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Since nanocarriers such as liposomes are known to accumulate in tumors of tumor-bearing animals, and
those that have entrapped a positron emitter can be used to image a tumor by PET, we applied '8F-
labeled 100-nm-sized liposomes for the imaging of brain tumors. Poly glycol (PEG)
liposomes, which are known to accumulate in tumors by passive targeting and those modified with Ala-
Pro-Arg-Pro-Gly, which are known to home into angiogenic sites were used. Those liposomes labeled
with Dil fluorescence acc inaglioma i in a rat brain 1 h after the injection, although
they did not accumulate in the normal brain tissues due to the protection afforded by the blood-brain
barrier. Preformed liposomes were easily labeled with 1-['8F]fluoro-3,6-dioxatetracosane, and enabled
the imaging of gliomas by PET with higher contrast than that obtained with ['®F|deoxyfluoroglucose. In
addition, the smallest tumor among those tested, having a diameter of 1 mm was successfully imaged by
the liposomal '®F. Therefore, nanocarrier-based imaging of brain tumors is promising for the diagnosis
of brain cancer and possible drug delivery-based therapy.

Angiogenesis

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Brain cancers such as glioblastomas are known to be aggres-
sive and invasive (Wen and Kesari, 2008). Therefore, diagnosis
of brain cancer at the early stages is quite important. Positron
emission tomography (PET) is one of the strong tools for diagno-
sis, therapeutic evaluation, and prognostic evaluation of cancer.
[2-18F]-2-deoxyfluoro-p-glucose (FDG) is the most widely used
positron emitter for cancer diagnosis (Scott et al., 2008; Nakamoto
et al.,, 2009). However, the utility of FDG-PET imaging for detection
of brain cancer is controversial due to the high demand for glucose
in the brain (Takeda et al., 2003; Chen, 2007). To reduce this both-
ersome background various compounds such as ['!Ccholine (Tian
etal., 2004; Kato et al., 2008), [''C]acetate (Yamamoto et al., 2008),
and amino acid analogues such as [!''Clmethionine (Hatakeyama
et al., 2008; Jager et al., 2001), L-[methyl-'1C]methionine (Nojiri
etal,, 2009; Ullrich et al., 2009), O-[ ' C]methyl-L-tyrosine (Ishiwata
et al,, 2004), O-['8F]fluoromethyl-L-tyrosine (Ishiwata et al., 2004),

* Corresponding author. Tel.: +81 54 264 5701; fax: +81 54 264 5705.
E-mail address: oku@u-shizuoka-ken.ac.jp (N. Oku).
! Present address: The Burnham Institute for Medical Research at Lake Nona, 6400
Sanger Rd., Orlando, FL 32827, United States.

0378-5173/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2010.10.001

O-['8F]fluoroethyl-L-tyrosine (Heiss et al., 1999; Langen et al.,
2006; Floeth et al., 2007; Mehrkens et al., 2008; Pauleit et al., 2009),
and O-['8F]fluoropropyl-L-tyrosine (Tang et al., 2003) have been
synthesized and evaluated as PET imaging agents for the diagno-
sis and detection of recurrence of brain tumors. Among them, the
amino acid analogues show relatively low accumulation in nor-
mal peripheral tissue (low tissue-to-blood ratio) and rapid blood
clearance and have been used for detecting brain tumors and other
tumors as well. We also demonstrated that the p-amino acid ana-
logue O-['8F]fluoromethyl-p-tyrosine is useful for tumor imaging
by PET (Urakami et al., 2009).

Nanomedicines such as liposomal drugs are known to accumu-
late in tumors due to the enhanced permeability of tumor blood
vessels and the retention effect (Maeda et al., 2000, 2009). This drug
delivery system (DDS) strategy is based on the nature of tumors:
tumor cells demand oxygen and nutrition and cause angiogene-
sis for obtaining them, and angiogenic vessels are leaky enough
to be permeated by nano-sized materials. Liposomes are known
as one of the most effective drug carriers for cancer therapy. In
liposomal DDS technologies, polyethylene glycol (PEG)-modified
liposomes are useful drug carriers for cancer therapy; for they
have a characteristically long circulation time in the bloodstream
due to avoidance of being trapped by the reticuloendothelial sys-
tem (RES) such as in the liver and spleen (Sakakibara et al., 1996;
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Gabizon, 2001). PEG-modified liposomes tend to accumulate in
tumor tissues through passive targeting, and PEG-modified lipo-
somes containing doxorubicin have been used in clinical cancer
therapy.

We previously demonstrated that PEG-liposomes encapsulat-
ing ['8F]FDG accumulate in solid tumors and can be effectively
imaged by PET (Oku et al., 1996). Although the encapsulation
efficiency of ['8F]FDG is not so high, the result indicated the use-
fulness of liposomes or nanocarriers for cancer imaging. Moreover,
actively targeting nanocarriers specifically associating with tumor
cells or angiogenic vessels are an attractive approach. For exam-
ple, we previously demonstrated that liposomes modified with a
peptide specifically recognized by membrane type-1 matrix met-
alloproteinase (MT1-MMP), which is expressed on the surface of
angiogenic endothelial cells, accumulate in tumors (Kondo et al.,
2004). In that study, we encapsulated ['8F]FDG in the liposomes
and determined the distribution of the liposomes by PET. We also
performed in vivo biopanning of a phage-displayed peptide library
using an angiogenesis mouse model to obtain specific probes for
angiogenic endothelial cells, and identified the Ala-Pro-Arg-Pro-
Gly (APRPG) motif as a novel peptide homing to angiogenic vessels
(Okuetal,, 2002; Asai et al., 2002). Liposomes modified with APRPG
and labeled with [*H]cholesterol hexadecylether actually accumu-
late in tumors of colon 26 NL-17 carcinoma-implanted mice (Maeda
et al., 2004). Moreover, the accumulation of APRPG-modified lipo-
somes in such tumors was also confirmed by PET analysis using
['8F]FDG-encapsulated liposomes (Maeda et al., 2006).

In the present study, we applied PEG-modified and APRPG-PEG-
modified liposomes entrapping a positron-emitter to brain tumor
imaging by PET. At first, we analyzed distribution of fluorescence-
labeled liposomes in glioma-bearing brain of rats by use of
fluorescence microscopy and an in vivo fluorescence-based imag-
ing system. Then PET imaging of brain cancers was achieved
by use of 1-['8F]fluoro-3,6-dioxatetracosane (['8F]SteP2)-labeled
liposomes. Our results indicate that even a 1-mm diame-
ter brain tumor could be imaged by PET, thus demonstrating
the usefulness of these liposomes for PET imaging of brain
cancer.

2. Materials and methods
2.1. Preparation of liposomes

All lipids were the products of Nippon Fine Chemical, Co. Ltd.
(Takasago, Hyogo, Japan). Distearoylphosphatidylcholine (DSPC)
and cholesterol along with DSPE-PEG or DSPE-PEG-APRPG
(10:5:1 as a molar ratio) were dissolved in chloroform/t-
butanol to formulate PEG-modified liposomes (PEG-liposomes) or
APRPG-PEG-modified liposomes (APRPG-liposomes), respectively.
For fluorescence labeling of liposomes, 1,1’-dioctadecyl-3,3,3',3'-
tetramethyl-indocarbocyanine perchlorate (Dil, Molecular Probes
Inc., Eugene, OR, USA) was added to the initial chloroform/t-butanol
solution at a concentration of 1 mol% of DSPC. After the lipids had
been dried under reduced pressure and stored in vacuo for at least
1h, liposomes were prepared by hydration of the thin lipid film
with 0.3 M glucose solution and frozen and thawed for 3 cycles by
using liquid nitrogen. Then, the liposomes were sized by extrud-
ing them thrice through a polycarbonate membrane filter with
100-nm pores (Nuclepore track-Etch Membrane, Lipex). Particle
size and ¢{-potential of PEG-liposomes and APRPG-liposomes were
measured by use of a Zetasizer Nano ZS (MALVERN, Worcester-
shire UK, USA) and found to be 113 nm and —2.0 mV, respectively,
for PEG-liposomes and 107 nm and —-3.3 mV, respectively, for the
APRPG-liposomes.
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2.2. Preparation of brain cancer-bearing model rats

