenografted with gefitinib-sensitive lung
cancer cells."?

Many scientists have therefore largely focused on RNA
interference (RNAi)-based knockdown for cancer therapy.
Usually, two kinds of RNAi-based therapeutics are well
known: a vector-based short hairpin RNA (shRNA) or a
chemically synthesized double-stranded siRNA."? A
number of studies have been conducted with several RNAi-
based therapies, such as shSCRNI in lung cancer cell
lines,(m) siDDR1in cancer cell lines,(ls) shCul4A in lung
cancer cells,""® and short hairpin Rab25 RNA (shRab25) in
colon cancer cell lines."” In comparison with other meth-
ods, shRNA has demonstrated great potential as a promising
tool for cancer treatment.

Aerosol-mediated gene delivery performs a noninvasive
alternative for the targeting of genes to the lungs."® In this
regard, we have previously used several nonviral or viral
vectors to transport DNA or siRNA or shRNA through
aerosol delivery for lung cancer treatment.'” For example,
we delivered shAktl by glycerol triacrylate-spermine (GT-
SPE) to suppress lung cancer progression.*” Similarly, we
used polyspermine to deliver the Pdcd4 gene that greatl
reduced tumor size in K-ras™*'! lung cancer model mice.*"
Also, we have successfully used aerosol delivery of RNAi-
based therapeutics by various polymer complexes, includin,
spermine-based poly(amino ester)/Akt1shRNA complexes, >
folate—chitosan-graft polyethylenimine/Aktl] shRNA com-
plexes,®® and poly(ester amine)/Akt] siRNA complexes.*?
Using lentivirus as a viral vector, several shRNAs, such
as AIMP2-DX2 shRNA,”> OPN shRNA,*® and PDCD4
shRNA,?” were used for lung cancer treatments through
aerosol delivery.

In this study, we delivered shRab25 in NNK-induced lung
tumorigenesis female A/J mice through aerosol delivery to
evaluate the preventive effect of shRab25 in the suppression
of lung tumorigenesis.

Materials and Methods
Materials

NNK was purchased from Toronto Research Chemicals,
Inc. (Toronto, Canada). Rab25 antibody was purchased from
Abcam (Cambridge, United Kingdom). «-Tubulin from
AbFrontier (Seoul, Korea); Bax, Bcl-2, and proliferating cell
nuclear antigen (PCNA) antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The Dead-
End™ Colorimetric TUNEL assay kit was obtained from
Promega Corporation (Madison, WI). Rab25 shRNA
(shRab25) and the scrambled control shRNA (shScr) were
purchased from Koram Biogen Corp. (Korea).
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Mouse experiment

Female A/J mice, 5 weeks old, weighing 15-19 g, were re-
ceived from Central Laboratory Animal, Inc. (Seoul, Korea).
Mice were housed under a standard light/dark cycle at a stable
temperature (23°C £2°C) and relative humidity (50% % 10%)
in the laboratory animal facility. The mice, 6 weeks of age,
were divided into five groups, each group containing eight
mice. Four groups of mice were injected with single dose of
NNK (2mg/0.1 mL saline/mouse) through intraperitoneal (IP)
route. For gene delivery, three groups (except NNK control and
saline control group) of mice were exposed with the Rab25
complexes in the nose-only inhalation chamber as described
previously.®*2%) The polymer complex with DNA (shScr or
shRab25) or aerosol containing polymer only was delivered 16
times (twice a week for eight consequent weeks). Mice were
sacrificed 1 week after exposure and tumors on lung surface
were carefully counted, as mentioned previously.®® Finally,
collected lungs were fixed in 10% formalin for histopatho-
logical examination and remaining lungs stored at —70°C for
further experiments. All animal experiments were approved by
the Animal Care and Use Committee at Seoul National Uni-
versity (SNU-140814-3).

Construction of Rab25 shRNA and preparation
of GPT-SPE/shRNA complex

The shRNA sequence targeting mouse Rab25 mRNA and
scrambled control were purchased. The glycerol propoxylate
triacrylate-spermine (GPT-SPE) copolymer was synthesized
as described previously.?” GPT-SPE/shRNA complexes
were self-assembled in distilled water by slow adding of
0.8 mg of DNA to 8 mg of polymer solution under gentle
mixing. The complexes (final volume 30 mL) were incubated
for 30 minutes at room temperature (RT) before delivery.

