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ABSTRACT

Purpose The effect of the combination therapy of curcumin and
the herpes simplex virus thymidine kinase (HSVtk) gene using
R7L10 as a carrier was evaluated in a glioblastoma animal model.
Methods Curcumin was loaded into the cores of R7L 10 peptide
micelles using an oil-in-water emulsion/solvent evaporation meth-
od to generate curcumin loaded R7LI0 micelles (R7L10-Cur),
which were used as a carrier to deliver the HSVtk gene. The
plasmid DNA (pDNA)/R7LI0-Cur complex was confirmed by
gel retardation, heparin competition, and dynamic light scattering
analyses. Transfection efficiency and cytotoxicity were measured
using luciferase, MTT, and TUNEL assays. Intracellular delivery of
curcumin was determined by fluorescence and absorbance. In the
glioblastoma animal model, the effects of the intratumoral delivery
of curcumin and the HSVtk gene were evaluated according to
tumor size, immunohistochemistry, and TUNEL assays.

Results R7L10-Cur delivered pDNA into the cells more effi-
ciently than PLL and R7LI0. In addition, R7LI10-Cur delivered
curcumin into the cells more efficiently than curcumin alone. The
pHSVtk/R7L10-Cur complex induced cell death efficiently both
in vitro and in vivo. Likewise, the combination of curcumin and the
HSVtk gene using the pHSVtk/R7L10-Cur complex reduced
tumor size more efficiently than the pHSVtk/PEI and pHSVtk/
R7L10 complexes in a glioblastoma animal model.

Conclusion R7L10 is an efficient carrier for delivery of curcumin
and the HSVtk gene, which may be a useful combination therapy
for glioblastoma.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most malignant
type of brain tumor in humans. The current treatment
options for GBM consist of surgery, radiation therapy,
and chemotherapy. The core region of GBM tumors is
hypoxic, which induces vascular proliferation, necrosis,
and aggressive invasion into the surrounding tissues.
Due to this capacity for aggressive invasion, complete
resection of GBM is impossible, meaning that radiother-
apy or chemotherapy is needed after surgery to further
treat GBM. Although progress has been made in devel-
oping treatments for GBM, it is nevertheless associated
with a poor prognosis, with a median life span of only a
few months [1—4]. In addition, the existing therapies for
GBM that are effective as initial treatments are associ-
ated with a wide range of undesirable side effects.
Taken together, the current limitations of GBM treat-
ments strongly support the need for development of new
therapeutic options.

Gene therapy with the herpes simplex virus thymi-
dine kinase (HSVtk) gene and the pro-drug ganciclovir
(GCV) has been investigated as an alternative for the
treatment of GBM [5, 6]. Transfection of cancer cells
with the HSVtk gene results in expression of HSVtk,
which transforms non-toxic GCV into toxic phosphory-
lated GCV. In turn, toxic phosphorylated GCV inhibits
DNA synthesis and induces apoptosis in dividing cells.
In addition, toxic GCV can transfer to neighboring
cancer cells through gap junctions to induce cell death
[7] through the so called “bystander effect.” Due to
these characteristics, HSVtk gene therapy has been pro-
posed as a useful anti-cancer strategy.

To increase the effectiveness of gene therapy, combinations
of specific genes and drugs have been studied as new treat-
ment strategies for GBM. For example, temozolomide (TMZ)
was studied as a combination treatment for GBM with the
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HSVtk gene [8, 9]. In another study, Og-methylguanine-
DNA methyltransferase (MGMT) siRNA was combined with
TMZ [10]. Similarly, the VEGF siRNA was combined with
docetaxel (DTX) for the treatment of glioblastoma [11].

In the current study, we evaluated the combination therapy
of curcumin and the HSVtk gene. Curcumin has been used as
an anti-inflammatory and antioxidant drug [12], and was
recently reported to have anti-proliferative effects in various
cancers, including glioblastoma [13—15]. However, curcumin
is very hydrophobic and thus is poorly soluble in water.
Therefore, an effective solubilizer is required to deliver
curcumin into cells [16, 17].