The glioma-bearing rat model was prepared by a modification
of the procedure described previously (Takeda et al., 2003). Nine-
week-old Fischer 344 male rats (Japan SLC, Hamamatsu, Japan)
were cared for according to the Animal Facility Guidelines of the
University of Shizuoka. For the implantation of tumor cells, the rats
were anesthetized with chloral hydrate (40 mg/kg) in saline and
individually placed in a stereotaxic apparatus. C6 glioma cells were
maintained in Dulbecco’s modified Eagle medium (DMEM, Wako
Fine Chemical Co. Ltd., Osaka, Japan) supplemented with 10% heat-
inactivated fetal bovine serum (Japan Bioserum Co. Ltd., Japan),
penicillin G (100 U/mL) and streptomycin (100 pg/mL) at 37 °C in
5% CO, atmosphere. After harvesting of these cells, the cells were
suspended in DMEM containing 1% gelatin (2 x 107 cells/mL). Ten
microliters of the cell suspension or vehicle (DMEM containing 1%
gelatin) was injected at a rate of 0.7 wL/min into the left midbrain
of each rat (4.3 mm posterior to bregma, 3.9 mm lateral to the mid-
line suture, and 7.0 mm in depth) with an infusion pump (11 Plus,
Harvard Apparatus, USA).

2.3. Intratumoral localization of Dil-labeled liposomes

C6 glioma cells (2.0 x 105 cells/rat) were inoculated as described
above. Dil-labeled liposomes were administered via a tail vein of
the rat at 11 days after tumor implantation. One hour or 24 h after
the injection of liposomes (0.5 mL/rat, 5 mol as DSPC), the rats
were anesthetized with chloral hydrate, perfused with ca. 200 mL
saline and with ca. 100 mL 20% formaldehyde for the fixation. The
brain was removed and sliced at a 2-mm thickness with a cryo-
stat microtome (HM 505E, Microm, Walldorf, Germany). The slices
were then incubated twice in PBS for 4 h each time at 4 °C, and then
overnightin 30% sucrose solution at4 "C. After removal of water, the
slices were embedded in optimal cutting temperature compound
(Sakura Finetech, Co. Ltd., Tokyo, Japan) and frozen at —80 "C. Brain
sections (10 wm) were prepared with a cryostat microtome, and
mounted on MAS-coated slides (Matsunami Glass Ind., Ltd., Japan)
for observation with a fluorescence microscope (IMT-2, Olympus,
Japan). Then, the slices were stained with hematoxylin and eosin
(HE) and observed under the microscope.

2.4. Exvivo imaging of the distribution of Dil-labeled liposomes

Dil-labeled liposomes (0.5 mL/rat, 5 umol as DSPC) were admin-
istered via a tail vein of a rat at 9 days after the implantation of C6
glioma cells. One hour after the injection, the rats were sacrificed;
and brain slices (2-mm thickness) were then prepared with a cryo-
stat microtome without perfusion and fixation. Fluorescent images
of those slices were obtained with a fluorescence imaging system
(IVIS Lumina, Xenogen).

2.5. Preparation of positron emitter-labeled liposomes

Preparation of 1-['8F|fluoro-3,6-dioxatetracosane (SteP2) and
liposome labeling by the SophT method were performed as
described previously (Urakami et al., 2007). About 100 MBq of
['8F]SteP2 in ethanol solution was transferred to a glass test tube,
and the solvent was removed completely at 90 °C with a helium gas
flow. Liposomal solution (1 mL, 10 wmol as DSPC) was added to the
vial having a thin film of '8F-radiolabeled compound and incubated
at 65 °C for 15 min with 5-s mixing by a vortex stirrer every 3 min.
After the incubation, the liposomal solution was washed with PBS
by centrifugation at 100,000 x g for 15min (Beckman, Fullerton,
CA, USA), and the pellet was resuspended and diluted in PBS to
make a 22 MBq/mL solution. Radioactivity was measured with a
curie meter (IGC-3, Aloka, Japan).
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Rats anesthetized with chloral hydrate at 11 days after the
implantation of C6 glioma cells were placed on an animal
CT (Clairvivo CT, Shimadzu, Japan) to obtain CT images. Then,
['8F]SteP2-labeled liposomes (10 MBq/rat) were administered via a
tail vein. PET scans were started immediately after the injection and
continued for 60 min by use of an animal PET apparatus (Clairvivo
PET, Shimadzu, Japan).

FDG-PET was similarly performed. ['®F]FDG (10 MBq/rat)
was injected into the rats after having obtained the CT
images.

2.6. PET analysis and autoradiography

Before PET analysis, rats anesthetized with chloral hydrate at
11 days after the implantation of C6 glioma cells were placed on
the animal CT to obtain CT images. Then, ['®F]SteP2-labeled lipo-
somes (10 MBg/rat) were administered via a tail vein. Then the
PET scan was started immediately after the injection and con-
tinued for 60 min. FDG-PET was similarly performed. ['8F]FDG
(10 MBq/rat) was injected into the rats after having obtained the CT
images.

After the PET scan, the rats were sacrificed; and the brain
was then excised. Thereafter, 2-mm slices were prepared
and set on an imaging plate. Autoradiograms were obtained
by using a bioimaging analyzer system (BAS2000, Fuji Film,
Japan).

2.7. Biodistribution of liposomes

Glioma-bearing rats were injected with [ '8F]SteP2-labeled PEG-
liposomes (10 MBg/rat) via a tail vein as described above. At 1h
after the injection, the rats were sacrificed, and blood and organs
(heart, lung, liver, spleen kidney normal part of brain, brain tumor)
were removed. The radioactivity of blood and each organ was mea-
sured by using an auto gamma counter (1480 Wizard 3, Perkin
Elmer, USA).

2.8. Statistical analysis

Differences between groups were evaluated by analysis of vari-
ance (ANOVA) with the Tukey post hoc test.

3. Results

1. Intratumoral distribution of fluorescence-labeled PEG- and
APRPG-liposomes

At first, we confirmed that the angiogenic vessels formed by
experimental glioma in the rat brain were leaky enough to allow
permeation by nanomedicines such as liposomes. As shown in
Fig. 1B and E, the Dil fluorescence of Dil-labeled PEG-liposomes
and APRPG-liposomes, respectively, was observed in the glioma
at 1h after intravenous injection of the liposomes. Since Dil flu-
orescence was not observed in the normal brain tissues near the
tumor, we concluded that the liposomes had accumulated in the
tumor through angiogenic vessels. The fluorescence intensity was
increased at 24 h after the injection (Fig. 1C and F). Interestingly, the
Dil fluorescence of the PEG-liposomes accumulated widely in the
tumor, although that of APRPG-liposomes accumulated intensely
in rather specific areas, suggesting that these liposomes had accu-
mulated in the angiogenic vessels. These patterns of liposomal
fluorescence are consistent with our previous data obtained by use
of tumor-bearing mice that had been implanted subcutaneously
with C26 NL-17 colon carcinoma (Maeda et al., 2006).

To understand the structure of the brain vasculature, we
examined normal and glioma-implanted brain specimens after
HE-staining. As shown in Fig. 2, capillaries in the normal brain tis-
sue were covered with astrocytes (Fig. 2A); whereas capillaries in
the brain tumor tissues were surrounded directly by glioma cells
(Fig. 2B). These results support the idea that the blood-brain bar-
rier (BBB) is immature in angiogenic vessels of brain tumors. The
possible architecture based on our observation and the literature
(Standring, 2005) is shown in Fig. 2C and D.