Western blot analysis

Lung tissues were lysed with the IKA® T10 homogenizer
(IKA; Works GmbH & Co., Staufen, Germany) to extract
the proteins. Total protein concentration was confirmed by
using the Pierce™ BCA reagent (Thermo Scientific). Equal
amounts (25 ug/well) of protein were loaded into 10%—12%
sodium dodecyl sulfate—polyacrylamide gels and transferred
to nitrocellulose membranes using the iBlot system (Life
Technologies, Grand Island, NY). Membranes were blocked
with Tris-buffered saline with Tween 20 (TTBS) containing
5% skim milk for 1 hour at RT, and immunoblotting was
performed by incubation overnight at 4°C with the corre-
sponding primary antibodies. The following day, antibody
was labeled with secondary horseradish peroxidase (HRP)
for 4 hours at RT. After washing, bands were captured using
a model EZ-capture MG Iluminescent image detector
(ATTO, Tokyo, Japan) and analyzed by using ATTO CS
Analyzer windows version 3.0 (ATTO).

Histopathologic and immunohistochemistry analysis

Paraffin-embedded and sectioned lung tissues (4 um) were
stained by hematoxylin and eosin. For immunohistochemistry
(IHC) analysis, the lung sections were then deparaffinized in
xylene (each for 5 minutes X 2 times), rehydrated by alcohol
gradients (2 min/each), and then washed with distilled water
and 3% hydrogen peroxide, used for 10 minutes of incubation.
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To block the unspecific binding sites, sections were incubated
with 3% bovine serum albumin in TTBS for 1 hour at RT after
washing with a TTBS solution. Concerned primary antibodies
(1:100) were used overnight at 4°C. Next day, the samples
were rinsed by TTBS and then incubated in secondary anti-
bodies conjugated to HRP (1:200) for 3 hours at RT. Then,
3,3’-diaminobenzidine (DAB) reagent (Life Technologies)
was reacted with the tissue sections, and these were analyzed
by light microscopy. The tissue sections were counterstained
with a Mayer’s hematoxylin (DAKO, Carpinteria, CA) and
mounted using cover slide and the Permount (Fisher Scien-
tific, Waltham, MA). The slides were observed using a Nikon
eclipse fluorescence microscope (Tokyo, Japan).

Analysis of apoptotic cells by TUNEL assay

Determination of apoptotic cells using the DeadEnd Col-
orimetric TUNEL assay kit and all steps according to kit’s
instructions. Briefly, for paraffin-embedded Iung tissues,
sections were deparaffinized and rehydrated by xylene or
graded ethanol (100%, 85%, 70%, and 50%) at RT, respec-
tively. The rTdT reaction mix is added on equilibrated areas
and incubated at 37°C for 60 minutes. After several washes in
PBS and 2X SSC, the slides were incubated with streptavidin-
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HRP solution for 30 minutes at RT. For counterstaining
procedure, DAB substrate was added to each slide and de-
veloped until the appearance of light brown background.
Slides were observed by a light microscope to selectx 1000
magnification fields (Olympus BX51, Tokyo, Japan).

Statistical analysis

Statistical analysis was performed using Student’s z-test
with Microcal Origin (Microcal Software, Northampton).
Results are expressed as mean valuest standard errors of
three independent experiments (n=3). All data were com-
pared with corresponding values (p<0.001 was more sig-
nificant, p<0.01 was highly significant, and p<0.05 was
considered statistically significant).

Results
In vivo aerosol delivery of shRab25

To determine the carcinogenic function of NNK in vivo,
mouse experiment was designed as illustrated in Figure 1A.
The mice, 6 weeks of age, were divided into five groups, each
group containing eight mice. Four groups of mice were in-
jected with single dose of NNK (2 mg/0.1 mL saline/mouse)
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FIG. 1. (A) Experimental design of tumor induction and treatment. Six-week-old mice
(eight mice/group) were injected intraperitoneally with NNK (100 mg/kg). At 22 weeks, mice
were sacrificed and lungs were harvested for evaluation of lung tumors. (B) Body weight of
mice from 14 to 21 weeks during aerosol delivery (n=35, *p < 0.05 saline compared to
NNK+GPT-SPE only, NNK+GPT-SPE/shScr, and NNK+GPT-SPE/shRab25). GPT-SPE,
glycerol propoxylate triacrylate-spermine; shRab25, short hairpin Rab25 RNA.
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through IP.®" Single IP injection of NNK for lung tumori-
genesis in A/J mice is a simple procedure that takes 16 weeks
for a reasonable yield of lung tumors to develop.®? The ex-
periment was carried out with one group of mice that were
treated with an equal volume of saline (vehicle control of
NNK). Eight weeks later, the NNK-treated mice were ex-
posed with GPT-SPE, GPT-SPE/shScr, and GPT-SPE/
shRab25 for 16 times (twice a week for eight consecutive
weeks). Body weights of individual mouse were recorded
weekly for 8 weeks during the aerosol delivery (Fig. 1B).

