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Figure 3. In vivo behavior of Gd-DTPA/ B
DACHPt-loaded micelles. A, left, plasma
clearance of Pt drugs after i.v. injection of
oxaliplatin and Gd-DTPA/DACHPt-loaded
micelles; right, plasma clearance of Gd
complexes after i.v. injection of Gd-DTPA
and Gd-DTPA/DACHPt-loaded micelles.
B, left, accumulation of Pt drugs in the C-26
tumor after i.v. injection of oxaliplatin or
Gd-DTPA/DACHPt-loaded micelles; right,
accumulation of Gd complexes in C-26
tumors after i.v. injection of Gd-DTPA

or Gd-DTPA/DACHPt-loaded micelles.

C, left, in vivo MRI series of T;-weighted
transaxial slices of C-26 subcutaneous
tumor after i.v. injection of Gd-DTPA/
DACHPt-loaded micelles or Gd-DTPA at [
5 umol/kg Gd-DTPA. Right, top,
tumor-to-muscle intensity ratio for the
micelles and Gd-DTPA at 5, 60, and
180 min; bottom, relative intensity
enhancement in the tumor after i.v.
injection of Gd-DTPA/DACHPt-loaded
micelles or Gd-DTPA at 5 pmol/kg
Gd-DTPA.
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distribution of heme proteins. Accordingly, the PECAM-1-
positive area from the immunofluorescence microscopy
(Fig. 6A) showing the existence of endothelial cells is consis-
tent with this Fe-rich area (Fig. 6B). The K-rich regions pos-
sibly correspond to pancreatic cancer cells because K is a
cofactor required to obtain maximum activity of the pyruvate

kinase, an enzyme involved in glycolytic energy production,
which has been observed in carcinoma tissue of the pancreas
(31). The Gd as well as the Pt atoms located at those K-rich
areas suggest the selective tumor accumulation of Gd-DTPA
and DACHPt. Moreover, the colocalization of the Gd-DTPA
and DACHPt confirms the high potential of Gd-DTPA/
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Figure 4. In vivo behavior of Gd-DTPA/DACHPt-loaded micelles on an orthotopic pancreatic cancer (BxPC3). A, in vivo MRI series of T;-weighted
transaxial slices of mice after i.v. injection of Gd-DTPA/DACHPt-loaded micelles or Gd-DTPA at 5 pmol/kg. B, relative MRI intensity in each organ after
i.v. injection of Gd-DTPA/DACHPt-loaded micelles at 5 ymol/kg Gd-DTPA or i.v. injection of Gd-DTPA at 5 ymol/kg. C, the Gd-DTPA/DACHPt-loaded
micelles and Gd-DTPA accumulation in the BxPC3 tumor 4 h after i.v. administration (n = 4). D, top, macroscopic findings of orthotopic BXxPC3-bearing
BALB/c nude mice after MRI acquisition. Scale bar, 1 cm. Pancreatic cancer (T), liver (L), kidney (K), and spleen (S). Middle, the pancreatic tumor

after excision with spleen and normal pancreas. Scale bar, 0.5 cm. Bottom, microscopic findings (H&E staining) of the pancreatic cancer (T) and normal

pancreatic tissue (P). Scale bar, 100 pym.

DACHPt-loaded micelles to assess the distribution of the an-
ticancer drug at the tumor site by MRL

Discussion

Pancreatic cancer has one of the worst prognoses among
cancers (32). The high mali of p ic ad i
noma prompts the destruction of the surrounding tissue,
whereas the lack of serous membrane in healthy pancreas
cannot prevent the dissemination of cancer cells. The micro-
environment characteristics of the pancreatic adenocarcino-
ma, including hypovascularity and thick fibrosis, prevent the
accumulation of drugs in the tumor tissue (33). Moreover,
the anatomic position of the pancreas in the deep retroper-
itoneal space makes early detection difficult. Although com-

puted tomography is widely used for the evaluation of
pancreatic carcinoma in the clinical setting, MRI may better
predict the therapeutic efficacy and the prognosis in patients
with pancreatic cancer because of its superior contrast reso-
lution of noncontour deforming lesions of the pancreas,
small liver metastases, and peritoneal disseminations (34).
Thus, the outstanding contrast enhancement achieved by
Gd-DTPA/DACHPt-loaded micelles on this tumor model
suggests the great potential of this modality for the clear de-
tection of the lesions in the abdominal cavity and the facile
recognition of the carcinomas of the pancreas as distinct
from the surrounding internal organs by MRL

The exceptionally bright contrast achieved by Gd-DTPA/
DACHPt-loaded micelles can be attributed to the enhanced
accumulation of the micelles at the tumor site and to the
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augmentation of the relaxivity of the Gd-DTPA in the core of
the micelles. The amount of Gd-DTPA delivered by the mi-
celles in the orthotopic pancreatic tumor was >3% of the
injected dose after 4 hours. Because the r; of Gd-DTPA in
the micelles is 24 times higher than that of free Gd-DTPA,
the resulting contrast enhancement probably mimics a much
higher accumulation level. In this regard, it has been reported
that the r; of Gd-based MRI contrast agents increases after

binding with pol orp ins due to the flexibility reduc-
tion per Gd molecule and the increase of the rotational corre-
lation time (7g; ref. 35). Moreover, Li > and g

of the 7,,, in the hydrophobic environment at the micelle core,
leading to the increase in relaxivity. Further studies are need-
ed to blish the 1 of the r b

of Gd-DTPA/DACHPt-loaded micelles, and they are currently
under way in our laboratory.

The construction of macromolecular MRI contrast agents
has been an attractive strategy to achieve diagnostic agents
with extended blood circulation. Nevertheless, for Gd-based
contrast agents, this approach could increase the risk
of toxicity due to the prolonged tissue exposure to those

macr lecules and the potential release of Gd** ions.