Fig. 1. Intratumoral distribution of fluorescence-labeled liposomes in brain tumor after intravenous injection. Rats were intravenously injected with Dil-labeled PEG-
liposomes (A-C) or APRPG-liposomes (D-F) at day 11 after implantation of C6 glioma cells into the left midbrain. At 1 h (A, B, D, and E) or 24 h (C and F) after the injection, the
brain tumors were dissected; and 10-wm frozen sections were prepared as described in Section 2. Then, liposomal distribution in the brain was observed under a fluorescence

microscope (B, C, E,

nd F). Red fluorescence shows the liposomal localization. A and D show the images stained with

inand eosi tothe

images of “B” and “E", respectively. The dotted lines show the borders between normal and tumor tissue. Deep purple regions in “A” and “D" indicate the tumor tissues. The

scale bar represents 100 m.
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a: astrocyte
c: capillary
m: microglia
n: nerve cell

o: oligodendroglia
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g: glioma cell
f: fibroblast

Fig. 2. Structure around blood capillaries in normal brain and brain tumor tissues. A rat brain tumor model was prepared by the implantation of C6 glioma cells into the left
midbrain. The brain was dissected, and 10-pm sections of normal right brain (A) and tumor-implanted left brain (B) were stained with hematoxylin and eosin. Schematic
interpretation of the histology around blood capillaries in normal brain (C) and brain tumor tissues (D) are shown.

3.2. Exvivo study on the accumulation of fluorescence-labeled
liposomes in brain tumor

Although microscopic study provided data on the intratumoral
distribution of the liposomes, the liposomal distribution in the
whole brain could not be understood. Therefore, we next exam-

the smallest tumor was revealed to be only about 1 mmin diameter.
Interestingly, this small tumor was imaged by PET but was hardly
detectable by CT when ['8F]SteP2-labeled APRPG-liposomes had
been injected (Fig. 5).

The biodistribution of '8F at 1 h after the injection of ['8F]SteP2-
labeled PEG-liposomes or ['8F]FDG is shown in Fig. 6. The

ined the distribution of Dil-labeled lip inthe gli bearing
brain by use of whole-brain slices. As a result, both PEG-liposomes
and APRPG-liposomes accumulated in the brain tumor 1 h after the
injection via a tail vein (Fig. 3B and D, respectively). No specific
accumulation could be observed in the sham-operated brain after
the injection of the Dil-labeled PEG-liposomes (Fig. 3E and F). The
fluorescence intensity of the tumor region was 4.0-fold and 3.1-
fold higher than that of the contralateral regions after the injection
of Dil-labeled PEG-liposomes and Dil-labeled APRPG-liposomes,
respectively.

3.3. Brain tumor imaging with positron-emitter-labeled
liposomes by PET

Finally, PEG-liposomes and APRPG-liposomes were labeled with
the positron emitter ['8F]SteP2, by the SophT method, and injected
into the glioma-bearing mice. As shown in Fig. 4, the positron emit-
ter accumulated in the tumor region and imaged the tumor after
injection in PEG-liposomes (Fig. 4, top panel) or APRPG-liposomes
(Fig. 4, middle panel). Interestingly, the other regions of the brain
showed a low background. On the contrary, ['8F]FDG imaged the
whole brain, although the accumulation was higher in the tumor
region (Fig. 4, bottom panel). BAS images (autoradiograms) shown
in right panel confirmed the region of tumor. The tumor sizes of
preparations varied to some extent in the present experiment, and
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lip -bearing label was maintained in the bloodstream and
highly accumulated in the spleen. This result is consistent with our
previous study (Maeda et al., 2004). In the brain, '8F in the lipo-
somes or as FDG significantly accumulated more in the tumor than
in the normal tissues. In contrast to the distribution of '3F after
injection of liposomes bearing it, '8F as FDG was cleared from the
bloodstream quite fast and accumulated in the heart and normal
region of brain.

4. Discussion

Since the usefulness of FDG-PET for the detection of brain
tumors is controversial (Takeda et al., 2003; Chen, 2007), other
PET imaging agents have been developed. In the present study, we
aimed at imaging brain tumors not by the synthesis of molecules
specifically taken up by tumor cells, but by use of DDS technol-
ogy. Nanocarriers such as liposomes are well known to accumulate
in solid tumors, especially in hypervascular tumors, due to the
EPR effect (Maeda et al., 2000, 2009). In fact, liposomal radionu-
clides show effective tumor imaging (Oku et al., 1996; Geng et al.,
2004; Elbayoumi and Torchilin, 2006). Moreover, liposome-based
radionuclide delivery is not only useful for cancer imaging but
also for cancer therapy when the carriers entrapping radiophar-
maceuticals or other anticancer agents are used (Kostarelos and
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Fig. 3. Ex vivo imaging of liposomal distribution in rat brain bearing glioma. Rats were int injected with Dil-labeled PEG-Ii (A, B, E, and F) or APRPG-
liposomes (C and D) at day 9 after implantation of C6 glioma cells (A-D) or medium alone (E and F) into the left midbrain. At 1h after the injection, the brains were sliced
into 2-mm sections, and the distribution of liposomes labeled with Dil was scanned with a fluorescence imaging system, IVIS (B, D, and F). Photos are also shown (A, C, and
E). Two separate experiments gave similar results.

Emfietzoglou, 2000; Syme et al., 2003; Hamoudeh et al., 2008). observed the efficient delivery of targeting liposomes to cancer by
Another advantage of carrier-based imaging is the active targeting PET (Kondo et al.,2004; Maeda et al., 2006 ). Therefore, cancer imag-
by modifying carriers with some specific probes. We previously ing with DDS technology has various advantages including cancer
modified liposomes with angiogenic vessel-specific peptides and treatment.

Horizontal Vertical

APRPG-Lip

FDG

4. PET imaging of brain tumor with ['*F]SteP2-liposomes and [*F]-FDG. Rats were intravenously injected with 10 MBq of [ **F|SteP2-labeled PEG-liposomes (top panel),
['8F]SteP2-labeled APRPG-liposomes (middle panel) or ['®F]FDG (bottom panel) at day 11 after implantation of C6 glioma cells into the left midbrain. The biodistribution
pattern of samples was determined by taking 1 frame/min for 1 h with the Clairvivo PET, and averaged data from 40 to 60 min are shown. Horizontal (left panel) and vertical
(center panel) images are shown. After PET imaging, the brains were sliced into 2-mm sections, and the autoradiograms (right lower panels) were obtained with a bioimaging
analyzer BAS 2000, and the pictures were taken (right upper panels). The ovals formed by the white dotted line show the estimated brain position,
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Fig. 5. PET imaging of small brain tumor with ['®F]SteP2-liposomes. PET imaging was performed as described in the legend of Fig. 4. Even the smallest tumor, 1-mm diameter,
seen among the prepared model rats was imaged by PET. PET images (A and B) and CT images (D and E) of a rat brain are shown. Horizontal (A and D) and vertical (B and E)
images are shown. (C) BAS image of a rat brain slice. (F) Photo of the brain slice. Arrowheads indicate the tumor.

Itis well known that glioblastoma, the most prevalent brain can-
cer, is a hypervascular tumor due to angiogenesis (Verhoeff et al.,
2009; Brastianos and Batchelor, 2009); and thus nanocarriers such
as liposomes would be expected to accumulate in the brain can-
cer, since the permeability of tumor angiogenic vessels was higher
than that of normal blood vessels. Moreover, brain blood vessels
especially protect from the penetration of some molecules due
to the BBB. Therefore, liposomes or other nanocarriers would be
specifically accumulated into brain tumor region after circulating
bloodstream, and be useful for brain cancer imaging. For labeling
nanocarriers quite conveniently with PET probes, we previously
synthesized a novel '8F-labeled amphiphilic compound known as
1-['8F]fluoro-3,6-dioxatetracosane (Urakami et al., 2007). There
are several methods for labeling liposomes, although radionu-
clides need to be incorporated during formulation of the liposomes
in most of those methods. For example, to label liposomes with
['8F]FDG, ['®F]FDG was incorporated into liposomal aqueous phase
during hydration step of liposomal lipids. In addition, the encapsu-
lation efficiency of ['®F]FDG into the liposomes was very low. The
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advantage of the “solid-phase transition” (SophT) method is that it
is applicable to preformed liposomes with quite high labeling effi-
ciency. Moreover, [18F]SteP2 in DSPC-based liposomes is stable in
the presence of serum (Urakami et al., 2007). This universal method
of liposomal modification can be used for various kinds of lipo-
somes and lipidic nanoparticles and bring the enhanced detection
of a target tissue.