Aerosol delivery of Rab25 shRNA suppresses
tumorigenesis in lung

As shown in Figure 2A, the injection of NNK induced a
number of tumors in lungs, while there was no such tumor
growth in lungs of control group mice (saline). After aerosol
delivery of GPT-SPE, GPT-SPE/shScr, and GPT-SPE/
shRab25 in NNK-induced A/J mice for 8 weeks, we found
that GPT-SPE/shRab25 largely decreased the tobacco-
induced tumor numbers in the lungs compared to GPT-SPE-
or GPT-SPE/shScr-delivered groups. The observed antitumor
effects of GPT-SPE/shRab25 are illustrated graphically
(Fig. 2B, C, and Table 1). The results showed that aerosol-
delivered GPT-SPE/shRab25 complex significantly decreased
lung tumor number (n=>5) (Fig. 2B) and tumor volume (n=>5)
(Fig. 2C). For further confirmation of antitumor effect of
aerosol-delivered GPT-SPE/shRab25 complex, we performed
the histopathologic analysis of lung tissues of mice 8 weeks

A
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after the aerosol delivery (Fig. 2D). The results demonstrated
the higher tumor suppression effect of GPT-SPE/shRab25
than other GPT-SPE- or GPT-SPE/shScr-treated groups.

Cell proliferation was suppressed in aerosol
delivery of shRab25

To evaluate cell proliferation in tumor tissue, IHC and
western blot studies were performed. Western blot results
confirmed that aerosol-delivered GPT-SPE/shRab25 group
had very low levels of PCNA expression than GPT-SPE or
GPT-SPE/shScr groups (Fig. 3A). Further densitometry
analyses revealed that the expression level of PCNA in
GPT-SPE/shRab25 group was significantly lower than other
groups (Fig. 3B). We also investigated the expression level
of PCNA by IHC. The experimental results demonstrated
the clear evidence of lower expression of PCNA in GPT-
SPE/shRab25 group (Fig. 3C). In addition, PCNA counting
analysis showed that delivery of GPT-SPE/shRab25 signif-
icantly decreased PCNA-positive cells compared to the
NNK control, NNK+GPT-SPE-only, and NNK+GPT-SPE/
shScr groups (Fig. 3D).

Downregulation of Rab25 induced apoptotic
cell death in lung cancer

To determine the expression level of Rab25 in the A/J
mice lungs of NNK-treated A/J mice after inhalation of
shRab25, western blot analysis was accomplished. Western
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FIG. 2. Therapeutic efficiency of shRab25 through aerosol delivery in A/J mice. (A) Lung tumor lesions. (B) Total tumor
numbers (n=35, ***p <0.001 compared to NNK control, **p <0.01 compared to NNK+GPT-SPE only and NNK+GPT-SPE/
shScr). (C) Total tumor volume (**p <0.01 compared to NNK control and NNK+GPT-SPE/shScr). (D) Histopathological

features (magnification, 100 x and 200 x).
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TABLE 1. SUMMARY OF TUMOR INCIDENCE IN NNK-INDUCED A/J MICE AFTER AEROSOL THERAPY

Group Mice identification  No. of adenocarcinomas  No. of adenomas  No. of hyperplasia foci
NNK control 1 4 2 1
2 4 1 1
3 2 1 3
4 3.33 0 0
5 3.5 3 3
Average 3.36 1.4 1.6
STD 0.82 1.14 1.34
NNK+GPT-SPE only 1 1 0 2
2 3 1 2
3 3 1 0
4 4 2 3
5 3 1 2
Average 2.8 1 1.8
STD 1.10 0.71 1.10
NNK+GPT-SPE/shScr 1 3 1 1
2 3 1 2
3 3.5 1 2
4 3 0 2
5 3 2 3
Average 3.1 1 2
STD 0.22 0.71 0.63
NNK+GPT-SPE/shRab25 1 1 1 2
2 2 0 0
3 2 2 2
4 1 0 3
5 1 0 0
Average 11.4™7#999 0.6 1.4
STD 0.55 0.89 1.34

GPT-SPE, glycerol propoxylate triacrylate-spermine; NNK only, mice induced with NNK as a positive control; NNK+GTP-SPE only,
mice induced with NNK and treated with GPT-SPE copolymer; NNK+GTP-SPE/shScr, mice induced with NNK and treated with GPT-
SPE/shScr complex; NNK+GTP-SPE/shRab25, mice induced with NNK and treated with GPT-SPE/shRab25 complex; shRab25, short

hairpin Rab25 RNA; STD, standard deviation.
*#p <0.01 compared to NNK group.
:p<0.05 compared to GPT-SPE only.
Y9 <0.001 compared to GPT-SPE/shScr.

