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Synergistic Effects of Radiotherapy With JNK
Inhibitor-Incorporated Nanoparticle in an
Intracranial Lewis Lung Carcinoma
Mouse Models

Chun-Hao Li*, Sa-Hoe Lim, Young-Il Jeong, Hyang-Hwa Ryu, and Shin Jung

Abstract— Background: Radiosurgery has been recog-
nized as a reasonable treatment for metastatic brain
tumors. Increasing the radiosensitivity and synergistic
effects are possible ways to improve the therapeutic effi-
cacy of specific regions of tumors. c-Jun-N-terminal kinase
(JNK) signaling regulates H2AX phosphorylation to repair
radiation-induced DNA breakage. We previously showed
that blocking JNK signaling influenced radiosensitivity
in vitro and in an in vivo mouse tumor model. Drugs
can be incorporated into nanoparticles to produce a slow-
release effect. This study assessed JNK radiosensitivity fol-
lowing the slow release of the JNK inhibitor SP600125 from
a poly (DL-lactide-co-glycolide) (LGEsese) block copoly-
mer in a brain tumor model. Materials and Methods:
A LGEsese block copolymer was synthesized to fabri-
cate SP600125-incorporated nanoparticles by nanoprecip-
itation and dialysis methods. The chemical structure of the
LGEsese block copolymer was confirmed by 1H nuclear
magnetic resonance (NMR) spectroscopy. The physico-
chemical and morphological properties were observed
by transmission electron microscopy (TEM) imaging and
measured with particle size analyzer. The blood-brain
barrier (BBB) permeability to the JNK inhibitor was
estimated by BBBflammaTM 440-dye-labeled SP600125.
The effects of the JNK inhibitor were investigated using
SP600125-incorporated nanoparticles and by optical bio-
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luminescence, magnetic resonance imaging (MRI), and a
survival assay in a mouse brain tumor model for Lewis lung
cancer (LLC)-Fluc cells. DNA damage was estimated by his-
tone yH2AX expression and apoptosis was assessed by the
immunohistochemical examination of cleaved caspase 3.
Results: The SP600125-incorporated nanoparticles of the
LGEsese block copolymer were spherical and released
SP600125 continuously for 24h. The use of BBBflam-
maTM 440-dye-labeled SP600125 demonstrated the ability
of SP600125 to cross the BBB. The blockade of JNK sig-
naling with SP600125-incorporated nanoparticles signifi-
cantly delayed mouse brain tumor growth and prolonged
mouse survival after radiotherapy. yH2AX, which mediates
DNA repair protein, was reduced and the apoptotic protein
cleaved-caspase 3 was increased by the combination of
radiation and SP600125-incorporated nanoparticles.

Index Terms— Nanoparticles, JNK, Histon H2AX, radio-
therapy, drug delivery.

INK c-Jun-N-terminal kinase.

NMR Nuclear magnetic resonance.

BBB Blood-brain barrier.

LLC Lewis lung cancer.

MAPK Mitogen-activated protein kinase.

LGEsese Nanoparticles of  hyaluronic acid/poly
(DL-lactide-co-glycolide).

PLGA Polyphenol-loaded poly(lactide-co-glycolide).

MePEG  Methoxy poly (ethylene glycol).

[. INTRODUCTION

ETASTATIC brain tumors are cancer that spreads to
Mthe brain after initially developing in other parts of
the body. With refinements in radiological technology and
molecular biology diagnostics, metastatic brain tumors are
being increasingly diagnosed and treated early. Radiosurgery
has been a standard treatment for brain metastases. However,
it has unsatisfactory radiotherapeutic effects that include its
large-volume, effects on the brain stem, and the proximity
of metastatic brain tumors to important nerves. Increasing
radiosensitivity and decreasing the dose of radiation are pos-
sible ways to treat tumors to help protect the brain stem
and nerves. The development of a nontoxic and efficient
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radiosensitizer is necessary. Our previous study showed that
blocking c-Jun-N-terminal kinase (JNK) signaling increased
radiosensitivity and delayed tumor growth in vitro and in an
in vivo mouse tumor model [1], [2]. With the development
of nanobiotechnology, and owing to their unique properties,
nanoparticles have become widely explored in cancer therapy.
This study explored the therapeutic value of the slow release of
an inhibitor of JNK from nanoparticles in an irradiated mouse
brain tumor model.