Aim of the present study is to demonstrate the application
of positron-labeled liposomes for brain tumor imaging by PET.
We firstly examined the intratumoral distribution of fluorescence-
labeled PEG- and APRPG-liposomes by fluorescence microscopy,
and observed the accumulation of both Dil-labeled PEG-liposomes
and APRPG-liposomes in the brain tumor region at 1h after
intravenous injection of the liposomes, although the intratu-
moral distribution of each liposome was different. We previously
demonstrated that PEG-liposomes were accumulated around
neovessels and fluorescence of Dil-labeled-APRPG-liposomes was
colocalized with CD31 stain in colon 26 NL-17 solid tumor
(Maeda et al., 2006). Therefore, the differential accumulation
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Fig. 6. Biodistribution of 'SF after injection of ['®F]SteP2-labeled PEG-liposomes
or ['8F]-FDG. Injection of ['®F|SteP2-labeled liposomes and ['8F]-FDG was per-
formed as described in the legend of Fig. 4. At 1h after the injection, blood was
collected; and the selected organs were then excised for the determination of the
radioactivity. Data are presented as the mean distribution of '8F after injection of
('8F]SteP2-labeled PEG-liposomes (closed bars, n=3) or ['*FJFDG (open bars, n=4).
Significant differences between normal and tumor tissues are shown: *p<0.05,
***p<0.001.

of PEG-liposomes and APRPG-liposomes observed in the tumor
region, might be caused by the APRPG-modification of the latter
liposomes.

In the present study HE-staining of normal brain tissue indi-
cated that the capillaries were wrapped with astrocytes, whose
arrangement may strengthen the BBB function (Standring, 2005).
In contrast, astrocytes and nerve cells were not observed in
the brain tumor tissues, and the capillaries directly faced the
surrounding glioma cells: This might support the extravasation
of PEG-liposomes into the tumor tissues. On the other hand,
APRPG-liposomes might specifically accumulate in angiogenic
vessels in brain tumor tissue. Ex vivo imaging of Dil with the
in vivo fluorescence imaging system indicated the accumulation
of both PEG-liposomes and APRPG-liposomes in the brain tumor
was 3-4 fold higher than that in the surrounding normal brain
tissue.

Our PET study indicated the accumulation of '8F-labeled lipo-
somes and imaging of glioma in the tumor-bearing rat brain. The
tumor images obtained with liposomes were clearer than those
obtained with FDG-PET. In the case of ['8F]FDG imaging, the back-
ground level represented by imaging of normal brain region was
high, since persistent demand for glucose to normal brain cells
(Fig. 5). In contrast, brain tumor was specifically imaged by using
[18F]-labeled PEG- or APRPG-liposomes with quite low background.
Additionally, those liposomes also can be used for the brain cancer
therapy.

The efficiency for tumor imaging by both ['8F|SteP2-labeled
PEG-liposomes and APRPG-liposomes was similar, although the
intratumoral distribution was different between PEG-liposomes
and APRPG-liposomes. These data are consistent with our previ-
ous results showing that the accumulation of PEG-liposomes and
APRPG-liposomes in solid tumors was not much different (Maeda
et al., 2004). Therefore, we conclude that ['8F]-labeled liposomes
having either passive or active targeting characteristics are useful
for brain tumor imaging: However, active targeting liposomes to
tumor angiogenic endothelium would be more potent when these
are used for both imaging and therapy. In the present study, it
should be also noted that a tumor with a diameter of only 1 mm
could be successfully imaged by using ['8F]SteP2-labeled lipo-
somes.

N. Oku et al. / International Journal of Pharmaceutics 403 (2011) 170-177

5. Conclusions

In the present study, brain tumor imaging by a DDS nanocar-
rier, i.e., liposomes, was explored. Liposomes were '8F-labeled by
the SophT method and injected intravenously into rats bearing a
glioma-type brain tumor. Lip failed to acc in the
normal surrounding brain tissue due to BBB protection and a brain
tumor was specifically imaged with the liposomes via the differ-
ent structure of brain tumor vessels. Since radiopharmaceutics or
anticancer agents can be incorporated into DDS nanocarriers, these
nanocarriers including liposomes should be useful for diagnosis and
therapy of brain cancer.
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Angiogenesis is crucial for tumor growth and hematogenous metastasis. Specifically expressed and functional protein
molecules in angiogenic endothelial cells, especially on the plasma membrane, may be molecular targets for antiangiogenic
drugs and drug delivery systems (DDS) in cancer therapy. To discover such target molecules, we performed subcellular
proteome analysis of human umbilical vein endothelial cells (HUVECs) treated with or without vascular endothelial growth
factor (VEGF) using 2-dimensional difference in-gel electrophoresis (2D-DIGE) and matri isted laser d i

tandem time-of-flight mass spectrometry (MALDI-TOF/TOF-MS). Among the identified proteins, BiP/GRP78, a molecular

chaperone, was highly exp! d in the b / lle fraction of HUVECs after VEGF treatment. The involvement of BiP
in VEGF-induced angi is was ined by RNA interfs e. BiP knockdown significantly suppressed VEGF-induced
endothelial cell proliferation and VEGF-induced phosphory of extracellul kinase 1/2, phospholi C-y, and
VEGF receptor-2 in HUVECs. Cell surface hlotmylatlun analysis revealed that the cell surface expresswn of BiP was elevated in
VEGF-activated HUVECs. Aiming to apply BiP to a target in i | DDS, we developed modified with

the WIFPWIQL peptide, which has been shown to bind to BiP, and mvestigated its potential for cancer therapy. The WIFPWIQL-
modified liposomes (WIFPWIQL liposomes) were significantly taken up by VEGF-activated HUVECs as compared to peptide-
unmodified lip WIFPWIQL lip ppeared to accumulate in tumor endothelial cells in vivo. WIFPWIQL liposomes

C ining d bicin significantly supp d tumor growth and prolonged the survival of colon26 NL-17 carcinoma cell-
bearing mice. In summary, BiP may regulate VEGF-induced endothelial cell proliferation through VEGFR-2-mediated signaling
and be an effective target molecule for cancer antineovascular therapy.

Angiogenesis, the process of sprouting new blood vessels microenvironment, such as tumor cells, fibroblasts and
from preexisting vessels, is critical for tumor growth and macrophages.™ Endothelial cells in tumors differentially
blood-borne metastasis.' The overall process of angiogenesis ~express various protein molecules compared to those in nor-
is regulated by the balance between proangiogenic and anti- mal tissues.* In intratumoral regions, under hypoxic condi-
angiogenic factors secreted from several cell types in a tumor  tions, tumor cells produce vascular endothelial growth factor
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(VEGF), a principal proangiogenic factor, through hypoxia-
inducible factor 1-dependent transcription.” VEGF and its re-
ceptor (VEGFR) have been well studied in basic and clinical
cancer research, and inhibitors of VEGF signal transduction
have been developed as anticancer drugs.® The activation of
VEGFRSs initiates the proliferation, migration and invasion of
endothelial cells. VEGF induces the phosphorylation of
VEGER tyrosine kinases, and thereby activates mitogen-acti-
vated protein kinase (MAPK) mediated by phospholipase C-y
(PLCy) or the AKT/PKB signal cascade mediated by phos-
phatidylinositol-3 kinase (PI3K).”