blot result clearly demonstrated that the expression level of
Rab25 after inhalation of GPT-SPE/shRab25 in the NNK-
induced A/J mice largely decreased when compared to only
NNK-treated A/J mice (Fig. 4A). Quantification of the
western blot further confirmed the low expression of Rab25
in the GPT-SPE/shRab25-delivered group (n=3, p <0.05
compared with NNK control) (Fig. 4B). To corroborate the
induction of apoptosis by aerosol delivery of GPT-SPE/
shRab25, we investigated the expressions of Bax (a proa-
poptotic protein) and Bcl-2 (an antiapoptotic protein) pro-
teins in lung tissues by western blot. The results showed that
the level of Bcl-2 decreased significantly in the GPT-SPE/
shRab25-delivered group (n=3) than other controls. In
contrast, the level of Bax increased in the GPT-SPE/
shRab25-delivered group (n=3) than other groups (Fig. 4C
and E). Furthermore, detection of apoptosis by TUNEL
assay also indicated the higher amount of TUNEL-positive
cells in the NNK+GPT-SPE/shRab25 group (Fig. 4F).

Discussion

Lung cancer is the leading cause of cancer deaths
worldwide, especially due to tobacco smoking that causes
nearly 6 million deaths per year. Tobacco contains a variety
of carcinogens, of which NNK has been identified as the

most potent lung carcinogen.®® It is noted that a single IP
injection of NNK at a dose of 2 mg is enough to induce an
average of 10-12 lung adenomas per A/J mouse.®* Hence,
A/] mouse is a suitable model to study the molecular
mechanisms of NNK to induce the development and pro-
gression of lung tumors. Based on these animal models,
although many antitumor agents have been identified to
suppress NNK-induced lung carcinogenesis to some extent,
it is still necessary to develop advanced methods to treat
lung cancer at the genetic level.

It has been reported that chromosome instability, genetic
mutation, and activation of oncogenes occurred in NNK-
induced lung tumors due to disruption of the expression of
several enzymes of various cellular signaling pathways.>
Rab25 signaling pathway plays a role in the regulation of
cell proliferation and apoptosis in cancer cells, indicating
that the Rab25 gene plays an important role in tumor oc-
currence and development.®® Previous in vitro studies re-
ferred that downregulation of Rab25 has a large effect on
cancer suppression and indicated that Rab25 could be an
essential molecular target for cancer therapy.®’% Con-
sidering gene therapy as a promising treatment strategy for
cancer, aerosol delivery of therapeutic genes seems the most
convenient way for lung cancer gene therapy because it is a
simple, noninvasive, and direct method that makes instant
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FIG. 3. Inhibition of cell proliferation by aerosol delivery of shRab25. (A) Western blot
analysis of PCNA. (B) Quantification of PCNA expression. Bands were analyzed by
densitometer (n=3, **p<0 01 compared to NNK control, NNK+GPT-SPE only, and

NNK-+GPT-SPE/shScr, p <0.05 compared to saline control). (C) PCNA immunohisto-
chemistry analysis (magnification, 400X ). (D) PCNA counting (n=3, **p<0.01 compared
to NNK control, ***p <0.001 compared to GPT-SPE only, and GPT-SPE/shScr, ##p < (.001

compared to saline control, #
nuclear antigen.

access to lungs without any effect to other organs due to the
anatomical structure and location of the lungs inside the
body.“”

Besides, the large surface area, good vascularization, and
ultrathin structure of the alveolar epithelium are distinctive
features of the lung that can facilitate systemic delivery via
pulmonary route.“" Moreover, aerosol particles can reach
the gas-exchange surfaces of the alveolar region of the
lung,*? rendering the pulmonary route as an attractive
pathway for aerosol delivery. Recently, aerosol delivery of
polyethyleneimine (PEI) complexes of p53 and IL-12 genes

p<0.01 compared to saline control), PCNA, prohferatmg cell

stimulated higher therapeutic responses in different animal
lung tumor models.“%* PEI usually forms stable com-
plexation with DNA to protect DNA from degradation and
stable during nebulization. Although PEI has been known to
be an efficient vector for gene delivery both in vitro and
in vivo, it exerts some degree of cytotoxicity when admin-
istered to the body.

In pursuit of low-toxic gene carrier, researchers have
made a number of polymers based on PEI backbone to re-
duce the cytotoxic property of gene carrier. In fact,
spermine-based poly(amino ester)/DNA complexes are less
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FIG. 4. Determination of apoptosis mechanism by aerosol delivery of shRab25. (A, C)
Western blot analysis. Statistical analysis of western blot (B) Rab25 (n=3, **p<0.01
compared to NNK control). (D) Bcl-2 (n 3, *p<0.05 compared to NNK control,
NNK+GPT-SPE only, NNK+GPT-SPE/shScr, *p <0.05 compared to saline control). (E) Bax
(n=3, #p<0 01 compared to saline control). (F) Colorimetric TUNEL assay.
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toxic than PEI 25K-based complexes. In this study, we
therefore used spermine, a short homologue of PEI, in
combination with glycerol, to prepare a biodegradable co-
polymer (GPT-SPE) as a gene delivery carrier. Particularly,
GPT-SPE had low cytotoxicity and it exhibited high ability
to form a complex with DNA. Besides, the physicochemical
and biological characterizations of GPT-SPE exhibited it as
a safe and efficient gene delivery carrier. Consequently,
GPT-SPE efficiently delivered shRNA through the aerosol
route for lung cancer gene therapy.®? Since the properties
of GPT-SPE deemed safe and efficient, we selected GPT-
SPE to deliver DNA, especially shRNA to downregulate
Rab25 in lung cancer through the RNAi mechanism.