(36) suggested that an Fe/Gd chelate, a metallostar Fe{Gd,(bi-
pyridine(diethylenetriaminetetraacetic acid),(H;0)4)s}*
structure, showed a high relaxivity because the inner-sphere
water molecules presented an exchange rate (7;,) close to the
optimal value in addition to the increasing 7g. In our system,
the formation of the Gd-DTPA/DACHPt-loaded micelles
probably combined an increase of the 7y and the optimization

Thus, the accumulation of high-generation dendrimer con-
trast agents in the healthy tissues might potentiate the
nephrotoxicity and hepatotoxicity risks (37). Accordingly,
only 20% of the injected dose of a generation 4-based
PAMAM-Gd contrast agent was excreted from the body
during the first 2 days, showing transient accumulation in
the renal tubules. In contrast to this, the biodistribution of
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Figure 5. In vivo antitumor activity of Gd-DTPA/DACHPt—loaded micelles on orthotopic pancreatic cancer model (BxPC3) assessed by volumetric MRI.
A, effect of Gd-DTPA/DACHPt-loaded micelles (8 mg/kg on Pt basis) and Gd-DTPA (30 mg/kg) injected i.v. at day 0, 4, 11 and 18 on the growth of
BxPC3 tumors. B, left, weight of the whole pancreas for mice treated with the micelles or Gd-DTPA at day 18 on the antitumor experiment; right,
macroscopies of the excised pancreas after treatment with the micelles or Gd-DTPA. C, MRI at days 0 and 18 of a tumor-bearing mouse treated with
Gd-DTPA/DACHPt-loaded micslles. The tumor size was 89 mm?® at day 0 and 5 mm® at day 18.
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Figure 6. Intratumoral distribution of Gd-DTPA/DACHPt-loaded micelles in orthotopic BxPC3 tumors. A, immunofiuorescence microscopy of tumor
sections 4 h after injection of the micelles. The cell nuclei were stained with Hoechst, and the blood vessels were marked with PECAM-1 antibody. Scale
bars, 100 um. B, K, Fe, Pt, and Gd distribution in a tumor section including normal pancreatic tissue determined by p-SR-XRF. Scale bars, 100 pm.

Gd-DTPA/DACHPt-loaded micelles revealed minimal accu-
mulation of Gd-DTPA in normal tissues. Moreover, the Gd-
DTPA released from the micelles probably is rapidly excreted
from the body because of the relatively fast plasma clearance
of low-molecular weight Gd-DTPA, thus eliminating the
risk of undesired toxicity.

The real-time observation of drug distribution can in-
crease the accuracy of treatment and enable practitioners
to obtain feedback on the therapeutic efficacy at an earlier
stage, and promptly adjust the treatment strategy. Gd-
DTPA/DACHPt-loaded micelles might be helpful for directly
assessing the distribution of the anticancer drugs at early
stages by MRL In this study, the u-XRF results showed that
the delivered Gd-DTPA and DACHPt were colocalized and
uniformly distributed within the pancreatic tumors, whereas
there was no drug accumulation in healthy pancreas, sup-
porting the strong diagnostic and anticancer effect of the mi-
celles (Fig. 6B, Pt and Gd). Moreover, the chemotherapy
regimens are given in periodic cycles, for example, one cycle
every 2 weeks during 12 weeks in FOLFOX (folinic acid, fluo-
rouracil, and oxaliplatin) regimen for the treatment of colo-
rectal cancer. By using Gd-DTPA/DACHPt-loaded micelles,
the tumor size can be followed up in real-time by imaging
at the day of the drug administration. Consequently, the
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Tumor tissues are often hypoxic because of defective vasculature.
We previously showed that tumor tissues are also often deprived
of glucose. The efficacy of anticancer drugs is affected by the
tumor mlcroenvnronment partly because of the drug delivery and
cellular drug resi: , the precise mech remain
to be clanf:ed. In the present study, we attempted to clarify

ycemic/h i which mimics the
tumor microenvironment, might induce drug resistance, and if it
did, to elucidate the underlying mechanisms. Pancreatic cancer-
derived PANC-1 cells were treated with serial dilutions of antican-
cer drugs and incubated in either normoglycemic (1.0 g/L glucose)
or hypoglycemlc (0g/L glucose) and normoxic (21% O) or hypoxic
(1% 0y) The 50% i 'y concentration of gemcita-
bine was 1000 times higher for PANC-1 cells incubated under the
hypoglycemic/hypoxic condition than for those mcubated under
the normoglycemic/normoxic condition. C er
drugs target rapidly growing cells, so that non-proliferating or
slowly proliferating cells usually show resistance to drugs. Though
the cell cycle was delayed, sufficient cellular uptake and DNA
incorporation of gemcitabine occurred under the hypoglyce-
mic/hypoxic condition to cause DNA lesions and S-phase arrest. To

overcome hypoglycemic/hy duced drug i e, we
d kinase inhibi geting Chk1 or cell-survival signal-
Among the c d: ined, the binati

of UCN 01 and LY294002 partially sensitized the cells to gemcita-
bine under the hypoglycemic/hypoxic condition. These findings
suggested that the adoption of suitable strategies may enhance
the cytotoxicities of clinically used anticancer drugs against cancer
cells. (Cancer Sci 2011; 102: 975-982)

I t is widely accepted that solid tumors are heterogeneous in
structure as a result of unregulated cancer cell proliferation,
presence of several cell types and aberrant vessel formation.
Among these, the tumor vasculature has a major impact on the
tumor microenvironment. In normal tissue, vascular networks
generally develop in a well-ordered hierarchal fashion, so that
an insufficient blood supply seldom occurs. In contrast, tumor
vascular networks undergo continuous remodeling, because
unregulated cell proliferation destroys the existing tissue struc-
tures. Previous structural analyses had clearly shown that tumors
exhibit aben'am and poorly organized vasculature without any
hierarchy.!'*