JNK is a subtype of the mitogen-activated protein kinase
(MAPK) superfamily [3]. JNK is encoded by three genes
(JNKI1, 2, and 3), which are spliced into at least 10 isoforms
[4], [5]. The JNK protein participates in diverse cellular
responses that include the promotion of Bcr-Abl-induced
lymphoma in B-cells [6], the suppression of Ras-induced
tumorigenesis in fibroblasts [7], and the phosphorylation of
Bcl-2 family proteins or BAD protein to promote or inhibit
apoptosis [8], [9]. JNK protein phosphorylates H2AX fol-
lowing ultraviolet irradiation [10]. Histone H2AX is a key
factor in the repair of DNA damage after irradiation [11].
The blockade of JNK signaling decreased H2AX phospho-
rylation and DNA damage and increased radiosensitivity in
vestibular schwannoma cells [12], [13]. Our previous data
suggested that JNK inhibition also enhanced radiosensitivity
and apoptosis following irradiation in a Lewis lung carcinoma
subcutaneous tumor model and HVGGSSV-chitoPEGAcHIS-
SP600125 selectively targeted irradiated brain tumors and
significantly delayed tumor growth [2], [14].

Based on the special physicochemical properties of nano-
materials, which have been extensively investigated to
improve cancer therapy, nanoparticles of hyaluronic acid/poly
(DL-lactide-co-glycolide) (LGEsese) could release their con-
tents in a controlled way and increase anti-invasion efficacy in
colorectal cancer cells [14]. Polyphenol-loaded poly(lactide-
co-glycolide) (PLGA) nanoparticles also showed controlled
drug release and appeared to avoid DNA damage [15]. We pre-
viously reported that hyaluronic acid nanoparticles possessed
hyaluronidase-specific drug release capability and specifi-
cally inhibited cell viability [16]. Furthermore, transferrin-
conjugated nanoparticles specifically delivered an anticancer
drug to 9L gliosarcoma cells [17]. Therefore, nanoparticles
are considered as an appropriate release and delivery system
for cancer therapy.

For this study, a di-block copolymer composed of methoxy
poly (ethylene glycol) (MePEG) and LGEsese was used to
fabricate nanoparticles that slowly released the JNK inhibitor
anthra(1,9-cd) pyrazol-6(2H)-one (SP600125). The efficacy
of SP600125-incorporated nanoparticles was assessed in the
irradiated mouse brain tumor model.

II. MATERIALS AND METHODS
A. Materials

MePEG amine (molecular weight (M.W.): 5,000 g/mol)
was purchased from SunBio Co., Ltd. (Seoul, Korea).
Poly(DL-lactide-co-glycolide) (PLGA, PLGA-5005, M.W.:
5,000 g/mol) was purchased from Wako Pure Chemi-
cal, Co. (Osaka, Japan). Seleno-L-cystine (selenocystine),

N-(3-dimethylaminopropyl)-N “-ethylcarbodiimide hydrochlo-
ride (EDAC), and N-hydroxysuccinimide (NHS) were pur-
chased from Sigma-Aldrich, Co. (St. Louis, MO, USA).
Dialysis membranes (molecular weight cut-off [MWCO]:
2,000g/mol and 8,000g/mol) were obtained from Spectrum
Lab., Inc. (Irvine, CA, USA). All organic solvents, such as
dimethylsulfoxide (DMSO), ethyl alcohol, and chloroform,
were high-performance liquid chromatography (HPLC) grade.