We previously studied the amphiphilic peptide R7L10 as a
carrier for both drugs and for gene delivery [18]. The R7L.10
peptide is composed of a 7-arginine stretch and a 10-leucine
stretch, and forms a micelle structure in aqueous solution that
can be loaded with hydrophobic drugs. We showed that
curcumin could be loaded into R71.10 micelles, and evaluated
the resulting curcumin loaded R7L10 micelles (R7L10-Cur)
as a drug and gene carrier for the treatment of acute lung
injury [18]. The results of this study showed that R7L10-Cur
has a high drug and gene delivery efficiency in lung cells i vitro
and n vivo [18].

In the current study, R7L10 was used as a carrier of
curcumin and the HSVtk gene for the treatment of glioblas-
toma. The plasmid DNA (pDNA)/R7L10-Cur complex was
characterized by various methods, after which drug and gene
delivery efficiencies of the pDNA/R7L10-Cur complex were
evaluated m vitro with C6 glioblastoma cells. Lastly, the anti-
cancer effect of the curcumin and HSVtk gene combination
therapy was evaluated in a glioblastoma mouse model.

MATERIAL AND METHODS
Materials

Curcumin, polyethylenimine (PEI, 25 kDa), poly-L-lysine
(PLL), heparin, and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazoliumbromide (MTT) were purchased from Sigma-
Aldrich (St. Louis, MO). The bicinchoninic acid (BCA) assay
kit was purchased from Pierce (Thermo Fisher Scientific,
Waltham, MA). The luciferase assay kit, reporter lysis buffer,
terminal deoxynucleotide transferase-mediated dUTP nick-
end labeling (TUNEL) assay kit and pEmpty (pSI) were pur-
chased from Promega (Madison, WI). An immunohistochem-
istry accessory kit was purchased from Bethyl Laboratories
(Montgomery, TX). C6 cell lines were obtained from the
Korean Cell Line Bank (Seoul, Korea). Fetal bovine serum
(FBS) and Dulbecco’s modified Eagle’s medium (DMEM)
were purchased from GIBCO (Gaithersburg, MD). Ganciclo-
vir was purchased from InvivoGen (San Diego, CA).

Preparation of Curcumin Loaded R7L10

R7L10 was chemically synthesized by Peptron Co (Daejeon,
Korea). R7L10-Cur was prepared in R7L10/curcumin
weight ratios of 1:0.2, 0.4, and 0.6 (molar ratios of 1:1.2,
2.4, and 3.6). Curcumin was loaded into R7L10 peptide
micelles using an oil-in-water (O/W) emulsion/solvent evap-
oration method as described previously [18]. Briefly, R7L10
and curcumin were dissolved in distilled water and ethanol,
respectively, and the two solutions were mixed slowly, dis-
persed in distilled water with sonication for 90 s, and lyophi-
lized using a freeze-dryer. Lyophilized R7L10-curcumin was
readily resuspended in distilled water.

Preparation of pDNAs

The pDNA used in this study consisted of pp-Luc and
pHSVtk. pp-Luc was constructed by insertion of the luciferase
c¢DNA isolated from pGL3-promoter (Promega, Madison,
WI) into the HinDIII and Xbal sites of pf. The HSVtk expres-
sion plasmid, pHSVtk (pEpo-NI2-SV-HSVtk), was construct-
ed previously [19]. pDNAs were transformed in Escherichia Coli
DHba, amplified in Terrific Broth media at 37°C overnight,
and purified using a Maxi plasmid purification kit (Qiagen,
Valencia, CA).

Gel Retardation Assay

A fixed amount of pDNA (1 pg) was mixed with increasing
amounts of R7L10 or R7L10-Cur. The resulting mixtures
were incubated for 30 min at room temperature and analyzed
on 1% agarose gels by electrophoresis.

Heparin Competition Assay

pDNA/carrier complexes were prepared at their optimum
conditions for transfection. The pDNA/R7L10 and pDNA/
R7L10-Cur complexes were prepared at a 1:5 weight ratio
based on the transfection assay results. Likewise, pPDNA/PLL
complexes were prepared at a 1:2 weight ratio and pDNA/
PEI complexes were prepared at a 5:1 N/P ratio based on the
results of two previous studies [20, 21]. The resulting pPDNA/
carrier complexes were incubated for 30 min at room tem-
perature, after which increasing amounts of heparin were
added to the complexes and incubated for 30 min at room
temperature. Finally, the complexes were electrophoresed on
1% agarose gels.