As a consequence of the poorly organized vasculature in
tumors, the delivery of oxygen is extremely limited. Direct mea-
surement of the oxygen tension in cancer tissues has demon-
strated the Eresence of severely hypoxic regions in many types
of cancers.® Although hypoxia is also toxic to cancer cells, can-
cer cells adapt through genetic and eplgeneuc changes that
allow them to survive and even proliferate in hypoxic environ-
ments.© Hypoxia-inducible factor-1a (HIF-1a) is a key tran-

doi: 10.1111/.1343-7006.2011.01880.x
© 2011 Japanese Cancer Association

scription factor for downstream hypoxia-inducible genes, which
regulate several biological processes in hypoxic environ-
ments.'®'? Hypoxia response pathways overlap with many of
the known oncogenic signaling pathways and also contribute to
tumor aggressiveness. Therefore, tumor hypoxia is
regarded as a good target for cancer therapy. Meanwhile, cancer
cells predominantly use the glycolytic pathway, rather than oxi-
dative phosphorylation, for energy. production, irrespective of
the oxygen availability (Warburg effect).!*!” In addition to the
intrinsic predisposition of cancer cells to metabolize glucose,
HIF-1a has been shown to regulate the expressions of all the
enzymes involved in lhe ﬁ))ycolytic pathway, which mediate cel-
lular glucose uptake.” The activation of HIF-la enables
cancer cells to use excessive glucose to maintain cellular
homeostasis in hypoxic environments, causing depletion of glu-
cose from the surrounding tissues. Indeed, a metabolomic ana-
lysis of stomach and colon cancer tissues has clearly showed
glucose depletion in the tumor tissues as compared to normal
tissues, indicating that several regions of tumor tissues are char-
acterized by both hypoxia and hypoglycemia.® ) However, little
is known about the biology of cancer cells under hypoglycemic
condition.

Although many molecular-targeting drugs have been intro-
duced for clinical use, conventional anticancer drugs are in wide
clinical use and continue to confer many clinical benefits. Heter-
ogeneity in the tumor microenvironment provides cancer cells
the opportunity to escape from anticancer drugs. One of the pro-
cesses affected by the heterogeneity of tumors is drug diffu-

sion.®""?? In addition, many types of drug resistance of the cells

to anticancer drugs are known to occur, and overexpressnon of
the ABC transporter is a representative mechanism.® 3-25)
Recent studies have reported that drug resistance may also be
related to the tumor microenvironment, especially hypoxia, and
the clinical relevance of such resi Three-di ional cul-
ture system is used as a useful new strategy to represent tumor
microenvironment in vitro.***” However, the detailed molecu-
lar mechanisms for the resistance are largely unclear. In this
study, we clarified how hypoglycemic/hypoxic condition might
affect the efficacies of anticancer drugs.

Materials and Methods

Cell lines and culture conditions. The human pancreatic duc-
tal adenocarcinoma cell lines PANC-1 and Capan-1 and the hep-
atoma-derived cell line HepG2 were purchased from ATCC
(American Type Culture Collection, Rockville, MD, USA).
PSN-1 was gifted from the Genetics Division of the National
Cancer Center Research Institute (Tokyo, Japan). All cell
lines were maintained in DMEM (Nissui, Tokyo, Japan). A

3To whom should be E-mail: nce.go.jp
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glucose-deprived condition was achieved by culturing the cells
in glucose-free medium (Sigma, St. Louis, MO, USA). A hyp-
oxic condition was achieved by incubating the cells in a hypoxia
incubator in the presence 5% CO; and 1% O,. The experiments
were performed using PANC-1 cells, unless stated otherwise.

Reagents. Gemcitabine (Gemzar; Eli Lilly Co., Indianapolis,
IN, USA) and 5-fluorouracil (Kyowa Hakko Kirin Co., Ltd,
Tokyo, Japan) were dissolved in saline and stored at —20°C.
Cisplatin (Sigma) was dissolved in DMSO on the day of use.
UCN-01 was kindly provided by Kyowa Hakko Kirin Co., Ltd.
L.Y294002 and G§6976 were purchased from Calbiochem (San
Diego, CA, USA). Antibodies were purchased from the follow-
ing manufacturers: anti-total Akt, anti-phosphospecific Akt (Ser
473), anti-phosphospecific Cdc25¢ (Ser216), anti-phosphor spe-
cific Chkl (Ser345), anti-phosphospecific Chk2 (Thr68), and
anti-y-H2AX (Ser139) from Cell Signaling Technology (Dan-
vers, MA, USA); anti-HIF-1a and anti-HIF-2a antibodies from
Novus Biologicals (Littleton, CO, USA); Chk1 (G-4) and Actin
(C-11) antibodies from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); Chk2 antibody clone7 from Upstate Biotechnology
(Lake Placid, NY, USA). The following secondary antibodies
were purchased from Santa Cruz Biotechnology: goat antimouse
IgG-HRP, goat antirabbit IgG-HRP, and donkey antigoat IgG-
HRP.

Cy icity assay of drugs. The cytotoxicity assay
was performed using Cell Counting kit-8 (Dojindo Molecular
Technologies, Kumamoto, Japan), as described previously.®®
The cell number in the absence of anticancer drugs under each
culture condition was set as 100%. Values shown represent the
means + SD (n = 4-8).

siRNA transfection. SMARTpool HIF-la, HIF-2a, Chkl,
Chk2 and non-silencing siRNA were purchased from Dharma-
con (Lafayette, CO, USA). Cells were seeded at 10° cells per
dish in 10 mm dishes. At 24 h after seeding, siRNA was added
at a final concentration of 100 nM, followed by incubation for
24 h. The knockdown efficacies were determined by Western
blot analysis.