Comparative proteome analysis is a powerful tool to find
differentially expressed proteins®’; and it is rendered more
powerful by combining it with subcellular fractionation,
whereby it can identify low-abundance proteins in cellular
organelles by subtracting out common protein contami-
nants.'®"" The proteins on the plasma membrane play a role
in fundamental cellular processes, including ion and solute
transports, signal transduction or cell adhesion. Since altera-
tions in the expression of membrane proteins are often
related to diseases, such proteins may become molecular tar-
gets for diagnostic and therapeutic approaches.'>™* Compre-
hensive profiling of these proteins may also provide a better
understanding of how a cell responds to a variety of intracel-
lular and extracellular signals. Therefore, expression profiling
of membrane proteins in specific cell types under defined
conditions has become a central point of many molecular
biology investigations.

Inhibition of angiogenesis has curative benefits such as in-
hibition of primary tumor growth as well as suppression of
blood-borne metastasis.'® Therapeutic vascular targeting has
been categorized into antiangiogenic approaches, which aim
to prevent the neovascularization processes in tumors, whereas
vascular-disrupting  approaches—using vascular  disrupting
agents—aim to damage the established tumor vasculature.'®
Antineovascular therapy is a strategy targeted against angio-
genic neovasculature by using liposome drug delivery systems
(DDS).'"" We and other groups have previously reported
that tumor vasculature-targeted liposomes can deliver encapsu-
lated agents to angiogenic endothelial cells and have demon-
strated their therapeutic advantages.”®*' Cell surface proteins
specifically expressed in angiogenic endothelial cells are possi-
ble molecular targets for DDS because these cells are in direct
contact with the blood stream, making it easy for drug carriers
to recognize them after modifying these carriers with appro-
priate targeting tools such as antibodies, peptides or carbohy-
drates. However, it appears that there are few target molecules
for tumor vasculature-targeted drug delivery, and the identifi-
cation of novel target molecules would contribute to the devel-
opment of DDS in cancer therapeutics.

Here, we describe subcellular proteome analysis of human
umbilical vein endothelial cells (HUVECs) treated with or
without VEGF to discover the target molecules expressed on
the cellular membranes of angiogenic endothelial cells using
2-dimensional difference in-gel electrophoresis (2D-DIGE)
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and matrix-assisted laser desorption/ionization tandem time-
of-flight mass spectrometry (MALDI-TOF/TOF-MS); and
then describe the functional analysis of BiP (immunoglobulin
heavy chain-binding protein), which is also called glucose-
regulated protein 78 kDa (GRP78) and is an identified pro-
tein in the proteomic analysis. Moreover, we developed BiP-
targeted liposomes and evaluated the utility of BiP-targeted
drug delivery in cancer antineovascular therapy.

Material and Methods

Cell culture

HUVECs (Cambrex Corporation, Walkersville, MD) were
maintained in endothelial growth medium-2 (EGM-2, Cam-
brex Corporation) at 37°C under 5% CO, in a humidified
chamber, as described previously.'” HUVECs were used at
passage 7 or less in all the experiments. Mouse colon26 NL-
17 carcinoma cells (C26) and human prostate carcinoma
DU145 cells were cultured in an appropriate medium supple-
mented with streptomycin (100 pg/mL), penicillin (100
units/mL) and 10% heat-inactivated fetal bovine serum (FBS)
at 37°C in 5% CO,.

Cellular protein fractionation

HUVECs were grown to subconfluence (80-90% confluence)
in T-150 flasks, and the culture medium was replaced with
0.5% FBS-containing endothelial basal medium-2 (EBM-2,
Cambrex Corporation). After serum starvation by overnight
incubation, recombinant human VEGF,¢s (rhVEGF, 20 ng/
mL as final concentration; BD Biosciences, San Diego, CA)
was added to the starved cells, which were then further incu-
bated for 24 hr at 37°C. The cells were washed with ice-cold
PBS (pH 7.4), and the proteins in the membrane/organelle
were separately extracted using a Subcellular Proteome
Extraction Kit (Calbiochem, San Diego, CA) according to the
manufacturer’s recommended protocol. The proteins in each
fraction were precipitated using a Protein Precipitant Kit
(Calbiochem) to concentrate the proteins and to remove
interfering substances according to the manufacturer’s recom-
mended protocol. The precipitated proteins were then resolu-
bilized in lysis buffer for 2D-DIGE (7 M urea, 2 M thiourea,
4% CHAPS, 30 mM Tris-HCl; pH 8.5), and the protein con-
centration was determined by the Bradford protein assay
method (Bio-Rad Laboratories, Tokyo, Japan).

2D-DIGE

2D-DIGE was performed as previously described,” and
reagents used for 2D-DIGE were purchased from GE Health-
care UK (Buckinghamshire, UK). An internal standard was
prepared by pooling an equal amount of each protein from
VEGF-stimulated and nonstimulated HUVECs. Then, 50 pg
of protein from the internal standard, nontreated sample and
VEGF-stimulated sample was fluorescence-labeled with 400
pmol of Cy2, Cy3 and CyS5, respectively, on ice for 30 min in
the dark. The labeling reaction was quenched with 10 mM
L-lysine. The fluorescently labeled samples were mixed and
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adjusted to a final volume of 450 pL with rehydration buffer
(7 M urea, 2 M thiourea, 2% CHAPS, 1% DTT and 0.002%
bromophenol blue). The samples were applied to isoelectric
focusing polyacrylamide gel electrophoresis (IEF) using IPG
strips (pH 3-10, nonlinear, 24 cm) and IPGphor II. The IPG
strips were rehydrated with CyDye-labeled samples at 20°C
for 12 hr, and IEF was performed in IPGphor at 20°C with a
total of 80 kVh. The IPG strips were equilibrated for 15 min
by shaking gently in an equilibration buffer (6 M urea, 30%
glycerol, 2% SDS, 1.5 M Tris-HCl; pH 8.8) containing DTT
(10 mg/mL) and then for 15 min in an equilibration buffer
containing iodoacetoamide (25 mg/mL) instead of DTT. The
equilibrated IPG strips were transferred onto 10% polyacryl-
amide gels and 2D electrophoresis was performed using the
Ettan Dalt II system. The 2D-gel images were scanned at
appropriate wavelengths for Cy2, Cy3 and Cy5 dyes with a
Typhoon 9400™ scanner; and the spot volumes were ana-
lyzed quantitatively using the biological variation analysis
(BVA) mode of DyCyder software (version 5.0). Spots of in-
terest were defined from average ratios of VEGF-stimulated
over nonstimulated, which were above 1.5 or below —1.5-fold
(0.67-fold) with significant difference (4 separate gels, Stu-
dent’s t-test, p < 0.05).”

Mass spectrometry and protein identification

For mass spectrometry analysis, 500 pg of the pooled pro-
teins was applied to 2D electrophoresis and then stained with
Deep Purple, according to the manufacturer’s instructions.
The gel was imaged with a Typhoon 9400 scanner. The
matched spots of interest were picked with Ettan Spot Picker.
In-gel digestion was performed as follows. The gel pieces
picked were destained with 50 mM NH4HCOj3 in 50% aceto-
nitrile (ACN) and dehydrated with 100% ACN. The dried gel
pieces were added to trypsin solution (25 ng/mL, Promega,
Madison, WI) and incubated overnight at 37°C. The digested
peptides were extracted with 1% trifluoroacetic acid (TFA) in
80% ACN and concentrated with a vacuum centrifuge. The
peptide solutions were desalted and concentrated with Zip-
Tip C18p (Millipore, Bedford, MA). Then, the peptide solu-
tions were mixed with a-cyano-4-hydroxycinnamic acid
(Sigma, Tokyo, Japan) and applied onto a target plate
(Bruker Daltonics, Bremen, Germany). The MS and MS/MS
spectra were obtained using an Ultraflex mass spectrometer
(Bruker Daltonics) in the reflector mode. The acquired spec-
tra were analyzed using Flexanalysis software (version 2.2,
Bruker Daltonics) in the default mode. The protein species
were identified by peptide mass fingerprinting and/or
combined search using Biotool software (version 2.2, Bruker
Daltonics) of the Mascot search engine (version 2.0, Matrix
Science, London, UK) against the NCBI database.