Measurement of Zeta-Potential and Complex Size
The pDNA/carrier complexes were prepared at their opti-

mum ratio for transfection and incubated for 30 min at room
temperature. The particle sizes and zeta potentials were then
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determined using a Zetasizer Nano ZS system (Malvern In-
struments, Malvern, UK).

Cell Culture and Transfection

C6 rat glioblastoma and human embryonic kidney 293
(HEK293) cells were maintained in DMEM supplemented
with 10% FBS. Next, the cells were cultured at 37°C in a 5%
CO, incubator. C6 cells were seeded at a density of 1x 10
cells/well in 12-well plates 24 h before transfection. For opti-
mization of transfection conditions, the pp-Luc/R7L10 and
pB-Luc/R7L10-Cur complexes were prepared at various
weight ratios. For comparison of R7L10-Cur with other car-
riers, pp-Luc/R7L10 and pp-Luc/R7L10-Cur complexes
were prepared at an optimized ratio. The pp-Luc/PLL and
pB-Luc/PEI complexes were prepared at 1:2 and 1:1 weight
ratios based on the results of two previous studies [20, 21].
Next, the prepared complexes were added to cells and incu-
bated for an additional 24 h at 37°C in a 5% CO» incubator.
After incubation, transfection efliciency was analyzed by lu-
ciferase assay

Luciferase Assay

After transfection, cells were washed twice with 0.5 ml of PBS.
Next, 120 pL of the reporter lysis buffer was added to each
well and incubated for 15 min at room temperature. The cell
extracts were harvested, transferred to microcentrifuge tubes,
and vortexed for 15 s. The resulting lysate was then centri-
fuged at 13,000 rpm for 3 min, after which the supernatants
were transferred to new microcentrifuge tubes. The protein
concentrations of the extracts were measured using a BCA
assay kit. Luciferase activity was measured using a 96-well
plate luminometer (Berthold Detection System GmbH, Pforz-
heim, Germany). Final luciferase activities were reported as
relative light units (RLU)/mg total protein.

Cytotoxicity Assay

MTT assays were performed to evaluate the cytotoxicity of
the different complexes. The pPDNA/carrier complexes were
added to C6 or HEK293 cells and incubated for 24 h at 37°C.
After incubation, 40 pl of 5 mg/ml MTT solution in PBS was
added to each well. The cells were then incubated for an
additional 4 h at 37°C. After the incubation, medium con-
taining the MT'T solution was removed and 750 pl of DMSO
was added to dissolve the formazan crystals formed by reduc-
tion of MTT in living cells. The absorbance at 570 nm was
measured by a microplate reader, and cell viability (%) was
calculated according to the following equation:

Cell viability (%) = (OD570(sample)/ OD570(control)) X
100.
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Intracellular Curcumin Delivery Assay

C6 cells were seeded at a density of 1x10° cells/well in 12-
well plates and incubated for 24 h at 37°C before transfection.
C6 cells were then treated with either R7L10-Cur, a simple
mixture of R71.10 and curcumin, or curcumin alone and then
incubated for 24 h at 37°C. After treatment, cell extracts were
prepared with reporter lysis buffer as described above. Absor-
bance at 450 nm was measured using a SpectraMax plate
reader (Molecular Devices, Sunnyvale, CA), and the fluores-
cence of each sample was measured with an excitation and
emission of 485 and 538 nm, respectively (Molecular Devices,
Sunnyvale, CA).

In vitro TUNEL Assay

C6 cells were seeded at a density of 1x10° cells/well in
chamber slides and incubated for 24 h at 37°C before trans-
fection. The complexes were then added to C6 cells and
incubated for 24 h at 37 C in medium containing 10 pg/ml
GCV. At the end of the transfection experiment, cells were
washed twice with 0.5 ml of PBS. The TUNEL assay was
performed according to the manufacturer’s instructions.

In vivo Experiments in the Subcutaneous Glioblastoma
Xenograft Mouse Model

All in vivo experiments were performed according to the guide-
lines of the Hanyang University Animal Research Committee,
who approved the study protocol. Five weeks old male Balb/c
nude mice were anesthetized and inoculated with 1x10° C6
cells into the dorsal flank of each mouse to establish subcuta-
neous tumors. After the tumor reached a diameter of 4-6 mm,
mice were randomly allocated and injected with pDNA/
carrier complexes, with each group consisting of 10 mice. All
complexes were prepared at their respective optimized ratios
in a total volume of 50 pl saline, with the amount of pDNA
fixed at 15 pg/head. The complexes were injected
intratumorally 3 times at an interval of 3 days between injec-
tions. After the first complex injection, GCV (25 mg/kg) was
injected intraperitoneally daily for 14 days. Tumor volume
was measured with calipers every 3 days for 21 days. Finally,
tumor volume was calculated using the formula: length (mm)
X width (mm)? % 0.5.