Western blot analysis. Protein extraction and Western blot
analysis were performed as described previously.?” The anti-
body dilutions used were in accordance with the manufacturers’
instructions.

Cell cycle analysis. After 24 h preincubation, 1 X 10° cells
were cultured in a 60-mm cell culture dish under either normo-
glycemic/normoxic or hypoglycemic/hypoxic conditions for
24 h, followed by staining using the Click-iT EdU Alexa Fluor
488 Cell Proliferation Assay kit (Molecular Probes, Eugene,
OR, USA) in accordance with the manufacturer’s instructions,
and analyzed on a FACSCalibur (BD Bioscience, San Jose, CA,
USA).

DNA ploidy assay. After 24 h preincubation, 1 X 10° cells
were cultured in a 60-mm cell culture dish under either normo-
glycemic/normoxic or hypoglycemic/hypoxic conditions in the
presence or absence of 1 pM gemcitabine for 24 h, followed by

staining with propidium iodide (Molecular Probes) in accor-

dance with the manufacturer’s instruction, and analyzed on a
FACSCalibur.

PH]- itabine and [*H]-thymidine uptake. After 24 h pre-
incubation, 1 x 10° cells were cultured in a 60-mm cell culture
dish under either normoglycemic/normoxic or hypoglyce-
mic/hypoxic conditions_ for 24 h, followed by incubation for
another 3 h with 1 pM [*H]-labeled gemcitabine (6.8 pCi/nmol;
Moravek Biochemicals, Brea, CA, USA). The cells were washed
thrice with complete medium containing 100 pM gemcitabi
and twice with ice-cold PBS. The cells were detached by trypsi-
nization and counted by the Trypan blue exclusion method. The
total cellular uptake of [3H]-gemcitabine was measured by lys-
ing a 10 pL aliquot of the cell suspension and counting the total
cell-associated radioactivity using a multipurpose scintillation

976

counter, LS6500 (Beckman Coulter Inc., Fullerton, CA, USA).
The incorporation of [*H]-gemcitabine into the DNA was deter-
minc-:((}imby a previously published method, with slight modifica-
tion.

Statistical analysis. All the results were expressed as the
mean + SD. The statistical analysis was conducted using the
Student r-test after an ANOVA.

Results

Effect of the culture condition on the sensitivity to various
anticancer drugs. In the first set of experiments, we determined
whether hypoxia and hypoglycemia might affect the sensitivity
of the cancer cells to gemcitabine, 5-fluorouracil and cisplatin,
which are commonly used drugs for systemic chemotherapy of
cancer. Pancreatic cancer-derived PANC-1 cells were treated
with serial dilutions of anticancer drugs and incubated under
either a normoglycemic (1.0 g/L glucose) or hypoglycemic
(0 g/L glucose) condition and normoxic (21% O,) or hypoxic
(1% O,) condition. The 50% inhibitory concentration (ICsq) of
gemcitabine for the PANC-1 cells incubated under the normo-
glycemic/normoxic condition was 300 nM, whereas the ICso
values of gemcitabine under the hypoxic and hypoglycemic con-
dition were >300 pM, which was 1000 times higher than the
value under the normoglycemic/normoxic condition (Fig. 1A).
Similarly, the ICsqo of 5-fluorouracil was greatly influenced by
the culture condition, with ICsy values of 2.7 uM under the
normoglycemic/normoxic condition, 9.6 pM under the hypo-
glycemic/normoxic condition, 92 pM under the normoglyce-
mic/hypoxic condition, and 79 pM under the hypoglycemic/
hypoxic condition (Fig. 1B); the corresponding values for
cisplatin were 74, 106, 108 uM, and more than 300 uM
(Fig. 1C). The cytotoxicities of gemcitabine for other pancreatic
cancer cell lines, PSN-1 and Capan-1, were also examined. The
ICs of gemcitabine for the PSN-1 cells was 0.22 pM under the
normoglycemic/normoxic condition and more than 300 pM
under the hypoglycemic/hypoxic condition (Fig. 1D). The ICso
of gemcitabine for the Capan-1 cells was 0.24 uM under the
normoglycemic/normoxic condition, and 57 yM under the
hypoglycemic/hypoxic condition (Fig. 1E). The sensitivities of
the hepatoma-derived HepG2 cells, which express wild-type
p53, were also examined. The ICso of gemcitabine for HepG2
cells was 2.9 pM under the normoglycemic/normoxic condi-
tion, and more than 300 pM under the hypoglycemic/hypoxic
condition (Fig. 1F).

Cell-cycle progression and gemcitabine uptake under various
culture conditions. During cell proliferation, cells must prepare
to double all their components. The restriction of nutrient and
oxygen supply might greatly influence the cell-cycle progres-
sion, through complex mechanisms.®" Gemcitabine is incorpo-
rated into the DNA fo exert its cytotoxicity.®**>) Therefore, the
cell-cycle analysis was conducted under the hypoglycemic/
hypoxic condition. Newly synthesized DNA was labeled with
5-ethynil-2’-deoxyuridine (EdU), and the DNA content was
labeled with 7-aminoactinomycin D, followed by multicolor
analysis by flow-cytometry. About 45% of the cells under the
normoglycemic/normoxic condition and 41% of the cells under
the hypoglycemic/hypoxic condition were in the S-phase. Thus,
the S-phase population was almost the same under both condi-
tions. Closer analysis of the S-phase populations under both con-
ditions indicated that the numbers of cells in the late S and G2
phases were reduced under the hypoglycemic/hypoxic condi-
tion, indicating S-phase prolongation (Fig. 2A). The cellular
uptake and DNA incorporation of gemcitabine were directly
assessed using [*H]-labeled gemcitabine. Cells were cultured
under the normoglycemic/normoxic or hypoglycemic/hypoxic
condition for 24 h, followed by incubation with 1 pM [*H]-gem-
citabine for 3 h. The cellular uptake of gemcitabine was almost
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twofold higher and the DNA incorporation of [®H]-gemcitabine
was almost fivefold higher under the hypoglycemic/hypoxic
condition than under the normoglycemic/normoxic condition
(Fig. 2B).