Fortunately, the emergence of RNAi phenomenon has
provided new opportunities for cancer therapy. Particularly,
shRNAs that enable persistent suppression of sequence-
specific gene silencing show great promise for therapeutic
applications. Accordingly, our research group has used vari-
ous polymers to deliver Aktl shRNAs (shAktl) by aerosol
route for in vivo lung cancer therapy. For example, we used
folate—chitosan-graft-PEI to deliver shAktlto suppress the
lung tumorigenesis in male A/J mice.*? In another study,
GT-SPE/shAktlcomplex suppressed lung tumorigenesis in a
K-ras"*' lung cancer mouse model by inducing apoptosis
through the Akt signaling pathway and cell cycle arrest.?”
Similarly, aerosol delivery of GPT-SPE/shAktlcomplexes
greatly suppressed lung tumorigenesis in the K-ras"*' lung
cancer mouse models.*?

Considering that apoptosis induction by shRNA would be
an efficient and promising strategy for cancer gene therapy,
we determined to evaluate the effect of Rab25 shRNA in lung
tumorigenesis through aerosol delivery. Importantly, down-
regulation of Rab25 by shRNA exhibited proliferation, in-
duced apoptotic cell death, and then decreased tumor growth
in ovarian cancer xenograft mouse.® In this study, we used
female A/J mice to observe in vivo effects of aerosol-
delivered Rab25 shRNA in lung tumorigenesis because fe-
male A/J mice are more sensitive to NNK-induced lung car-
cinogenesis than males.“*” We took advantage of our potent
gene carrier, GPT-SPE, to deliver shRNA for lung tumor
therapy. As expected, aerosol delivery of GPT-SPE/shRab25
complexes in the female A/J mice showed remarkable anti-
cancer effects. The total tumor number and tumor volume of
lung surface neoplastic lesions were significantly decreased
after repeated aerosol delivery of shRab25. Similarly, the
nodules (adenocarcinoma and adenoma) and their numbers
were comparably smaller in the lungs of NNK+GPT-SPE/
shRab25-treated mice group than in the lungs of mice treated
with NNK control, NNK+GPT-SPE/shScr, and NNK+GPT-
SPE-only groups (Table 1).

Notably, the aerosol delivery of GPT-SPE/shRab25 lar-
gely decreased the PCNA expression levels, as detected by
IHC and western blot. The PCNA protein plays a great role
in the process of life and death of the cell. Usually, apo-
ptosis occurs when PCNA is absent or present in low
quantities in the cell.*> The decreased level of PCNA in the
GPT-SPE/shRab25 group was thus an indication of antitu-
mor effect of shRab25. These data clearly demonstrated that
delivery of shRab25 reduced cell proliferation in the NNK-
induced lung tissue. Consistently, aerosol-delivered GPT-
SPE/shRab25 decreased Rab25 expression levels as exam-
ined by densitometric analysis and western blot. Besides,
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our in vivo study revealed that GPT-SPE/shRab25 induced
apoptotic cell death, associated with Bcl-2 downregulation
and Bax upregulation, which is a well-known phenomenon
of a mitochondria-mediated apoptosis pathway where Bax is
translocated to the mitochondria from cytosol through the
reduction of Bcl-2. To further assess the suppression of lung
cancer progression by shRab25, associated with apoptosis
proteins, we performed TUNEL assay to detect the abun-
dance of apoptosis-related proteins in the lung tissues. The
TUNEL assay confirmed the higher number of TUNEL-
positive cells in the NNK+GPT-SPE/shRab25 group than
other controls. These data exhibited that shRab25 could
facilitate apoptosis in the lungs of NNK-induced A/J mice.
In summary, the present investigation demonstrated that
aerosol delivery of shRab25 complex efficiently suppressed
the tobacco carcinogen-induced lung cancer. Thus, this
study confirmed that the aerosol delivery system could offer
a promising approach for specific delivery of shRNA as an
effective tobacco carcinogen-induced lung cancer therapy.
To our best knowledge, this study is the first demonstration
of the treatment of tobacco carcinogen-induced lung tu-
morigenesis in A/J mice by using Rab25 shRNA.