Immunohistochemistry and TUNEL Assay

Four animals from each group were sacrificed 3 days after
injections were completed for immunohistochemistry and
TUNEL assay. The tumors were then harvested, fixed with
a 4% paraformaldehyde solution, embedded in paraffin, and
finally cut into 5-pum thick sections using a microtome. HSVtk
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immunohistochemistry and TUNEL assays were performed
according to the manufacturer’s instructions.

Statistical Analysis

Statistical analyses were conducted using ANOVA followed
by the Newman-Keuls test. All data are expressed as the
average £ SEM, with P<0.05 considered to be statistically
significant.

RESULTS

Characterization of pPDNA/R7L10
and pDNA/R7L10-Cur Complexes

Gel retardation assays were performed to confirm the forma-
tion of a complex between pPDNA and R7L10-Cur. A fixed
amount of pDNA was mixed with increasing amounts of
R7L10 and R7L10-Cur. In gel retardation assays, pDNA
was completely retarded with R7L10 or R7L10-Cur at a
1:1.5 weight ratio (pDNA/carrier), suggesting the formation
of a complex between pDNA and R7L10 or R7L10-Cur
(Fig. la). Next, heparin competition assays were performed
to evaluate the stability of the complexes. The heparin com-
petition assay showed that the pPDNA/R7L10 and pDNA/
R7L10-Cur complexes did not release pDNA even up to
50 pg of heparin (50 fold excess of the amount of pDNA)
(Fig. 1b). However, PLL began to release pDNA in the pres-
ence of 5 ug of heparin from the pPDNA/PLL complexes and
released pDNA completely with 10 pg of heparin. Similarly,
the pDNA/PEI complex released pDNA more easily than the
pDNA/R7L10 or pDNA/R7L10-Cur complex, suggesting
that R7L10 and R7L10-Cur formed stable complexes with
pDNA.

The particle sizes of the pDNA/carrier complexes were
measured by dynamic light scattering (Table I). The average
mean diameter of the pDNA/R7L10 complex was approxi-
mately 194 nm, while that of pDNA/R7L10-Cur complex
was approximately 211 nm. The particle size of pDNA/
R7L10-Cur was slightly larger than that of the pDNA/PLL
and pDNA/PEI complexes. The surface charges of the
pDNA/R7L10 and pDNA/R7L10-Cur complexes were 37
and 52 mV, respectively (Table I).

In vitro Transfection

To optimize the transfection conditions for R7L10, pDNA/
R7L10 complexes were prepared and transfected into C6 cells
at various weight ratios. The highest transfection efficiency of
R7L10 was obtained at a weight ratio of 1:5 (Fig. 2a). The
cytotoxicity of R7L10 was measured in C6 (Fig. 2b) and
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Fig. 1 Physical characterization. (a) Gel retardation assay pDNAs were
mixed with increasing amounts of R7L10 or R7LI0-Cur. After incubation
for 30 min at room temperature the samples were analyzed on a | % agarose
gel. (b) Heparin competition assay pDNA/carrier complexes were prepared
at their optimal transfection ratios and increasing amounts of heparin were
added to the complexes. After incubation for 30 min at room temperature the
complexes were analyzed on a | % agarose gel

HEK?293 cells (Fig. 2¢). pPDNA/R7L10 complexes were pre-
pared at a 1:5 weight ratio, and pDNA/PEI and pDNA/PLL
complexes were prepared at 1:1 and 1:2 weight ratios, respec-
tively, according to previous research [20, 21]. The results of
the MT'T assays showed that R7L10-treated cells had a higher
viablility than that of PEI and PLL, suggesting that R7LL10 was
less cytotoxic (Fig. 2b and c).
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Table | Particle size and Zeta potential