Gemcitabine-induced checkpoint activation and S-phase
arrest. DNA incorporation of gemcitabine cause the replication
fork to stall; this, in turn, induces S-ghase checkpoint activation
and S-phase arrest or .':\poptosis.‘:"“'3 ) To analyze the signaling
by gemcitabine-induced DNA lesions, we examined checkpoint

Effect of inhibition of the HIFs and PI3K/Akt signaling on the
sensitivity of the cancer cells to itabi -1a is induced
by hypoxia and modifies cell survival.“**D Under the hypoxic
condition, the HIF-1a protein levels increased rapidly to peak
within 2 h and thereafter decreased (Fig. 4A). The HIF-20. pro-
tein level was also rapidly induced within 2 h, and maintained
for 24 h. The HIF-1o protein level decreased, but not the HIF-
20, protein levels, under the hypoglycemic condition (Fig. 4A).
To evaluate the involvement of the HIFs in the resistance to

kinase activations. After 12 h incubation in the p or
absence of 1 and 100 pM gemcitabine, phosphorylation of
H2AX, Chkl and Chk2 were induced by gemcitabine equally
under different culture conditions (Fig. 2C). We further exam-
ined gemcitabine-induced S-phase arrest using propidium iodide
staining and flow-cytometric analysis. S-phase arrest was
equally induced by gemcitabine under the normoglyce-
mic/normoxic and hypoglycemic/hypoxic conditions (Fig. 2D).

Effect of i ition of Chk1 signaling on the cy icity of
gemcitabine. Previous studies have shown that UCN-01 and
G66976 sensitized cells to gemcitabine via Chkl inhibition,
resulting in abrogation of the cell cycle arrest and subsequent
cell death.®*” We examined the sensitivity of Chk1 signaling-
inhibited cells to gemcitabine under the hypoglycemic/hypoxic
condition. Western blot analysis showed that 1 pM of the Chk1
inhibitors, UCN-01 and G§6976, reduced the phosphorylation of
cdc25c, a downstream mediator of Chk1 (Fig. 3A); UCN-01 and
G66976 lowered the ICsq of gemcitabine by more than 10 times
under the normoglycemic/normoxic condition, but not under the
hypoglycemic/hypoxic condition (Fig. 3B,C). Similar results
were obtained with 10 pM UCN-01 or G66976. To confirm
these results, the effect of an RNAi for Chkl was examined.
The RNAi effectively suppressed Chk1 activation under both
the normoglycemic/normoxic and hypoglycemic/hypoxic
conditions (Fig. 3D); however, Chk1 suppression enhanced the
sensitivity of the cells to gemcitabine only under the normo-
glycemic/normoxic condition (Fig. 3E).

Onozuka et al.

bine, HIF-1a or HIF-2o. expression was suppressed by
RNAI and the sensitivity of the cells to gemcitabine was exam-
ined. RNAi for HIF-1o and HIF-2a effectively suppressed the
hypoxia-induced accumulation of the respective proteins
(Fig. 4B). Knockdown of HIF-1a, HIF-2a or HIF-1/20. did not
have any effect on the sensitivity of the cells to gemcitabine
under hypoxic condition (Fig. 4C-E). Akt is known to be acti-
vated by h}goglycemic condition and to play some roles in cell
survival. “**® Tn our study, marked increase of Akt phosphory-
lation at ser473 was observed within 2 h under both the hypo-
glycemic and hypoxic condition, which was sustained for at
least 24 h; the increase was, however, more evident under the
hypoxic condition (Fig. 4A). To examine the involvement of
PI3K/Akt signaling in the drug resistance, we utilized a PI3K
inhibitor, LY294002. After treatment with LY294002 (10 and
20 pM) for 24 h, Akt phosphorylation was effectively inhibited
to less than the basal level (Fig. 4F). Although treatment with
20 pM of LY294002 reduced the ICs of gemcitabine by 15-fold
under the normoglycemic/normoxic condition, it had little effect
under the hypoglycemic/normoxic condition (Fig. 4G).

Effect of combined inhibition of Chk1 and HIF signaling
on the drug resi e induced by hypogl ic/hypoxi
condition. Inhibition of either checkpoint to produce release
from the gemcitabine-induced S-phase arrest or of cell-survival
signaling under hypoxia, HIFs, and under hypoglycemia Akt,
each alone was not effective to ameliorate the resistance to gem-
citabine. We examined the combined inhibition of Chk1l and
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HIF signaling: HIF-1o, HIF-20,, or HIF-1/20. knockdown cells
were examined for their sensitivity to gemcitabine in the pres-
ence of 1 uM UCN-01; however, even such combined inhibition
was found to have no effect on the sensitivity of the cells to
gemcitabine under the hypoxic condition (Fig. 5).

Effect of combined inhibition of Chk1 and PI3K signaling
on the drug e induced by hypoglycemic/hypoxic condi-
tion. Combined inhibition of Chkl and PI3K signaling was
examined. As shown in Figure 6 1uM UCN-01 and 20 pM
LY294002 strongly enhanced gemcitabine cytotoxicity under
both normoglycemic/normoxic and hypoglycemic/hypoxic con-
ditions, although the effect under the hypoglycemic/hypoxic
condition was less pronounced (Fig. 6A). On the other hand,
combined treatment with 1 pM G66976 and 20 M LY294002
enhanced the sensitivity of the cells to gemcitabine only under
the normoglycemic/normoxic condition (Fig. 6B). In order to
confirm if the effect of UCN-01 was due to inhibition of Chk1
activation or inhibition of some other target, the effect of the
RNAi on Chkl activation was examined. Chkl siRNA and
20 uM LY294002 enhanced the sensitivity of the cells to
gemcitabine under the normoglycemic/normoxic condition;

Onozuka et al.

however, it had no any effect under the hypoglycemic/hypoxic
condition.