Western blot analysis

Western blotting was performed as described previously*
with some modifications. The cells were washed with ice-cold
PBS and lysed with 10 mM Tris-HCl (pH 7.4) containing
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0.1% SDS, 2 mM phenylmethylsulfonyl fluoride (PMSF),
50 pg/mL aprotinin, 200 uM leupeptin and 100 uM pepstatin
A. To examine the phosphorylation of VEGFR-2, PLCy and
ERK1/2, we stimulated starved HUVECs with rhVEGF for 5
or 10 min. The protein concentration was determined by
using the BCA protein assay kit (Pierce, Tokyo, Japan). The
protein samples were mixed with SDS-PAGE sample buffer
(2% SDS, 10% glycerol, 6% 2-mercaptoethanol, 50 mM Tris-
HCL pH 6.8), and an equal amount of proteins in each sam-
ple was subjected to SDS-PAGE. The separated proteins were
transferred to a PVDF membrane (Millipore) and blocked
with 5% skim-milk in TBST (0.9% NaCl, 0.1% Tween20,
20 mM Tris-HCl; pH7.4). The primary antibodies used were
anti-GRP78 (BiP) antibody (Santa Cruz Biotechnology, San
Diego, CA), antiactin antibody (Sigma), anti-GAPDH anti-

body (Abcam, Cambridge, UK), antiphospho-ERK1/2
(Thr183/Tyr185), anti-ERK1/2 (Promega), antiphospho-
PLCy1 (Tyr783),  anti-PLCyl,  antiphospho-VEGFR-2

(Tyr1175) and anti-VEGFR-2 (Cell Signaling Technology,
Beverly, MA). Horseradish peroxidase (HRP)-conjugated
antibodies were used as secondary antibodies. The PVDF
membrane was developed with ECL reagent (GE Healthcare).
The band density was measured with Image] software.

Cell-surface biotinylation

Extraction of cell-surface proteins was performed with a Cell
Surface Biotinylation Kit (Pierce) according to the manufac-
turer’s instructions. In brief, HUVECs were washed with ice-
cold PBS, treated with NHS-SS-Biotin, and further incubated
at 4°C for 30 min to conjugate the cell-surface proteins with
NHS-SS-Biotin. After quenching the protein-NHS reaction,
the cells were scraped and centrifuged at 500g for 3 min at
4°C. The cell pellets were then solubilized by sonication in
the manufacturer’s supplied lysis buffer and centrifuged at
10,000g for 3 min at 4°C. The protein samples in the super-
natant were applied to a NeutrAvidin™ column and the bio-
tin-conjugated cell-surface proteins were eluted with 50 mM
DTT-containing buffer (0.1% SDS, 62.5 mM Tris-HCl; pH
68).

RNA interference

RNA interference (RNAi) was performed with Dharma-
FECT™ reagent (GE Healthcare) according to the manufac-
turer’s instructions. HUVECs were seeded at 2.0 x 10° cells
(80-90% confluence) in an antibiotic-free EGM-2 medium
and incubated overnight. The cells were transfected with 100
nM of small interfering RNA (siRNA, Hokkaido System Sci-
ences, Hokkaido, Japan) using DharmaFECT™ reagent. The
sequences of siRNA for BiP (BiP siRNA) were 5'-GGU UAC
CCA UGC AGU UGU UTT-3' (sense) and 5'-AAC AAC
UGC AUG GGU AAC CTT-3 (antisense), as previously
described.” The sequences of siRNA for green fluorescent
protein (GFP siRNA used as nonsilencing control siRNA)
have been described previously.” After incubation with these
siRNAs for 48 hr at 37°C, the effects of each siRNA on
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protein expression were determined by Western blot analysis
and real-time PCR.

RNA isolation and real-time PCR

Total RNA was isolated using ISOGEN (Nippon Gene,
Tokyo, Japan) and the resulting RNA was reverse transcribed.
TagMan real-time PCR assay was performed using TagMan
gene expression assays on a StepOnePlus (Applied Biosys-
tems, Tokyo, Japan). The relative real-time PCR quantifica-
tion was based on a comparative quantitation method. The
endogenous reference gene was GAPDH. The specificity of
the PCR reactions was confirmed by a single band of the pre-
dicted size after agarose gel electrophoresis (data not shown).

Cell proliferation assay

HUVECs were transfected with each siRNA as described
above and incubated for 24 hr at 37°C. The transfected cells
were harvested and reseeded at 2.0 x 10* cells per well on a
24-well plate in 0.5% FBS-containing EBM-2 medium with
or without rhVEGF (20 ng/mL). The cells were further incu-
bated for 24 or 48 hr, and the cell viability was determined
at each time with TetraColor One™ (Seikagaku, Tokyo,
Japan). The growth ratio was calculated by the absorbance
(450 nm) at 24 hr/3 hr and 48 hr/3 hr. The absorbance at 3
hr was considered to reflect the cell number immediately af-
ter seeding the cells without cell proliferation.

Preparation of liposomes

Distearoyl phosphatidylcholine (DSPC), distearoyl phosphati-
dylglycerol (DSPG), cholesterol and distearoyl phosphatidyle-
thanolamine-conjugated polyethyleneglycol 2000 (DSPE-
PEG) or the DSPE-PEG conjugate of GWIFPWIQL-peptides,
which are shown to bind to BiP/GRP78,%” were dissolved in
tert-butylalcohol (10:10:10:1 as a molar ratio). The lipid solu-
tions were lyophilized, and the lyophilizates were hydrated
with 0.3 M sucrose solution (pH 7.4). The liposome solutions
were frozen and thawed for 3 cycles with liquid nitrogen.
Then, the liposome size was adjusted by extruding through
polycarbonate filters of 100-nm pore size (Nuclepore, Cam-
bridge, MA). For the preparation of doxorubicin (DOX)-con-
taining liposomes, DOX solutions were added to the initial
lipid solutions in the proportion of 30 mol % to the com-
posed lipids (DSPC + DSPG). Unencapsulated DOX was
removed by ultracentrifugation at 604,000¢ for 15 min
(HITACHI, Tokyo, Japan), and the amount of DOX in the
liposome was determined by measuring the absorbance at
484 nm. The liposome size was measured using ZETASIZER
(Malvern Instruments, Malvern, UK).

Cellular uptake of liposomes

The liposomes were radiolabeled by adding [*H]cholesteryl
hexadecyl ether solution (370 kBq/mL, GE Healthcare) to the
initial lipid solution. HUVECs were seeded (2.0 x 10° cells)
on a 35-mm dish and stimulated with rhVEGF as described
above. C26 or DU145 cells (both 1.0 x 10° cells) were also
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seeded on a 35-mm dish and incubated overnight. The radio-
labeled liposomes were added to the cells and further incu-
bated for 2 hr. The cells were washed with PBS and solubi-
lized with 10 mM Tris-HCI buffer containing 0.1% SDS (pH
7.4). The cell lysates were recovered and transferred to Hio-
nicFluor (Perkin Elmer, Foster City, CA). Radioactivity was
determined with a liquid scintillation counter (LSC-3500;
Aloka, Tokyo, Japan).

Intratumoral distribution of WIFPWIQL liposomes

The liposomes were fluorescently labeled by adding the Dil
C18 (Molecular Probes, Eugene, OR) solution to the initial
lipid solution. C26 cells were subcutaneously implanted into
the posterior flank of 5-week-old BALB/c male mice. The Dil
Cl8-labeled liposomes were intravenously injected into the
mice 10 days after tumor implantation. At 3 or 6 hr after
injection of the liposomes, the mice were sacrificed using
diethyl ether anesthesia, and the tumors were dissected. Im-
munostaining was performed as described previously. The tu-
mor tissues were embedded and frozen with dry ice/ethanol.
Tumor sections (10 pm) were prepared with cryostatic
microtome (HM 505E; Microm, Walldorf, Germany) and air-
dried for at least 1 hr. The sections were incubated in 1% bo-
vine serum albumin containing PBS for 10 min at room tem-
perature for protein blocking, with biotinylated anti-mouse
CD31 rat monoclonal antibody (BD Pharmingen, Franklin
Lakes, NJ) for 18 hr at 4°C, and then with streptavidin-Alexa
Fluor 488 conjugates (Molecular Probes) for 30 min at room
temperature. Finally, the sections were mounted with Perma
Fluor Aqueous Mounting Medium (Thermo Shandon, Pitts-
burgh, PA) and fluorescently observed with a microscopic
LSM system (Carl Zeiss, Germany).