Group Size (d, nm) Zeta potential (mV)
pDNA/PEI 13921 £17.63 5427+222
pDNA/PLL [17.41+19.98 23.54+721
pDNA/R7LIO 194.03 £20.41 37.89+5.47
pDNA/R7LI0-Cur 211.72+15.28 52.08+4.08

pDNA/carrier complexes were prepared at their optimum ratios for trans-
fection. The size and zeta potentials are presented as the mean =+ standard
deviation

R7L10-Cur may have had a different transfection efficien-
cy compared to R7L10, since loading curcumin into the cores
of the R7L10 micelles may have increased their stability. To
evaluate the transfection efficiency of R7L10-Cur, curcumin
was loaded into the R7L10 micelle at weight ratios of 1:0.2,
1:0.4, and 1:0.6 (R7L10:curcumin). The transfection efficien-
cies of different R7L10-Cur were optimized in terms of the
weight ratio between pDNA and R7L10-Cur. The transfec-
tion assays showed that R7L10-Cur (R7L10:curcumin =
1:0.2) and R7L10-Cur (R7L10:curcumin = 1:0.6) exhibited
the highest transfection efficiency at a weight ratio of 1:5
(pDNA:R7L10-Cur) (Fig. 3a). Likewise, R7L10-Cur
(R7L10:curcumin = 1:0.4) showed the highest transfection
efficiency at a weight ratio of 1:7 (Fig. 3a). Considering that
higher doses of curcumin may be associated with a better
therapeutic effect, R7L10-Cur at a 1:0.6 R7L10:curcumin
weight ratio was used for subsequent experiments. In addition,
the transfection efficiency of R7L10-Cur was compared with
that of R7L10, PEI, and PLL. These results showed that
R7L10-Cur exhibited increased transfection efficiency com-
pared with R7L10 (Fig. 3b). Specifically, the transfection
efficiency of R7L10-Cur was higher than PLL but lower than
PEI (Fig. 3b). The lower transfection efficiency of R7L10-Cur
compared to PEI may represent a disadvantage for its capac-
ity as a gene carrier; however, this is mitigated by the fact that
R7L10-Cur delivers both curcumin as well as a therapeutic
gene, whereas PEI delivers only a therapeutic gene.

Fig. 2 Transfection efficiency and cytotoxicity of R7L10. (a) Transfection P>

efficiency pR-Luc/R7L10 complexes were prepared at various weight ratios
and transfected into C6 cells. After 24 h, gene expression was measured by
luciferase assay. Luciferase activities are presented as the mean =+ standard
error of quadruplicate experiments. (b) Cytotoxicity in C6é glioblastoma cells
pDNA/R7LIO, pDNA/PLL, and pDNA/PEI complexes were prepared at
their optimum ratios for transfection. The complexes were then transfected
into Cé cells, and after 24 h their cytotoxicities were measured by MTT assay.
Cell viability data is presented as the mean = standard error of quadruplicate
experiments. *P<0.05 as compared with control and other carriers. (c)
Cytotoxicity in HEK293 cells. The complexes were then transfected into
the HEK293 cells, and after 24 h their cytotoxicities were measured by
MTT assay. Cell viability data is presented as the mean = standard error of
quadruplicate experiments. *P <0.05 as compared with control and other
carriers.
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Therefore, R7L10-Cur may be more suitable as a combina-
tion therapy consisting of curcumin and the HSVtk gene
compared with PEL
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Fig. 3 Transfection efficiency of R7L10-Cur. (a) Transfection efficiency of
R7L10-Cur at various weight ratios. R7L10-Cur was prepared at weight
R7L10:curcumin ratios of 1:0.2, 1:0.4 and 1:0.6. The p-Luc/R7L10-Cur
complexes were prepared at various weight pDNA:R7LI0-Cur ratios and
transfected into Cé cells. (b) Comparison of R7L10-Cur with other carriers.
pDNA/RT7LIO, pDNAR7LI0-Cur, pDNAPLL, and pDNA/PEI complexes
were prepared at their optimum ratios and transfected into Cé cells. After
24 h, transfection efficiencies were measured by Iuciferase assay. Luciferase
activities are presented as the mean = standard error of quadruplicate
experiments. *P < 0.0 as compared with control and other carriers