Discussion

As clearly shown in the present work, hypoxia and hypoglyce-
mia had a large impact on the cellular sensitivity to anticancer
drugs in different cancer cell lines. In most cases, the mecha-
nism underlying the drug resistance is regarded as decreased cel-
lular drug uptake. Multidrug resistance is one of major cellular

hani of drug resi e to a broad spectrum of anticancer
drugs, and this phenotype is associated with an increased drug
efflux from the cells caused by overexpression of the ABC trans-
porter. In the present work, hypoglycemic/hypoxic condition
also induced multidrug resistance; however, our findings clearly
indicated that there was no reduction of gemcitabine uptake and
incorporation under the hypoglycemic/hypoxic condition. The
S-phase population was similar under the normoglycemic/norm-
oxic and hypoglycemic/hypoxic conditions, with accompanying
S-phase prolongation. S-phase prolongation might be due to
the depletion of de novo synthesis of nucleotides caused by
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insufficiency of the pentose phosphate shunt supply. Neverthe-
less, it was not involved in DNA incorporation of gemcitabine
under the hypoglycemic/hypoxic condition. Following its incor-
poration into DNA, gemcitabine blocks the extension of DNA
and stall replication forks, leading to DNA damage. The DNA
damage is recognized by sensor molecules that recruit and phos-
phorylate H2AX protein in the damaged DNA region.“* Sensor
molecules also phosphorylate checkpoint kinase causing its acti-
vation and arresting the cell cycle in the S phase.“> The present
study showed that phosphorylation of H2AX, Chk1l and Chk2
were induced by gemcitabine equally under the normoglyce-
mic/normoxic and hypoglycemic/hypoxic conditions, leading
to S-phase arrest. During checkpoint kinase activation and cell
cycle arrest, phosphorylation of H2AX is known to be recruited
by other DNA repair proteins, such as Mrel1/Rad50/Nbsl, in
the DNA damage region, resulting in activation of the DNA
repair pathway.**” Chronic hypoxia has been reported to sup-
press DNA repair protein activity.“®*” The increased DNA
incorporation of gemcitabine under the hypoglycemic/hypoxic
condition may be caused by suppression of the DNA repair path-
way.

Modulation of the cellular responses to DNA-damaging
agents by checkpoint abrogators or inhibitors of cell survival
signaling is an active area of research, since it has been believed
that the interference of these signalings may enhance the thera-
peutic efficacy of anticancer drugs‘(s The S-phase checkpoint
consists of a hierarchal regulatory cascade initiated by the acti-
vation of Chkl. In the present work, Chk1 inhibitors and Chk1
siRNA enhanced the cytotoxicity of gemcitabine under the
normoglycemic/normoxic condition, consistent with other

980

repom.(S"S‘) However, the abrogation of Chk1 activation did

not affect the sensitivity of the cells to gemcitabine under the
hypoglycemic/hypoxic condition. Tumor hypoxia has been
well-studied, and previous reports have proposed that HIF-1o
plays a critical role in determining cell survival and death, %"
while knockdown of HIFla or HIF2o using siRNA did not
affect the sensitivity of the cells to gemcitabine under the hyp-
oxic condition in the present study. The PI3K/Akt pathway is
well-known for its anti-apoptotic and cell survival activity under
various conditions, including hypoxia and hypoglycemia,®>~"
but our results showed that the PI3K inhibitor LY294002 sensi-
tized the cells to gemcitabine only under the normoglyce-
mic/normoxic condition. We examined combined inhibition of
Chk1 and of the cell survival pathways-sensitized cells to gem-
citabine under the hypoglycemic/hypoxic condition. In the pres-
ent work, the combination of UCN-01 and LY294002 partly
abrogated the hypoglycemic/hypoxia-induced drug resistance,
whereas the combination of G66976 or Chkl siRNA with
LY294002 had no such effect. These observations suggest that
UCN-01 had a different target from G66976 in the mechanism
of sensitizing the cells fo gemcitabine under the hypoglyce-
mic/hypoxic condition. UCN-01 has been reported to induce
apoptosis in S-phase-arrested cells, not through Chk1 inhibition
although the precise mechanisms remain poorly understood.(sss
‘We attempted to identify the kinase signaling responsible for the
hypoglycemic/hypoxia-induced drug resistance in the targets of
UCN-01; however, we did not obtain any clear results. PI3K
and Akt are strongly expressed in some cancers, and have been
found to be associated with a poor prognosis and increased
tumor aggressiveness.®”%® We previously reported that Akt
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expression was closely associated with cellular tolerance for

nutrient deprivation.®

The present work showed that Akt phos-

phorylation had a significant impact on the sensitivity of the
PANC-1 cells to anticancer drugs.