B. Synthesis of LGEsese Block Copolymer

PLGA (1g) was completely dissolved in 30 ml DMSO and
38.4 mg EDAC and 23 mg NHS were added. This solution
was magnetically stirred for 30 h. Selenocystine hydrochlo-
ride (33.4 mg) was separately dissolved in a DMSO-water
mixture (10 ml DMSO in 4 ml of deionized water) and
then added to the PLGA-DMSO solution. These mixtures
were magnetically stirred for 48 h. The resulting solution
was dialyzed using a dialysis membrane with an MWCO
of 8,000 g/mol to remove byproducts for two days with an
exchange of water at 3 — 4 h intervals. Lyophilization was used
to obtain the PLGA-selenocystine solid (yield > 91%, w/w).
The PLGA-selenocystine conjugate (517 mg) was dissolved
in 20 ml DMSO with 19.2 mg of EDAC and 11.5 mg of
NHS. This solution was magnetically stirred for 24 h and then
600 mg of PEG-amine (1.2 equivalents) was added, followed
by magnetic stirring for 30 h. The resulting solution was
dialyzed in the aforementioned dialysis membrane to remove
byproducts and unreacted MePEG-amine for two days. LGE-
sese block copolymer solid was obtained by lyophilization
(yield 86.2%, wi/w).

C. Characterization of LGEsese Block Copolymer

Synthesis of the LGEsese block copolymer was confirmed
by 1H nuclear magnetic resonance (NMR) spectroscopy
at 500 MHz using a Unity Inova superconducting Fourier
transform-NMR spectrometer (Varian Inc., Santa Clara, CA,
USA). The morphology of the LGEsese block copoly-
mer nanoparticles was observed using transmission electron
microscopy (TEM) with an H-7600 device (Hitachi Instru-
ments Ltd., Tokyo, Japan). An aqueous solution of LGEsese
nanoparticles in water was added dropwise on a carbon film-
coated copper grid following drying at room temperature.
Following this, phosphotungstic acid (0.1%, w/w in deionized
water) was dropped onto the copper grid to negatively stain
the nanoparticles. Nanoparticle observation was conducted at
80 kV. The nanoparticle size was measured with the Nano-
ZS apparatus (Malvern, Worcestershire, UK). Nanoparticles
in deionized water were used to measure the particle size at
room temperature.

D. Preparation of SP600125-Incorporated LGEsese
Nanopatrticles

SP600125-incorporated nanoparticles were fabricated.
LGEsese block copolymer (100 mg) was dissolved in 10 ml
of acetone and 6 or 10 mg of SP600125 was added to
the solution. The solution was slowly dispensed in 30 ml
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of deionized water with magnetic stirring. The solvent
was removed by rotary evaporation using an EYELA
N-1100 apparatus (Tokyo Rikakikai Co. Ltd., Tokyo, Japan).
To remove the remaining solvent and un-loaded drug, the
solution was further dialyzed against distilled water for
12 h with the exchange of water at 1-h intervals. Finally,
the dialyzed solution was used to analysis, drug release
study, or lyophilization for 2 days. Empty nanoparticles were
similarly fabricated in the absence of the drug. The drug
contents were estimated as follows. Nanoparticles (5 mg)
were dissolved in 10 ml of DMSO and this solution was
used to measure the SP600125 contents in the nanoparticles.
SP600125 in DMSO was measured using an ultraviolet-
visible (UV-VIS) spectrophotometer (UV-1601; Shimadzu
Co., Tokyo, Japan) at 403 nm. Empty nanoparticles were
used for blank test. The drug contents were calculated as
(drug weight/nanoparticle weight) x 100.

E. SP600125 Release Assay

Lyophilized SP600125-incorporated nanoparticles were
reconstituted in 5 ml of deionized water and added to a dialysis
membrane with an MWCO of 2,000 g/mol. The sealed mem-
brane was added to a bottle containing 95 ml of phosphate-
buffered saline (PBS, pH 7.4, 0.01M). At specified times,
PBS was removed and used to measure the concentration of
the released SP600125. An equivalent volume of fresh PBS
was added to avoid drug saturation. The released SP600125
was measured at 403 nm with the aforementioned UV-VIS
spectrophotometer. Empty nanoparticles were also used in the
drug release test and PBS was used as the blank.

F. Cell Cultures and Treatment Conditions

Murine Lewis lung cancer (LLC) cells were obtained from
the American Type Culture Collection (Manassas, VA, USA).
LLC cells were transfected with a lentiviral vector containing
a firefly luciferase (Fluc) gene (a gift from Professor Min,
Hwasun Chonnam National University Hospital, Korea). The
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco BRI) supplemented with 10% fetal bovine
serum (FBS) (GibcoBRL, Gaithersburg, MD, USA) in a 37°C
air incubator.