Curcumin Delivery Efficiency of R7L10-Cur

C6 cells were incubated with R7L10-Cur, curcumin
only, or a simple mixture of curcumin and R7L10,
and the efficiency of curcumin delivery into cells was
measured by absorbance and fluorescence. The absor-
bance results showed that R7L10-Cur had higher

curcumin delivery efficiency of curcumin compared with
curcumin alone or a simple mixture of curcumin and
R7L10 (Fig. 4a). These results were confirmed by fluo-
Therefore,
curcumin into micelles increased the efficiency of

rescence measurements (Fig. 4b). loading

curcumin delivery.
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Fig. 4 Curcumin delivery efficiency of R7L10-Cur. R7LI0-Cur, curcumin
only, and a simple mixture of curcumin and R7L10 were added to C6 cells.
After 24 h, the intracellular concentration of curcumin was measured by ()
absorbance and (b) fluorescence. Data are presented as the mean =+ standard
error of quadruplicate experiments. *, **P <0.01 as compared with all other
groups
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In vitro Anti-Tumor Effect of the Combination
of Curcumin and the HSVtk Gene

The pHSVtk/PEI, pHSVtk/R7L10, and pHSVtk-R7L10-
Cur complexes were prepared and transfected into C6 cells.
Next, cells were incubated with media containing GCV, and
MTT assays were performed to measure the anti-cancer effects
of the complexes. The pHSVtk/R7L10 complex exhibited a
weaker anti-cancer effect than that of the pHSVtk/PEI com-
plex, suggesting that the pHSVtk/PEI complex had a higher
gene delivery efficiency than the pHSVtk/R7L10 complex
(Fig. 5a). This result was consistent with the transfection assay
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Fig. 5 Cytotoxicity of the TK/R7LI0-Cur complex. (a) MTT assay. The
pHSVtk/R7L10-Cur, pHSVEk/R7LIO, pHSVik/PEI, and pEmpty/R7L10-Cur
complexes were prepared at their optimum ratios and transfected into Cé
cells incubated with GCV (10 ug/ml). After 24 h, the cytotoxicities of the
complexes were measured by MTTassay. Cell viability data is presented as the
mean = standard error of quadruplicate experiments. *P < 0.0 | as compared
with control and all other complexes. (b) Apoptosis induced by the pHSVtk/
R7L10-Cur complex. pHSVik/carrier complexes were prepared at their
optimum ratios and transfected into Cé cells incubated with GCV (10 ig/ml).
After 24 h, the extent of apoptosis was measured by TUNEL assay. Apoptotic
cells are stained in brown, 100X magnification
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findings with the luciferase gene. However, the pHSVtk/
R7L10-Cur complex had a higher anti-cancer effect than the
pHSVtk/PEI and pEmpty/R7L10-Cur complex, suggesting a
combination effect of curcumin and the HSVtk gene (Fig. 5a).

The anti-cancer effects of the pHSVtk/R7L10-Cur com-
plexes were due in part to apoptosis based on the TUNEL
assay. Specifically, the pHSVtk/R7L10-Cur complex induced
apoptosis in cells more efficiently than any of the other com-
plexes evaluated (Fig. 5b).

In vivo Anti-Tumor Effect of Combined Curcumin
and HSVtk Gene Delivery

First, the anti-tumor effect of pHSVtk was evaluated in the
glioblastoma animal models. For the i viwo study, the
pEmpty/R7L10-Cur and pHSVtk/R7L10-Cur complexes
were prepared and injected intratumorally into glioblastoma
xenograft animal models, and tumor volumes were measured
every 3 days. The results confirmed that the pHSVtk/R7L10-
Cur complex inhibited the tumor growth more effectively
than pEmpty/R7L10-Cur complex, suggesting the anti-
tumor effect of pHSVtk (Fig. 6).