Acknowledgments

This work was supported by the Bio-Synergy Research
Project (NRF-2012 M3A9C4048819) of the Ministry of
Science, ICT and Future Planning through the National
Research Foundation of Korea. N.G. was supported by the
Brain Korea 21 program for the Veterinary Science of Seoul
National University, Republic of Korea. This study was
partially supported by the Research Institute for Veterinary
Science, Seoul National University.

Author Disclosure Statement

No competing financial interests exist.

References

1. Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser S,
Mathers C, Rebelo M, Parkin DM, Forman D, and Bray F:
GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality
Worldwide: IARC CancerBase No. 11 [Internet]. Interna-
tional Agency for Research on Cancer, Lyon, France, 2013.

2. Stepanov I, Upadhyaya P, Carmella SG, Feuer R, Jensen J,
Hatsukami DK, and Hecht SS: Extensive metabolic activation
of the tobacco-specific carcinogen 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone in smokers. Cancer Epidemiol Bio-
mark Prev. 2008;17:1764-1773.

3. Akopyan G, and Bonavida B: Understanding tobacco smoke
carcinogen NNK and lung tumorigenesis. Int J Oncol. 2006;
29:745-752.

4. Subramani D, and Alahari SK: Integrin-mediated function of
Rab GTPases in cancer progression. Mol Cancer. 2010;9:312.

5. Tanos B, and Rodriguez-Boulan E: The epithelial polarity
program: Machineries involved and their hijacking by
cancer. Oncogene. 2008;27:6939-6957.

6. Tang BL: Is Rab25 a tumor promoter or suppressor—context
dependency on RCP status? Tumour Biol. 2010;31:359-361.

7. Cheng KW, Lahad JP, Kuo WL, Lapuk A, Yamada K,
Auersperg N, Liu J, Smith-McCune K, Lu KH, Fishman D,
Gray JW, and Mills GB: The RAB25 small GTPase de-



Downloaded by Seoul National Univ. Medical College from www.liebertpub.com at 02/06/21. For personal use only.

AEROSOL-DELIVERED GPT-SPE/shRas25 COMPLEX IN FEMALE A/J MICE 89

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

termines aggressiveness of ovarian and breast cancers. Nat
Med. 2004;10:1251-1256.

. Fan Y, Xin XY, Chen BL, and Ma X: Knockdown of

Rab25 expression by RNAIi inhibits growth of human
epithelial ovarian cancer cells in vitro and in vivo. Pathol-
ogy. 2006;38:561-567.

. Agarwal R, Jurisica I, Mills GB, and Cheng KW: The

emerging role of the RAB25 small GTPase in cancer.
Traffic. 2009;10:1561-1568.

Ma YF, Yang B, Li J, Zhang T, Guo JT, Chen L, Li M, Chu
J, Liang CY, and Liu Y: Expression of Ras-related protein
25 predicts chemotherapy resistance and prognosis in ad-
vanced non-small cell lung cancer. Genet Mol Res. 2015;
14:13998-14008.

Roche J, Nasarre P, Gemmill R, Baldys A, Pontis J, Korch
C, Guilhot J, Ait-Si-Ali S, and Drabkin H: Global decrease
of histone H3K27 acetylation in ZEB1-induced epithelial to
mesenchymal transition in lung cancer cells. Cancers
(Basel). 2013;5:334-356.

Jo U, Park KH, Whang YM, Sung JS, Won NH, Park JK,
and Kim YH: EGFR endocytosis is a novel therapeutic
target in lung cancer with wild-type EGFR. Oncotarget.
2014;5:1265-1278.

Rao DD, Vorhies JS, Senzer N, and Nemunaitis J: siRNA
vs shRNA: Similarities and differences. Adv Drug Deliv
Rev. 2009;61:746-759.

Kim N, Cho A, Watanabe H, Choi YL, Aziz M, Kassner M,
Joung JG, Park AK, Francis JM, Bae JS, Ahn SM, Kim
KM, Park JO, Park WY, Ahn MJ, Park K, Koo J, Yin HH,
and Cho J: Integrated genomic approaches identify upre-
gulation of SCRNI1 as a novel mechanism associated with
acquired resistance to erlotinib in PC9 cells harboring on-
cogenic EGFR mutation. Oncotarget. 2016;7:13797-13809.
Ali-Rahmani F, FitzGerald DJ, Martin S, Patel P, Prunotto
M, Ormanoglu P, Thomas C, and Pastan I: Anticancer
effects of mesothelin-targeted immunotoxin therapy are
regulated by tyrosine kinase DDR1. Cancer Res. 2016;76:
1560-1568.