G. Toxicity of the Nanoparticles

The toxicity of empty nanoparticles and SP600125-
incorporated nanoparticles was monitored by a standard
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. LLC-Fluc cells (103 cells/well) were cultured in
96-well plates in 100 ul of medium under standard conditions.
At 48 h, 10 pl of MTT reagent (5 mg/ml PBS) was added to
each well. After 2 h, the medium was removed and added to
200 pl of DMSO to solubilize MTT formazan. The optical
density was measured at 570 nm.

H. Bioluminescence Imaging

Imaging was performed using a NightOWL animal imag-
ing measurement system (Bertholdtechnologies, Bad Wildbad,

Germany) equipped with a cooled charge-coupled device
camera to acquire bioluminescent images of the mouse brain
tumor. The photons emitted from the luciferase-expressing
tumor cells were collected for 2 min. The pseudocolor
images of the photons were measured by the IndiGo program
(Berthold Technologies). The regions of interest were auto-
matically chosen based on the signal.

|. Blood-Brain Barrier (BBB) Permeability Assay

Seven-week-old male BALB/c — nu/nu mice were obtained
from Orientbio (Seongnam, Korea). Fluorescence imaging was
performed using the NightOWL imaging system (Berthold
Technologies) equipped with a filter set (excitation at 475 nm
and emission at 520 nm). BBBflammaTM 440 dye (molec-
ular weight 500.61 g/mol) and BBBflammaTM 440-labeled
SP600125 (molecular weight 803.94 g/mol) were kindly
obtained from BioActs, Co. (Incheon, Korea). The drugs were
intravenously and intraperitoneally injected (1 mg/kg) into
mice. The mice were euthanized and the brain tissue was
removed and scanned with an optical imager 24 h after drug
injection. Image analysis was performed using the IndiGo
program.

J. Animal Studies

Seven-week-old C57BL/6 female mice were obtained from
Orientbio. LLC-Fluc cells (2 x 105) were diluted in 3 ul
of PBS and inoculated (1 pl/min) into the right side of the
brains of mice at an injection depth of 3 mm. At the end of
the injection, the syringe was maintained for three minutes to
ensure that the cells did not overflow. Bone wax was used to
close the skull hole. Irradiation and intraperitoneal injections
of SP600125-incorporated nanoparticles (70 mg per mouse in
a single application) were carried out 5 — 7 days after the
cancer cell injections. The whole mouse brain was irradiated
with a fractionated schedule (3 x 6.1 Gy, total 13 Gy) using
a 6-MV X-ray linear accelerator (CLINAC 21EX; Varian,
Palo Alto, CA, USA). The effects of the JNK inhibitor were
investigated by optical bioluminescence, magnetic resonance
imaging (MRI), and hematoxylin and eosin (H&E) staining
8 — 10 days after the start of radiotherapy. The survival of the
mice was monitored.

K. Immunohistochemistry

Immunohistochemical analysis was performed as previously
described (16, 17). The mice were euthanized and brain
tissue was removed 24 h after radiotherapy (6.1 Gy). The
mouse brain tissue specimens were dewaxed in xylene and
heat-mediated antigen retrieval in the target solution (pH 9.0,
Dako, Carpentaria, CA, USA) was performed for 12 min.
The endogenous peroxidase activity was blocked in 3% H202
in PBS for 30 min. Non-specific binding was blocked using
5% horse serum (Sigma-Aldrich). Primary antibodies anti-
cleaved caspase-3 (Cell Signaling Technology, Danvers, MA,
USA) and anti-phosphorylated Ser139 histone H2AX (Cell
Signaling Technology) were applied at 4 °C overnight. A sec-
ondary antibody (Dako) was added for 2 h followed by
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Fig. 1. A: synthesis scheme and B: TH NMR spectra of LGE block copolymer.

3,3’-diaminobenzidine (Dako). The nuclei were stained with
Harris hematoxylin (ScyTek, Logan, UT, USA).

L. Statistical Analyses

The data are shown as the mean £ SD. The comparisons
between the two groups were analyzed using the Student’s
t-test. Log-rank analysis was performed to establish the statis-
tical significance of the Kaplan—-Meier survival curve analyses.
A probability value of < 0.05 was considered significant.