To evaluate the anti-tumor effect of the combined delivery
of curcumin and the HSVtk gene, pHSVtk was delivered using
R7L10-Cur, R7L10, and PEI as carriers. The pHSVtk/PEI,
pHSVtk/R7L10 and pHSVtk/R7L10-Cur complexes were
prepared at their optimized ratios and injected intratumorally
into glioblastoma xenograft animal models. The results showed
that the pHSVtk/R7L10-Cur complexes suppressed tumor
growth more effectively than the pHSVtk/R7L10 and
pHSVtk/PEI complexes (Fig. 7a). Similar to the @ vitro study,
the HSVtk/PEI complex had higher anti-tumor effect than the
HSVtk/R7L10 complex (Fig. 7a). However, the combination
of curcumin and HSVtk using the pHSVtk/R7L10-Cur
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Fig. 6 Anti-cancer effect of pHSVik in a subcutaneous glioblastoma model.
pDNA/carrier complexes were prepared at their optimum ratios and injected
intratumorally three times at an interval of 3 days. Tumor volume was
calculated using the formula length (mm) X width (mm)?*x 0.5. Data are
presented as the mean = standard error. *P < 0.05 compared with all other
groups
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Fig. 7 Anti-cancer effect of pHSVtk/R7L10-Cur complex in a subcutaneous glioblastoma model. (@) Tumor volume. pDNA/carrier complexes were prepared at
their optimum ratios and injected intratumorally three times at an interval of 3 days. Tumor volume was calculated using the formula length (mm) X width
(mm)? X 0.5. Data are presented as the mean = standard error. *P < 0.05 compared with all other groups. (b) Body weights. (€) HSVik immunohistochemistry
and (D) TUNEL assay. Tumors were harvested 3 days after the last injection, processed, sectioned, and subjected to immunohistochemical and TUNEL assays.
HSVtk positive cells and apoptotic cells are stained in brown. Immunohistochemistry, X400 magnification; TUNEL assay, X 100 and X 400 magnification

complex resulted in an increased anti-tumor effect, with the
pHSVtk/R7L10-Cur complex showing a higher anti-cancer
effect than the pHSVtk/PEI complex. The body weights of the
groups were not significantly different from one another. This
suggests that the complexes did not induce significant systemic
toxicity (Fig. 7b).

Immunohistochemistry results showed that the HSVtk
gene was expressed in the pHSVtk/PEIL, pHSVtk/R7L10,
and pHSVtk/R7L10-Cur groups, but not in the control
group (Fig. 7¢). The HSVtk/R7L10-Cur group had similar
HSVtk expression as the HSVtk/PEI group. In addition, the

results of the i vivo TUNEL assay were similar to the i vitro
TUNEL assay. Lastly, the HSVtk/R7L10-Cur group induced
the highest number of apoptotic cells among the different
treatments that were evaluated (Fig. 7d).

DISCUSSION

Gene delivery of HSVtk with GCV has been investigated as a
novel treatment strategy for glioblastoma [5, 6]. Likewise,
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curcumin has been investigated as an anti-tumor agent for
various tumors including glioblastoma [22, 23]. Therefore, we
hypothesized that a combination therapy of curcumin and
HSVtk gene delivery may increase the therapeutic effect on
the treatment of glioblastoma, and evaluated the possibility of
using this combination therapy both @ wvitro and i vwo. In
support of our hypothesis, we found that the R7L10 peptide
micelles were an efficient carrier of curcumin and the HSVtk
gene and that the combination of curcumin and the HSVtk
gene increased the therapeutic effect.

R7L10 1s an efficient carrier for combined delivery of
curcumin and the HSVtk gene. In aqueous solution, R71.10
forms a micelle structure that has a cationic surface and a
hydrophobic core. The cationic surface of R7L10 micelles
contributes to complex formation via electrostatic attraction.
Physical characterization showed that R7L10 and R7L10-
Cur formed stable complexes with pDNAs (Fig. 1). In vitro
transfection assays showed that R7L10-Cur had a higher
transfection efficiency than R7L10, which may have been
due to stabilization of the micelle structure by curcumin. In
addition, curcumin may serve as a hydrophobic core for the
formation of the R7L10 micelles and thus facilitate R7L.10
micelle formation. In this way, R7L10 micelles are likely
stabilized by the presence of curcumin to allow for increased
formation of stable complexes with pDNA. These results were
similar to those described in previous studies [18, 24], which
showed that pDNA/R7L10-Cur complexes have increased
stability and transfection efficiency compared with pPDNA/
R7L10 complexes in lung epithelial cells [18].

The transfection efficiency of R7L10-Cur was lower than
PEI (Fig. 3b). The lower luciferase expression of the pDNA/
R7L10-Cur complexes may be partly due to anti-tumor effect
of curcumin, since curcumin induced cell death of the
transfected tumor cells (Fig. 5). In the previous study,
R7L10-curcumin was evaluated as a gene carrier into the
L2 lung epithelial cells, which are not tumor cells [18]. The
results showed that R7L10-Cur had lower transfection effi-
ciency than PEI in the L2 cells. This suggests that lower
luciferase expression in the pDNA/R7L10-Cur transfected
cells 1s also due to lower transfection efficiency of R7L10.