In this study, we showed that hypoglycemic/hypoxic condi-

tion induced multidrug resistance. Combined kinase activations
were involved in the hypoglycemic/hypoxia-induced drug resis-
tance. Although the mechanism of cell death caused by gemcita-
bine is still unclear, the combined strategies described in the
text might enhance the cytotoxicity of gemcitabine in clinical

practice.
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Article history: Recently, ultrasound-mediated gene delivery with nano- and microbubbles was developed as a novel non-
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viral vector system. In this gene delivery system, microstreams and microjets, which are induced by
disruption of nano/microbubbles exposed to ultrasound, are used as the driving force to transfer genes into
cells by opening transient pores in the cell membrane. This system can directly deliver plasmid DNA and
siRNA into cytosol without endocytosis pathway. Therefore, these genes are able to escape from degradation
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‘&m":‘:{d in and result in the efficiency of gene expression. In addition, it is expected that
Microbubbles ultrasound-mediated gene delivery using nano/microbubbles would be a system to establish non-invasive
Sonoporation and tissue specific gene expression because ultrasound can transdermally expose to target tissues and
Gene delivery organs. This review focuses on the current ultrasound-mediated gene delivery system using nano/
Cavitation microbubbles. We discuss about the feasibility of this gene delivery system as novel non-viral vector system.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction Ultrasound shows potential for improving the efficiency of gene

Gene therapy has a potential in the treatment of cancer and diseases
that are due to genomic causes. Viral vectors are efficient carriers of
genes for transduction, but some problems have become evident [1-3].
Delivery vectors that are highly potent in terms of gene transduction
efficiency should also be safe and easy to apply. Non-viral vectors have
recently received focus as gene carriers, but their transduction efficiency
is very low. Efforts have recently been directed towards improving this
aspect [4-6). Towards this end, ultrasound has been investigated for
improving the efficiency of transgene delivery, and holds promise as a
non-invasive gene delivery system.

* Corresponding author. Tel.: +81 42 685 3722; fax: 481 42 685 3432,
E-mail address: maruyama@pharm.teikyo-u.acjp (K. Maruyama).

0168-3659/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
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delivery into tissues and cells, a technique known as sonophoresis/
sonoporation [7]. It is believed that ultrasound perturbs cell
membranes and causes transient pores to open in the membrane,
thus facilitating gene entry into the cell [8]. In addition, it has been
reported that microbubbles utilized as ultrasound contrast agents
play an important role in enhancing the efficiency of gene delivery,
without causing cell damage [9]. In general, cell damage is dependent
on ultrasound intensity, concentration of microbubbles and cell type.
Especially, ultrasound intensity and exposure time are key factors.
Therefore, it is important to optimize the condition of ultrasound
exposure in ultrasound-mediated gene delivery [10-13]. Some
researchers studied about the cell damage by the disruption of
microbubbles with ultrasound exposure [14-19]. These reports are
useful as informative references for ultrasound-mediated gene
delivery utilizing microbubbles.
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Microbubbles which are destroyed by ultrasound exposure generate
microstreams or microjets, resulting in shear stress to cells and the
generation of transient holes in cell membranes [20]. Since this
approach can be used to deliver extracellular molecules such as genes
into cells, microbubbles could facilitate ultrasound-mediated gene
delivery. In addition, submicron sized bubbles (nanobubbles), which
are smaller than conventional microbubbles, were recently reported
[21,22], and we have also developed novel liposomal nanobubbles
(Bubble liposomes) [11,23-32]. These nanobubbles can also be utilized
as enhancing tool of gene delivery efficiency in ultrasound-mediated
gene delivery. In this review, we introduced about ultrasound-mediated
delivery systems combined with nano/microbubbles and discussed the
feasibility as non-viral vector system.

2. Microbubbles as ultrasound contrast agents

Ultrasonography is a widely used diagnostic medical imaging
technique that is non-invasive, relatively low-cost, easy to use, provides
real-time imaging, and importantly, avoids the use of hazardous
ionizing radiation. Ultrasound wave pulses generated by an ultrasound
transducer are partially reflected or scattered by the interfaces between
different tissues. The transducer detects the ultrasound waves returned
by scattering, and these signals are converted to ultrasound images.
Since blood scatters ultrasound poorly, ultrasound contrast agents,
which increase the scattering and reflection of ultrasound waves, are
utilized for blood flow imaging, especially in cardiosonography.
Gramiak and Shah in 1968 were the first to use contrast agents in
echocardiography [33], and reported that the aortic delineation was
improved by intracardiac m_|ect10n of agltated saline containing air
bubbles. F these air within a few
seconds following intravenous injection due to the high solubility of air
in blood, and the impossibility of larger air bubbles to pass through
pulmonary capillaries. For these reasons, it is difficult to use injected
conventional air bubbles for opacifying the left cardiac chambers, unless
they are injected by the intracoronary or aortic route.

To improve the stability and decrease the size of air bubbles,
microbubbles with a thin shell such as albumin (Albunex) or galactose
palmitic acid (Levovist) have been developed (Table 1). These bubbles
are first-generation microbubbles, and are air-filled microspheres. Their
mean diameter ranges from 1 to 8 ym, and they are capable of passing
through pulmonary capillaries. However, these air-filled microbubbles
disappear from the bloodstream within seconds after administration
because of their low resistance to arterial pressure gradients, and the
high solubility of air in blood [34]. Approaches for increasing the stability
of microbubbles and decreasing the solubility of their gas in blood are
clearly required, and lead to the development of microbubbles filled
with a high molecular weight hydrophobic gas such as perfluorocarbons
or sulfur hexafluoride. These mic represent second-genera-
tion contrast agents, in which surfactants, sonicated albumin and
phospholipids are used to form the bubble shell in order to improve
microbubble stability in the bloodstream. The acoustic backscatter of
these microbubbles is higher than that of blood and organs, due to

Table 1

Ultrasound contrast agents.
Name Shell Entrapping gas Size (pm)
Albunex Albumin Air 43
Levovist Galactose Air 2-4
Optison Albumin Perfluoropropane 3-32
Definity Lipids Perfluoropropane 1.1-20
Imagent Lipids Perfluoropropane 5
Sonovue Lipids Sulphur hexafluoride 25
Sonazoid Lipids Perfluorobutane 2-3

differences in acoustic impedance between gases, and blood or organs.
Therefore, microbubbles are useful contrast agents, especially in
echocardiography. In addition, Sonazoid which was a phosphatidylser-
ine-stabilized perfluorobutane microbubbles was developed as a useful
contrast agent for hepatic tumors [35-37]. This is due to uniqueness of
Sonazoid whose microbubbles are likely to be taken up by Kupffer cells
(liver macrophages) in the healthy liver and enhances contrast of the
liver parenchyma during the delayed phase, which usually occurs
within 10 min after the injection. In contrast, tumor that lacks Kupffer
cells was not enhanced resulting in clear negative contrast of the tumor
[36]. Thus, Sonazoid is a new type of microbubble which is able to target
Kupffer cells. However, Sonazoid has been commercially available
microbubble for clinical use only in Japan since 2007. In the future, it is
expected that tissue specific targeting bubbles such as Sonazoid are
developed.