[1l. RESULTS

A. Characterization of LGEsese Block Copolymer and
SP600125-Incorporated Nanopatrticles

Figure 1A shows the synthesis scheme of the LGEsese
block copolymer and 1H nuclear magnetic resonance (NMR)
spectra. As shown in Figure 1B, the carboxylic acid end of
PLGA was activated by carbodiimide chemistry and conju-
gated with the amine group of selenocystine. The specific
peak of selenocystine was confirmed at 1.9 ppm and the

methyl group of the lactide segment in PLGA was con-
firmed at 1.4-1.5 ppm. The carboxylic acid groups of the
PLGA-selenocystine conjugates were activated again with
N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide hydrochlo-
ride (EDAC) and N-hydroxysuccinimide (NHS). Following
this, the NHS-activated PLGA-selenocystine conjugates were
conjugated with the amine group of MePEG. Ethylene protons
of PEG were confirmed at 3.3-3.6 ppm. The final yield of
LGEsese block copolymer was 86.2%, w/w.
SP600125-incorporated nanoparticles of the LGEsese block
copolymer were fabricated by nanoprecipitation and dialysis.
The physicochemical characteristics of the nanoparticles are
summarized in Table I. Since SP600125 is a hydrophobic
agent, it can be associated with PLGA segment of block
copolymer and then formed hydrophobic core in the nanopar-
ticles while PEG segment formed hydrated outer-shell. Then,
experimental drug contents in the nanoparticles were 4.1 and
6.2% (w/w). The experimental drug contents were lower
than the theoretical values. These results were due to that
unloaded drug during nanoprecipitation and loaded drug in the
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TABLE |
CHARACTERISTICS OF SP600125-INCORPORATED NANOPARTICLES

Polymer/drug ratio

Drug contents

Particle size (nm)

(mg/mg) Theoretical Experimental
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Fig. 2.

Characterization of LGEsese block copolymer and SP600125-incorporated nanoparticles. A: Particle size of SP600125-incorporated

nanoparticles for 4.1 % and 6.2 %. B: Toxicity assay of empty nanoparticles and SP600125-incorporated nanoparticles. C: TEM photograph of
SP600125-incorporated nanoparticles (6.2 %). D: The SP600125 release rate from LGEsese nanoparticles. Bars indicate + SD; columns, mean;
SP, SP600125; SP NP, SP600125-incorporated nanoparticles; n.s., not significant.

nanoparticles muse be removed from the dialysis tube and then
these procedures induced lower values in experimental drug
contents that those in theoretical value. Even though SP600125
is a hydrophobic agent, it can be also removed in the procedure
of organic solvent removal from the dialysis membrane.

Higher drug content increased the particle size. The size of
the nanoparticles with 4.1% and 6.2% (w/w) SP600125 was
285 and 386 nm, respectively (Fig. 2A). TEM examination
revealed the spherical shape of the nanoparticles (Fig. 2C),
which was <300 nm in diameter. As shown in Figure 2D,
Sp600125 was released from the nanoparticles over a 21-day
interval. The release occurred as an initial burst for the first
four days, with continuous release thereafter in different rate
depending upon the drug loading. Nanoparticles loaded with
4.1% (w/w) SP600125 released almost all the drug by 15 days,
whereas the nanoparticles containing 6.2% (w/w) SP600125
showed a delayed release rate over 21 days. The SP600125-
incorporated nanoparticles with 6.2% (w/w) SP600125 were
selected for the next experiments.

B. Toxicity Assay

In the empty nanoparticles, cell growth was not affected
by increasing nanoparticle concentrations up to 100 pg/ml
(Fig. 2B). The toxicity of SP600125 was compared in isola-
tion and when incorporated into nanoparticles. Cell growth
was dose-dependently inhibited in the presence of isolated
SP600125, with growth nearly halted in culture medium
containing 3 pg/ml SP600125 (Fig. 2B). After SP600125
was incorporated into nanoparticles, cell growth was inhibited
further with increasing concentrations of SP600125. SP600125
toxicity was not enhanced by encapsulation into the core of
the nanoparticles.