R7L10 was hypothesized to be an efficient carrier of not
only pDNAs, but also curcumin. To confirm this possibility,
we compared R7L10-curcumin and a simple mixture of
R7L10 and curcumin in terms of their relative efficiencies
for intracellular delivery of curcumin. The results of this
analysis confirmed that curcumin could be loaded into the
cores of the R7L10 micelles for higher delivery efficiency
(Fig. 4). Indeed, the positive charge of R7L10-Cur may in-
crease the interaction between cells and R71.10-curcumin,
since the cellular membrane has a negative charge and attracts
positively charged R7L10-Cur. Another advantage of R7LL10
is that R7L10 is a good solubilizer of curcumin, which itself is
hydrophobic and water insoluble. As shown in Fig. 4,
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curcumin had to be solubilized in ethanol. In contrast,
R7L10-Cur was readily soluble in water. Taken together,
these results indicated that R7L10 is an excellent carrier of
curcumin and the HSVtk gene.

In this study, pDNA/R7L10-Cur complex was injected
intratumorally in the animal model. Intravenous injection of
the pDNA/R7L10-Cur complex may be a useful application
for the treatment of glioblastoma. However, there are some
issues that should be addressed. First, R7L.10-Cur has lower
charge density than cationic polymer such as PEIL. Therefore,
after intravenous injection, pPDNA/R7L10-Cur may be easily
dissociated by the interaction with charged molecules in the
blood. Second, blood-brain-barrier (BBB) may reduce the
pDNA delivery efficiency greatly. Therefore, targeting ligands
for brain delivery should be introduced to the peptide
micelles.

The results of our study showed that the pHSVtk/R7L10
complex had a lower therapeutic effect than the pHSVtk/PEI
complex (Figs. 5 and 7), whereas loading curcumin into the
R7L10 micelles increased the anti-tumor effect significantly.
Spectfically, the pHSVtk/R7L10-Cur complex had a higher
anti-cancer effect than the pHSVtk/PEI and pHSVtk/R7L10
complexes i vitro and i viwo (Figs. 5 and 7). This higher anti-
cancer effect may have been due to two different properties of
the pHSVtk/R7L10-Cur complex. First, the gene delivery
efficiency of R7L10-Cur was approximately seven times great-
er than that of R7L10 (Fig. 3a). Considering that the trans-
fection efficiency of R7L10-Cur was less than that of PEI
(Fig. 3b), the higher delivery efficiency of R7L10-Cur sug-
gested that the enhanced HSVtk gene delivery efficiency was
at least partially responsible for the increased anti-cancer
effects of pHSVtk/R7L10-Cur compared with pHSVtk/
PEL Secondly, the anti-cancer effects of curcumin were con-
sidered to play a role in the anti-cancer effects of pHSVtk/
R7L10-Cur. Importantly, curcumin exhibited an additive
effect with the HSVtk gene in the HSVtk/R7L10-Cur com-
plex, suppressing tumor growth more effectively than the
pHSVtk/PEI complex (Iig. 7).

Anti-tumor effect of curcumin may be due to down-
regulation of cytokines. It was previously reported that
curcumin down-regulated proinflammatory cytokines such
as interleukin-lo (IL-1ax), IL-1ot, tumor necrosis factor-a
(TNF-ar), and IL-6 [18, 25-27]. Proinflammatory cytokines
are involved in cancer development, since they can activate
oncogenic transcription factors such as nuclear factor-xB
(NF-xB) and activating protein-1 (AP-1). Therefore, curcumin
inhibits inflammation and cancer progression by down-
regulation of proinflammatory cytokines [25—27].

In summary, R7L10-Cur exhibited a higher transfection
efficiency compared with R7L10 and PLL into the C6 glio-
blastoma cells. In addition, R71L10 enhanced the intracellular
delivery efficiency of curcumin. Together, these results sug-
gested that R7L10 is a good carrier for combined delivery of
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curcumin and the HSVtk gene. The combination therapy of
curcumin and the HSVtk gene increased the therapeutic effect

on the suppression of tumor growth in the xenograft glioblas-

toma model. Therefore, combination therapies utilizing
curcumin and the HSVtk gene delivered using R7L10-Cur
may be useful for the treatment of glioblastoma.
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