Dorsal air sac model

Dorsal air sac model mice were prepared as follows: C26 cells
(1.0 x 107 cells/150 uL) were loaded into a chamber ring
(Millipore) covered with filters (0.45-nm pore size, Millipore).
The chamber ring was then implanted subcutaneously into
the dorsal skin of the mice. At days 2 and 3, 0.3 M sucrose
solution (control), PEG-liposomal doxorubicin (PEG-Lip-
DOX) or WIFPWIQL-liposomal doxorubicin (WIFPWIQL-
Lip-DOX) was intravenously administered (5 mg/kg/day as
dose of DOX). At day 4, the mice were sacrificed using
diethyl ether and the dorsal skin osculating the chamber ring
was observed.

Therapeutic experiment

PEG-Lip-DOX, WIFPWIQL-Lip-DOX (5 mg/kg/day as dose
of DOX) or 0.3 M sucrose solution (control) was intrave-
nously administered to the C26-bearing mice at days 6, 9, 12
and 15 after tumor implantation. The tumor size and body
weight of each mouse were monitored. The animals used in
the experiments were cared for according to the guidelines
for the care and use of laboratory animals of the University
of Shizuoka.
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Figure 1. 2D-DIGE analysis of protein expression in the b / from nontreated and VEGF-stimulated HUVECs. HUVECs were
stimulated with or without rhVEGF (20 ng/mL) for 24 hr. Then, proteins in membrane/organelle fractions were extracted and fluorescently
labeled with Cy2 (internal standard), Cy3 (nontreatment) and Cy5 (VEGF-treatment). The protein samples were applied onto 4 separate gels
and were 2-dimensionally electrophoresed. (a) The 2D-gel images of membrane/organelle fraction were scanned with a Typhoon 9400
scanner. Red spots show increased expression and green spots show decreased expression after VEGF-treatment. The master numbers
correspond to those in Table 1. (b) The gel and 3D images of the protein spot identified as BiP by mass spectrometry are also shown.

(c, d) Western blot analysis against BiP was performed. Whole cell lysates were collected; Western blotting was performed and the relative
band density (BiP/Actin) was determined. The bars indicate the mean * SD (n = 3), *p < 0.05. Similar results were obtained in a separate
experiment.

Protein extraction from cancer patients value of p < 005 was considered to be statistically

Tumor specimens were obtained from 11 patients (8 men significant.

and 3 women; mean age 61.8; range, 35-77 years) who had

undergone surgery for colon cancer at the Department of

Surgery, Shinshu University Hospital from September 2005 Results

to March 2006. Informed consent was obtained from each Subc.ellular P °f. iorganelle

patient and the study was conducted after Human Experi- frar.?lon ?repared f"’f“ HUVECs stimulated v.mh I

mentation Review by the institutional committee. The tissues  1© 1dent.1fy the specifically expressed proteins in angiogenic

were homogenized and the protein samples were subjected to endothelial cells, we performed a subcellular fractionation of

Western blot analysis as described above. membranes/organelles, and then analyzed the protein expres-
sion profiles between VEGEF-stimulated and nonstimulated
HUVECs by 2D-DIGE. Of approximately 2,500 protein spots

Statistical analysis detected on the 2D-gels, we successfully identified 36 spots in

All experiments in our study were repeated twice or more. the membrane/organelle fraction by MALDI-TOF/TOF-M$

Significant differences were analyzed by unpaired Student’s t-  (Fig. 1a and Table 1). Among them, the expression of BiP

test or analysis of variance (ANOVA) with Tukey's post-hoc ~ was remarkably increased after VEGF stimulation (Fig. 1b).

test. Survival analysis was performed with log-rank test. A We examined the change in BiP expression levels due to
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VEGF stimulation in HUVECs by Western blotting to verify
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g 5 the results of our subcellular proteome analysis. As shown in
Sloa o < g8 Figures 1c and 1d, following the treatment of HUVECs with
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ﬁ% whole cells. This result strongly supported that obtained by
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Figure 2. Suppression of VEGF-induced cell proliferation and phosphorylation of VEGFR-2-mediated signal mediators by SiRNA knockdown of
BiP expression in HUVECs. (a, b) HUVECs were transfected with BiP siRNA (siBiP) or GFP siRNA (siGFP), and the knockdown effect was
analyzed by Western blot and quantitative real-time PCR. (c) The cell proliferation assay was performed as follows: The siRNA-transfected
HUVECs were seeded (2.0 x 10 cells/well) on a gelatin-coated plate in 0.5% FBS containing EBM-2 medium with or without rhVEGF (20
ng/ml). At the indicated times after incubation, the cell viability was determined with TetraColorOne™. The data indicate the mean + SD
(n =3 or4),*p <0.05 ***p < 0.001. (d) Phosphorylation of VEGFR-2, PLCy, and ERK1/2 was analyzed by Western blotting. After serum
starvation, the siRNA-1 fected HUVECs were stimulated with rhVEGF (20 ng/mL) for 5 or 10 min. Western blotting was performed with
antibodies against the indicated proteins. (¢) The band density was measured with Image) software and the densitometric ratio of
phosphorylated protein/total protein was calculated. The data was normalized using the ratio for the siGFP (VEGF-treated) group and was
indicated as mean = SEM (n = 3), *p < 0.05. Similar results were obtained in at least 2 independent experiments.
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Increase in cell-surface expression of BiP in HUVECs by
treatment with VEGF

It has been shown that in normal tissue cells, BiP is
expressed at a low level on the cell surface; however, in cer-
tain cancer cells, its expression is upregulated on the sur-
face.™' In the case of angiogenic endothelial cells, it is
unclear whether BiP exists on the plasma membrane. Hence,

35

we further analyzed the surface expression of BiP in VEGE-
stimulated endothelial cells using a cell-surface protein bioti-
nylation technique.'**? As shown in Figure 3a, BiP appeared
to be abundantly expressed in whole cells of HUVECs, but it
was not observed to be present on the surface in contrast to
membrane type 1 matrix metalloproteinase, which is known
to be expressed on the cell surface (Fig. 3a)."” On the other
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Katanasaka et al.

a Whole Cell surface
BiP
MT1-MMP
b Non-treatment ~ VEGF
BiP

Figure 3. Elevation of BiP expression on the endothelial cell
surface by treatment with VEGF. After conjugation of the surface
protein with NHS-SS-Biotin, the biotin-conjugated surface proteins
were applied to a NeutrAvidin™ column, and eluted with a DTT-
containing buffer. (a) BiP and MT1-MMP (the latter being a known
membrane protein) expressions in whole cell lysate and in the cell
surface fraction were detected by Western blot analysis. (b) The
cell surface expression of BiP in VEGF-treated and nontreated
HUVECs was detected by Western blotting. The reproducibility was

dinan

hand, by stimulation of HUVECs with VEGF, BiP expression
on the cell surface of the activated cells noticeably increased
(Fig. 3b).