C. BBB Passage of SP600125

To estimate the BBB permeability to the JNK inhibitor
SP600125, BBBflammaTM 440 dye alone and BBBflam-
maTM 440-labeled SP600125 were intravenously and
intraperitoneally injected into mice. The fluorescence con-
centration increased in the intravenously and intraperitoneally
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Fig. 3. IVIS optical imaging study for (A) dye BBBflammaTM 440-free

and (B) dye BBBflammaTM 440-labeled SP600125 injection. Mice
brains were sacrificed and scanned at 24h after injection of dye. (C):
The fluorescent dyes exhibited significantly higher in the drug-injected
mice brain. Notes: *P<0.05; ***P<0.001.

injected groups compared to the control group (Fig. 3). The
results indicated that both the BBBflammaTM 440 dye and
SP600125 could cross the BBB.

D. Combination of SP600125-Incorporated
Nanoparticles With Fractionated Irradiation
Delays Lewis Lung Cancer Tumor Growth
in the Mouse Brain Tumor Model

SP600125 effects were confirmed in vitro and in the sub-
cutaneous mouse tumor model. The effects of SP600125
incorporated into nanoparticles were further investigated in the
mouse brain tumor model. We established the bioluminescent
Lewis lung cancer (LLC)-Fluc cell line for this in vivo
study. The LLC-Fluc cells emitted photons when D-luciferin
was added (Fig. 4A). As shown in Figures 4B and C, the
bioluminescence photons were not significantly changed in
the treatment with SP600125-incorporated nanoparticles com-
pared to the vehicle group. However, the combination of
SP600125-incorporated nanoparticles with fractionated irradi-
ation showed significantly decreased bioluminescent imaging
photons compared to the radiation group. Furthermore, the
combination therapy obviously delayed the tumor growth as
assessed by magnetic resonance imaging (MRI) and hema-
toxylin and eosin (H&E) staining (Fig. 4D). The immuno-
histochemistry results showed that the level of yH2AX was
decreased in the combined treatment compared to radiation

alone. The expression of cleaved caspase-3 was increased
in the combined SP600125 and radiation treatment group
compared to the other groups (Fig. 5A). The analysis of mouse
survival showed that the median survival was 18.8 days for
the control group, 19.4 days for the SP600125-nanoparticles
group, 31.1 days for the radiation group, and 36 days for the
combined radiation and SP600125-nanoparticle group. Treat-
ment with only SP600125-nanoparticles did not noticeably
affect the survival of mice, whereas radiation and SP600125-
nanoparticles significantly prolonged survival (Fig. 5B).

IV. DISCUSSION

Brain metastases are malignant and the most common tumor
in the brain. Twenty to forty percent of cancer patients are
diagnosed with metastatic brain tumors, with about 39% orig-
inating from lung cancer [18], [19]. The general therapeutic
modalities of brain metastases include surgery, radiosurgery,
and chemotherapy. Gamma knife stereotactic radiosurgery is
the gold standard treatment for metastatic brain tumors [20].
However, the large size and specific region of the tumor can
lead to the use of an inadequate radiation dose because the
brain stem and important nerves are vulnerable to radiation.
Therefore, the research and development of new radiosen-
sitizers are essential. Our previous study indicated that the
blockade of JNK activity increased radiosensitivity in vitro
and in an in vivo mouse tumor model [1]. However, the
requirement for daily injection of the drug was intractable
for human therapeutic use. Presently, the use of SP600125-
incorporated nanoparticles had made the therapy more relevant
for human use.