Hung MS, Chen IC, You L, Jablons DM, Li YC, Mao JH,
Xu Z, Lung JH, Yang CT, and Liu ST: Knockdown of
cullin 4A inhibits growth and increases chemosensitivity in
lung cancer cells. J Cell Mol Med. 2016;20:1295-1306.
Krishnan M, Lapierre LA, Knowles BC, and Goldenring
JR: Rab25 regulates integrin expression in polarized co-
lonic epithelial cells. Mol Biol Cell. 2013;24:818-831.
Merlin JL, Dolivet G, Dubessy C, Festor E, Parache RM,
Verneuil L, Erbacher P, Behr JP, and Guillemin F: Im-
provement of nonviral p53 gene transfer in human carci-
noma cells using glucosylated polyethylenimine derrivates.
Cancer Gene Ther. 2001;8:203-210.

Hong SH, Park SJ, Lee S, Cho CS, and Cho MH: Aerosol gene
delivery using viral vectors and cationic carriers for in vivo lung
cancer therapy. Expert Opin Drug Deliv. 2015;12:977-991.
Hong SH, Kim JE, Kim YK, Minai-Tehrani A, Shin JY,
Kang B, Kim HJ, Cho CS, Chae C, Jiang HL,, and Cho MH:
Suppression of lung cancer progression by biocompatible
glycerol triacrylate-spermine-mediated delivery of shAktl.
Int J Nanomedicine. 2012;7:2293-2306.

Kim YK, Cho CS, Cho MH, and Jiang HL: Spermine-alt-
poly(ethylene glycol) polyspermine as a safe and efficient
aerosol gene carrier for lung cancer therapy. J Biomed
Mater Res A. 2014;102:2230-2237.

Jiang HL, Hong SH, Kim YK, Islam MA, Kim HJ, Choi
YJ, Nah JW, Lee KH, Han KW, Chae C, Cho CS, and Cho

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

MH: Aerosol delivery of spermine-based poly(amino es-
ter)/Aktl shRNA complexes for lung cancer gene therapy.
Int J Pharm. 2011;420:256-265.

Jiang HL,, Xu CX, Kim YK, Arote R, Jere D, Lim HT, Cho
MH, and Cho CS: The suppression of lung tumorigenesis by
aerosol-delivered folate-chitosan-graft-polyethylenimine/Akt1
shRNA complexes through the Akt signaling pathway. Bio-
materials. 2009;30:5844-5852.

Xu CX, Jere D, Jin H, Chang SH, Chung YS, Shin JY, Kim
JE, Park SJ, Lee YH, Chae CH, Lee KH, Beck GR Jr., Cho
CS, and Cho MH: Poly(ester amine)-mediated, aerosol-
delivered Aktl small interfering RNA suppresses lung tu-
morigenesis. Am J Respir Crit Care Med. 2008;178:60-73.
Hwang SK, Chang SH, Minai-Tehrani A, Kim YS, and Cho
MH: Lentivirus-AIMP2-DX2 shRNA suppresses cell pro-
liferation by regulating Aktl signaling pathway in the lungs
of AIMP2+/— mice. J Aerosol Med Pulm Drug Deliv.
2013;26:165-173.

Minai-Tehrani A, Chang SH, Kwon JT, Hwang SK, Kim JE,
ShinJY, Yu KN, Park SJ, Jiang HL, Kim JH, Hong SH, Kang
B, Kim D, Chae CH, Lee KH, Beck GR Jr., and Cho MH:
Aerosol delivery of lentivirus-mediated O-glycosylation
mutant osteopontin suppresses lung tumorigenesis in K-ras
(LA1) mice. Cell Oncol (Dordr). 2013;36:15-26.

Hwang SK, Minai-Tehrani A, Lim HT, Shin JY, An GH,
Lee KH, Park KR, Kim YS, Beck GR Jr., Yang HS, and
Cho MH: Decreased level of PDCD4 (programmed cell
death 4) protein activated cell proliferation in the lung of A/
J mouse. J Aerosol Med Pulm Drug Deliv. 2010;23:285-
293.

Tehrani AM, Hwang SK, Kim TH, Cho CS, Hua J, Nah WS,
Kwon JT, Kim JS, Chang SH, Yu KN, Park SJ, Bhandari DR,
Lee KH, An GH, Beck GR Jr., and Cho MH: Aerosol de-
livery of Akt controls protein translation in the lungs of dual
luciferase reporter mice. Gene Ther. 2007;14:451-458.
Kim HW, Park IK, Cho CS, Lee KH, Beck GR Jr., Colburn
NH, and Cho MH: Aerosol delivery of glucosylated poly-
ethylenimine/phosphatase and tensin homologue deleted on
chromosome 10 complex suppresses Akt downstream path-
ways in the lung of K-ras null mice. Cancer Res. 2004;64:
7971-7976.