Characterization of WIFPWIQL liposomes

To investigate the potential of BiP as a target molecule for
cancer antineovascular therapy, BiP-targeted peptide-modi-
fied liposomes were developed. Previously, it has been
reported that DSPE-PEG and peptides can be condensed
with the DCC-HOBt method.”® As indicated in Figure 4a,
the DSPE-PEG conjugate of GWIFPWIQL-peptides, which
are shown to bind to BiP/GRP78,”” was synthesized. Glycine
was used as a spacer amino acid. The synthesized DSPE-
PEG-GWIFPWIQL was identified by TLC and 'H-NMR
(data not shown). WIFPWIQL liposomes (Fig. 4b) were pre-
pared by the freeze-drying method, and the particle size was
adjusted by extrusion. TLC analysis confirmed that the lipid
derivative of WIFPWIQL peptides was incorporated in the
liposomes (data not shown). The size and {-potential of the
WIFPWIQL liposomes was approximately 120 nm and
—50 mV, respectively, and peptide modification did not alter
these characteristics as compared to the PEG-modified lipo-
somes (PEG liposomes, as peptide-unmodified liposomes). In
addition, we examined the entrapment efficiency of DOX
into the liposomes. More than 95% of DOX was detected in
both the PEG and WIFPWIQL liposomes.
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Figure 4. Chemical synthesis of DSPE-PEG-WIFPWIQL. (a) The
outline of the DSPE-PEG-WIFPWIQL synthesis pathway is illustrated.
(b) Schematic representation of liposomal doxorubicin modified
with DSPE-PEG-WIFPWIQL.

Cellular uptake of BiP-targeted liposomes

To determine whether WIFPWIQL liposomes have a target-
ing activity, we examined the cellular uptake of the radiola-
beled liposomes. WIFPWIQL liposomes were significantly
taken up by VEGF-activated HUVECs as well as DU145 in
comparison with PEG liposomes (Fig. 5a, where WIFPWIQL
peptides are shown to bind to the latter cells).”” Although
C26 cells also demonstrated the uptake of WIFPWIQL lipo-
somes, the ratio of the increase was low (1.4-fold) as com-
pared to VEGF-activated HUVECs (5.9-fold).

Intratumoral distribution of WIFPWIQL liposomes

Modification with active targeting tools such as antibodies or
peptides has been shown to increase the cellular binding of
liposomes and alter their localization in tissues.* Since
WIFPWIQL-peptide modification is expected to alter their
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Figure 5. Targeting angiogenic endothelial cells by modification
with WIFPWIQL peptides. (a) Liposomes were radiolabeled with
[H]cholesteryl hexadecyl ether (370 kBq/mL). The radiolabeled
liposomes were added to VEGF-activated HUVECs, DU145, and
colon26 NL-17 cells. After incubation for 2 hr at 37°C, the cells
were solubilized. The radioactivity of the lysates was measured
with a liquid scintillation counter, and the uptake efficiency was
calculated. Each bar represents the mean = SD (n = 4).
Significant differences in comparison to PEG liposomes are
indicated as follows: **p < 0.01, ***p < 0.001. (b) Liposomes
were fluorescently labeled with Dil C18. Colon26 NL-17-bearing
mice were intravenously injected with the labeled PEG liposomes
or WIFPWIQL liposomes at day 10 after tumor implantation. At 3
and 6 hr after injection of the liposomes, the tumors were excised;
then, frozen tumor sections were prepared. Immunofluorescence
staining for CD31 was performed. Green and red portions indicate
CD31-positive regions and liposomal distribution, respectively, and
yellow portions show the localization of liposomes on vascular
endothelial cells. Scale bars represent 20 pum.
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localization in tumor tissues, we examined the intratumoral
distribution of the peptide-modified liposomes by immuno-
staining analysis of the endothelial cells in the tumor and flu-
orescent labeling of liposomes. WIFPWIQL liposomes (red)
appeared to be mainly localized in the blood vessels (green)
at 3 and 6 hr after injection (Fig. 5b). On the other hand,
PEG liposomes seemed to leak out broadly from the angio-
genic vessels (Fig. 5b). In biodistribution study, WIFPWIQL
liposomes did not accumulate in normal tissues except spleen
where the liposomes accumulated to some extent (data not
shown). These findings suggest that WIFPWIQL liposomes
actively target tumor vasculature.

Inhibition of t induced angi i
with WIFPWIQL-Lip-DOX

Since WIFPWIQL liposomes could target angiogenic endothe-
lial cells, it is postulated that WIFPWIQL-Lip-DOX selectively
inhibits tumor-induced angiogenesis. To assess the antiangio-
genic effect of WIFPWIQL-Lip-DOX, we used dorsal air sac
model mice.'” The induction of angiogenesis and the leaking
of blood were observed in the dorsal area that was implanted
with a chamber ring containing C26 cells (Fig. 6a). It
appeared that tumor-induced angiogenesis was suppressed by
the treatment with WIFPWIQL-Lip-DOX as compared to
that with the control and PEG-Lip-DOX (Fig. 6a).

by t

Suppression of tumor growth and prolongation of survival
time by treatment with WIFPWIQL-Lip-DOX

To investigate the antitumor effect of WIFPWIQL-Lip-DOX,
a therapeutic experiment was conducted on C26 cell-bearing
mice. WIFPWIQL-Lip-DOX significantly suppressed tumor
growth compared to the control and PEG-Lip-DOX (Fig. 6b).
Since anticancer drugs generally have serious side effects,
changes in the body weights of the mice were examined as
an indicator of the side effects. After treatment with PEG- or
WIFPWIQL-Lip-DOX, although the body weights of the
mice were slightly lower than those in the control group, the
changes were not significantly different in PEG- and WIFP-
WIQL-Lip-DOX-treated mice (Fig. 6c). Furthermore, WIFP-
WIQL-Lip-DOX significantly prolonged the survival time of
the tumor-bearing mice in comparison with the control and
PEG-Lip-DOX-treated groups (Figs. 6d and 6e).

Expression of BiP in human tumor tissues

To investigate the expression of BiP in actual human tumor
tissues, we examined BiP expression in normal and tumor
tissues from patients with colon cancer. Angiogenesis plays
an important role in colon cancer progression.”® Bevacizu-
mab (an anti-VEGF monoclonal antibody) and chemothera-
peutic medicines are used in colorectal cancer therapy.*® The
expression of BiP was remarkably elevated in the tumor tis-
sues as compared to that in the normal tissues from the
same patients (Fig. 7).
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Figure 6. Suppression of tumor growth by treatment with WIFPWIQL-Lip-DOX. (a) Antiangiogenic effect of WIFPWIQL-Lip-DOX in dorsal air sac
model mice. The chamber rings containing colon26 NL-17 cells (1.0 x 107 cells/150 pl) or medium alone (negative control) were

subcutaneously implanted into dorsal skin of BALB/c mice. At days 2

and 3 after implantation with the chamber rings, 0.3 M sucrose

solution (control), PEG-Lip-DOX, or WIFPWIQL-Lip-DOX was administered intravenously (5 mg/kg/day). At day 4, the mice were sacrificed,
and the dorsal skin that had surrounded the chamber ring was observed. (b—€) Colon26 NL-17-bearing mice were intravenously
administered with 0.3 M sucrose (control, circle), PEG-Lip-DOX (triangle) or WIFPWIQL-Lip-DOX (square) with a DOX dosage of 5 mg/kg. The
tumor volume (b), body weight (c) and survival time of the mice (d, e) were monitored. Arrows indicate the day of treatment. Data
represent the mean = SD (n = 7). Significant differences in tumor growth and survival were analyzed by ANOVA with Tukey's post-hoc test
and log-rank test, respectively, and are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001. A similar result was obtained in

another independent experiment.

Discussion

We herein describe the application of 2D-DIGE technology
to subcellular proteome analysis to analyze the protein
expression profile between VEGF-stimulated ~endothelial
cells—as an angiogenesis model—and nonstimulated endo-
thelial cells. Although VEGF-stimulated endothelial cells may
not completely reflect angiogenic endothelial cells in tumors,
VEGF is the most important proangiogenic factor. Moreover,
VEGE-stimulated endothelial cells are commonly used as a

Int. ). Cancer: 127, 2685-2698 (2010) © 2010 UICC

representative model in investigations of angiogenesis. In pre-
vious studies, VEGF-regulated cellular molecules have been
partially characterized by DNA microarray’’ or proteomic
analysis using conventional 2D electrophoresis.*® Subcellular
proteomics is probably a more powerful tool for the identifi-
cation of organelle proteins and is expected to further the
discovery of functional molecules.'®'*** Using subcellular
proteomics, we found that the expression of many proteins
was considerably altered in angiogenic endothelial cells
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