Radiation induces a wide variety of DNA lesions, including
single-strand breaks (SSBs) and double-strand breaks (DSBs).
DSBs are a major source of radiotoxicity damage that is
responsible for cell death [21], [22], [23]. In addition, DSBs
may lead to human disorders including cancer by chromoso-
mal aberrations [24]. The histone H2AX comprises approx-
imately 2 — 25% of the histone H2A pool in mammalian
cells and nucleosomes, and DSBs induce the histone H2AX
phosphorylation of serine 139 [25]. The core histones in the
nucleosome are H2A, H2B, H3, and H4 [26]. The H2A family
comprises histone proteins H2A1, H2A2, H2AZ, and H2AX
[27]. H2AX plays an important role in the DNA repair of
DSBs, particularly after irradiation [28]. H2AX phosphory-
lation occurs within seconds after DSBs, which are induced
by radiation for 15-30 min [29]. H2AX is phosphorylated
by ataxia telangiectasia mutated protein (ATM), ATM and
Rad 3-related protein (ATR), and DNA-dependent protein
kinase (DNA-PK) [30], [31]. In addition, JNK is involved
in H2AX phosphorylation [10]. yH2AX recruits DNA repair-
enabling proteins, such as Nbsl, 53BP1, Rad50, Rad51, and
Bracl, to repair DNA damage [32]. JNK is a member of
the MAPK superfamily. It consists of 10 forms, with three
slicing variant isoforms (JNK1, JNK2, JNK3, and JNK4) [5].
JNKI1 and JNK2 are ubiquitously expressed in all cell and
tissue types, while JNK3 is specifically found in neuronal
and heart tissues, all of which have two different splicing
forms (p46 and P54) [33], [34]. The small-molecule inhibitor
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Fig. 4. Combination of SP600125-incorporated nanoparticles with fractionated irradiation delayed LLC tumor growth in mouse brain tumor model.
A: photons emitted from LLC-Fluc cell line when D-luciferin was added; B: The LLC-Fluc bearing mice brain were continuously observed by tumor
bioluminescence. C: Quantitative analysis of bioluminescence in brain tumor model as shown B. D: The MRI and HE staining imaging results of
brain model. The mice were irradiated with fractionated schedule (3 x 6.1 Gy). Bars indicate + SD; columns, mean; SP NP, SP600125-incorporated

nanoparticles; RT, radiation; n.s., not significant; *p < 0.05.

SP600125 is a selective inhibitor of JNK, in which ATP com-
petitively and reversibly inhibits the phosphorylation of JNK1,
JNK2, and JNK3 [35], [36]. Our previous study indicated that
JNK and yH2AX were increased in radiated LLC cells as a
means of repairing DNA damage and that SP600125 blocked
JNK signaling and significantly decreased y H2AX expression
[1]. Another JNK inhibitor, PGL5001, has undergone a phase I
clinical trial of inflammatory endometriosis (clinicaltrials.gov
ID: NCT01630252). It is hoped that the present results will
prompt a clinical trial for SP600125.

Reactive oxygen species (ROS) are induced by radiation in
the early and late (2 — 8 days) stages and disrupt biopolymers
[37], [38]. ROS generally includes free radicals, such as
hydroxyl radicals (eOH) and superoxide anions (O2e—), and
non-radical molecules like singlet oxygen (102) and H,O»,
all of which are able to damage various molecular targets
including DNA, proteins, and lipids [39], [40]. ROS are espe-
cially harmful to cells at high concentrations. The enhanced
production of ROS can pose a threat by causing the oxidation
of proteins, the peroxidation of lipids, damage to nucleic acids,

and the inhibition of enzymes, which ultimately leads to cell
death [41], [42]. ROS generation is enhanced by radiation and
induces cell apoptosis via the mitochondrial pathway with
increased caspase-3 activity [12], [13], [43]. Similarly, our
previous data indicated that the blockade of JNK signaling
increased apoptosis in radiated LLC cells.

With the development of nanobiotechnology, nanoparticles
have been investigated as drug carriers. The potentials of
nanoparticles include their use in various drug formulations,
controlled drug release, drug targeting against specific body
sites. Due to the small particle size and active/passive targeting
potential, nanoparticles have been extensively investigated
as drug carriers [49], [50]. The discovery of biomolecu-
lar markers that are specifically expressed in cancer has
improved the understanding of cancer cells and targeted cancer
therapy [51]. Dual-targeting ligands (angiopep-2 and activat-
able cell-penetrating peptide (ACP)) have been functionalized
onto nanoparticles for glioma-targeting treatment [52]. Dual
peptide-modified liposomes were designed by attaching two
receptor-specific peptides, specifically Angiopep-2 and tLyP-1
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Fig. 5. JNK inhibition increased DNA damage and apoptosis as well as

improved survival in irradiated LLC mouse brain model. A: Expression of

yH2AX and Cleaved-Caspase 3. The mice sacrificed and removed brain tissue at 24h after radiotherapy (6.1 Gy). B: Kaplan-Meier survival curves
for mouse brain tumor model. The mice were irradiated with fractionated schedule (3 x 6.1 Gy) on consecutive days (n = 8 in each group). The
arrows indicate time of radiation. SP NP, SP600125-incorporated nanoparticles; RT, radiation; Med. survival, median survival; n.s., not significant

by Log-rank test; *p < 0.05; ***p < 0.0001.