Singh RP, Deep G, Chittezhath M, Kaur M, Dwyer-Nield
LD, Malkinson AM, and Agarwal R: Effect of silibinin on
the growth and progression of primary lung tumors in mice.
J Natl Cancer Inst. 2006;98:846-855.

Takeuchi H, Saoo K, Matsuda Y, Yokohira M, Yamakawa
K, and Zeng Y: Dose dependent inhibitory effects of die-
tary 8-methoxypsoralen on NNK-induced lung tumorigen-
esis in female A/J mice. Cancer Lett. 2006;234:232-238.
Yokohira M, Takeuchi H, Saoo K, Matsuda Y, Yamakawa
K, Hosokawa K, Kuno T, and Imaida K: Establishment of
a bioassay model for lung cancer chemoprevention initi-
ated with 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) in female A/J mice. Exp Toxicol Pathol. 2008;60:
469-473.

Schuller HM, Plummer HK 3rd, and Jull BA: Receptor-
mediated effects of nicotine and its nitrosated derivative
NNK on pulmonary neuroendocrine cells. Anat Rec A
Discov Mol Cell Evol Biol. 2003;270:51-58.

Hecht SS, Morse MA, Amin S, Stoner GD, Jordan KG,
Choi CI, and Chung FL: Rapid single-dose model for lung
tumor induction in A/J mice by 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone and the effect of diet. Carcinogen-
esis. 1989;10:1901-1904.



Downloaded by Seoul National Univ. Medical College from www.liebertpub.com at 02/06/21. For personal use only.

90

35.

36.

37.

38.

39.

40.

41.

42.

Zheng HC, and Takano Y: NNK-induced lung tumors: A
review of animal model. J Oncol. 2011;2011:635379.
Agola J, Jim P, Ward H, Basuray S, and Wandinger-Ness A:
Rab GTPases as regulators of endocytosis, targets of disease
and therapeutic opportunities. Clin Genet. 2011;80:305-318.
Tong M, Chan KW, Bao JY, Wong KY, Chen JN, Kwan
PS, Tang KH, Fu L, Qin YR, Lok S, Guan XY, and Ma S:
Rab25 is a tumor suppressor gene with antiangiogenic and
anti-invasive activities in esophageal squamous cell carci-
noma. Cancer Res. 2012;72:6024—-6035.

Panomwat A, Kamil R, Jamie T, Andrius M, Kantima L, and
Vyomesh P: Rab25 Regulates invasion and metastasis in head
and Neck cancer. Clin Cancer Res. 2003;19:1375-1388.
Zhang J, Wei J, Lu J, Tong Z, Liao B, Yu B, Zheng F,
Huang X, Chen Z, Fang Y, Li B, Chen W, Xie D, and
Luo J: Overexpression of Rab25 contributes to metastasis
of bladder cancer through induction of epithelial-
mesenchymal transition and activation of Akt/GSK-3f/
Snail signaling. Carcinogenesis. 2013;34:2401-2408.
Gautam A, Waldrep JC, and Densmore CL: Aerosol gene
therapy. Mol Biotechnol. 2003;23:51-60.

Agu RU, Ugwoke MI, Armand M, Kinget R, and Verbeke
N: The lung as a route for systemic delivery of therapeutic
proteins and peptides. Respir Res. 2001;2:198-209.
Theunissen R, and Riethmuller ML: Particle image velo-
cimetry in lung Bifurcation Models. In: A Schroder, and
CE Willert, (eds). Particle Image Velocimetry: New De-
velopments and Recent Applications. Springer, Berlin,
Heidelberg; pp. 73-100, 2008.

GANKHUYAG ET AL.

43. Gautam A, Densmore CL, and Waldrep JC: Pulmonary
cytokine responses associated with PEI-DNA aerosol gene
therapy. Gene Ther. 2001;8:254-257.

44. Igarashi M, Watanabe M, Yoshida M, Sugaya K, Endo
Y, Miyajima N, Abe M, Sugano S, and Nakae D:
Enhancement of lung carcinogenesis initiated with 4-
(hydroxymethylnitrosamino)-1-(3-pyridyl)-1-butanone by
Oggl gene deficiency in female, but not male, mice. J
Toxicol Sci. 2009;34:163-174.

45. Paunesku T, Mittal S, Proti¢ M, Oryhon J, Korolev SV,
Joachimiak A, and Woloschak GE: Proliferating cell nu-
clear antigen (PCNA): Ringmaster of the genome. Int J
Radiat Biol. 2001;77:1007-1021.

Received on March 3, 2016
in final form, August 12, 2016

Reviewed by:
Chie Furihata

Address correspondence to:

Chong-Su Cho, PhD

Department of Agricultural Biotechnology
Research Institute for Agriculture and Life Sciences
Seoul National University

Seoul 151-921

Korea

E-mail: chocs@snu.ac.kr