for brain tumor targeting and penetration, and when used with
docetaxel for killing of glioma tumor cells [53]. Nanoparticles
have also been used in the development of radioprotection
drugs [54]. Clinical approaches utilizing nanotechnology have
demonstrated that drug delivery systems can increase efficacy,
simultaneously reduce side effects, and improve targeted deliv-
ery and active cellular uptake of bioactive molecules [55].
Our previous data suggested that HVGGSS V-chitoPEGACcHIS-
SP600125 selectively targeted irradiated brain tumors and
significantly delayed tumor growth [2].

Nanoparticles designed in the present study featured
the slow release of the incorporated material. A LGEsese
block copolymer was synthesized to fabricate SP600125-
incorporated nanoparticles by nanoprecipitation and dialysis
methods. The final yield of LGEsese block copolymer was
86.2%, w/w. NMR spectroscopy revealed that the LGEsese
block copolymer was successfully synthesized. SP600125-
incorporated nanoparticles of the LGEsese block copolymer
were fabricated by nanoprecipitation and dialysis. The exper-
imental drug contents were lower than the theoretical values
because unloaded drug during nanoprecipitation and loaded
drug in the nanoparticles muse be removed from the dialy-
sis tube. For the drug contents of nanoparticle, the percent
difference was —31.8% based on the theoretical value. This
is somewhat improved result considering that it was —38.5%
in our previous study. We investigated the radiosensitivity

effects of SP600125 incorporated into the nanoparticles in an
established mouse brain tumor model.

The delivery of drugs to brain tissue or brain tumors
necessitates passage through the BBB. The BBB is a diffusion
barrier in the brain that impedes the influx of most compounds
from the blood. Examining drug permeability is challenging.
The structural components that modulate permeability were
assessed in an in vitro model to detect BBB permeability [44].
In addition, a primary endothelial cell BBB model was used
[45], [46]. However, the direct detection of BBB permeability
is more difficult in vivo. Much of the present research is
focused on the effects of drugs in BBB permeability, such
as Evan’s blue dye that was used in examining BBB perme-
ability [47]. Evan’s blue dye crosses the BBB, but it cannot
detect BBB permeability. Xiong at al. reported that cy5.5 dye
(molecular weight 1128.4 g/mol) and a cy5.5-labeled peptide
crossed the BBB [48]. However, cy5.5 and/or cy5.5-labeled
macromolecules seem to be difficult to cross BBB since the
molecular weight of cy5.5 is higher than conventional fluores-
cent dye such as fluorescein isocyanate (FITC) or Evan’s blue
dye.

In this research, we synthesized the small molecular
dye BBBflammaTM 440 to estimate the BBB permeabil-
ity to JNK inhibitor SP600125. BBBflammaTM 440-labeled
SP600125 (molecular weight 803.94 g/mol)were intravenously
and intraperitoneally injected into mice. The fluorescence
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concentration significantly increased in the drug-injection
groups compared to the control group. This result suggest that
SP600125 was able to cross the BBB and thus, might be used
for the treatment of brain tumors.

We showed that SP600125-incorporated LGEsese nanopar-
ticles can advance intratumoral biodistribution of nanora-
diosensitizer and enhance tumor bioavailability, resulting in
improved brain tumor growth delay. The median survival
analysys of mice showed that the survival period of the
combined radiation and SP600125-nanoparticles group was
increased by 16% compared to the radiation only group
[p<0.05]. These results indicated that the blockade of JNK
signaling with SP600125 significantly can delay mouse brain
tumor growth and prolonged survival in radiotherapy.

V. CONCLUSION

The SP600125-incorporated nanoparticles showed a delayed
release rate over 21 days. SP600125 inhibited JNK activity and
suppressed DNA repair of radiation as a radiosensitizer, which
delayed irradiated brain tumor growth. These results suggest
that SP600125-loaded nanoparticles could be a therapeutic
candidate in combination with radiotherapy for the treatment
of metastatic brain.
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