3. Properties of micr with ul d

The behavior of microbubbles depends on the amplitude of
ultrasound used. At very low acoustic pressure (mechanical index
(MI)<0.05-0.1), the microbubbles cause linear oscillation, and the
reflected frequency is equal to the transmitted frequency (Fig. 1(a)). An
increase in acoustic pressure (0.1 <Ml<03) referred to as low-power
imaging, causes Ii and compression of the micro-
bubbles (Fig. 1(b)). In fact, the bubble becomes somewhat more
resistant to compression than to expansion. This phenomenon is known
as stable or non-inertial cavitation, and results in the emission of non-
linear harmonic signals at multiples of the transmitted frequency [38].
Harmonic imaging with microbubbles enhances the bubbles-to-tissue
backscatter signal ratio, due to insignificant harmonic backscatter from
tissue in this range of ML Therefore, this technique can improve the
signal-noise ratio and be useful in left ventricular pacification imaging
[39]. In addition, stable or non-inertial cavitation can enhance transient
cell membrane permeability (Fig. 2(a)) [40]. Machluf et al. reported that
ultrasound exposure (0.16 Ml, 1 MHz) in the presence of microbubbles
deliver plasmid DNA into cells [41,42].
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Fig. 1. Scheme showing microbubble behavior in acoustic fields (a) Very low intensity
ultrasound induces linear oscillation of the microbubble. (b) Low intensity ultrasound
induces oscillation of the microbubble with a gradual increase in microbubble diameter
until it reaches a resonant diameter, at which point stable oscillation occurs (filled black
urc]es) (c) High intensity ultrasound causes a rapid increase in the diameter of the

for a few cycles, which induces bubble disruption.
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4.1. Applying to plasmid DNA delivery

Much research has been conducted both in vitro and in vivo into
gene delivery using ultrasound to disrupt microbubbles. In early
feasibility studies, reporter genes such as luciferase, B-galactosidase
and green fluorescent protein (GFP) were utilized to assess transfec-
tion efficiency [13,51-54]. Transfection method in in vitro study is
very simple. In general, cells suspended with microbubbles and
plasmid DNA were exposed with ultrasound for a few second-several
tens of seconds due to be completed transfection in a short period of
time [27). Transfection efficiency is affected by ultrasound exposure
condition such as intensity, frequency, period, duty cycle, or type and
concentration of microbubble [10,11,13,14]. Normally, the efficiency
increase according to increasing ultrasound intensity and period [11].
On the other hand, it was reported that the efficiency and cell viability
by the transfection with fractionated exposure was higher than that
with continuous exposure in the same period of total exposure [19]. In
addition, it was reported that there was optimal concentration of
microbubbles [55]. Unfortunately, optimal condition is not completely
clear m the transfection using this system because of many

as ioned above. Thus, some researchers

Fig. 2. Scheme showing the pore in the cell by oscillating or
disrupting microbubble (a) The pushing and pulling behavior (non-inertial cavitation)
of the microbubble and (b) the collapse of microbubbles (inertial cavitation) cause
rupture of the cell membrane creating pore allowing trans-membrane flux of fluid and
‘macromolecules such as plasmid DNA and oligonucleotides (c).

Higher acoustic pressure (MI>0.3-0.6) causes forced expansion and
compression of microbubbles and results in bubble disruption (collapse)
(Fig. 1(c)). This inertial cavitation involved in bubble disruption is
utilized as flash-replenishment in reperfusion study of diagnosis [43].
This inertial cavitation induces microstreams/microjets around the
bubbles. The peak velocity of the microstreams/microjets can reach
700 m/s. These microstreams/microjets can enhance the permeability of
cell membranes due to the formation of transient pores (Fig. 2(b)) [20].
In the presence of nano-/microbubbles, the threshold for cavitation
decreases, and it results in rendering their destruction feasible at lower
energies of ultrasound.

4. Gene delivery using sonoporation as a non-viral vector system

The first studies investigating the utility of ultrasound for gene
delivery used frequencies in the range 20-50 kHz [7,44]. However,
these frequencies, along with cavitation, are known to cause tissue
damage if not properly controlled [45,46]. To overcome this problem,
many gene delivery studies have used therapeutic ultrasound, which
operates at frequencies of 1-3 MHz, intensities of 0.5-2.5 W/cm? or
MI 0.3-2, and in pulse-mode [47]. However, as these conditions result
in very inefficient gene delivery, therapeutic ultrasound combined
with nano/microbubble contrast agents has been investigated for
enhancing gene transfection efficiency [9,13,48,49]. This combination
method has many of the characteristics required for practical gene
therapy including low toxicity, the potential for repeated applications,
organ specificity and broad applicability to acoustically accessible
organs. Under proper conditions, the combination of ultrasound and
nano/microbubbles can create transient non-lethal perforations in cell
membranes. Taniyama et al. reported that transient pores formed in
cell membranes upon exposure to ultrasound and Optison, and that
the pores completely closed [20]. In addition, the behavior of
insonated microbubbles was observed with high-speed camera
microscopy [50]. Exposure to high intensity ultrasound induced
complete disruption of the micr The above suggest
that the combination of microbubbles and ultrasound could be useful
for gene delivery (Fig. 2(c)).

have Stl.ldles the properties of this transfection technology to find out
optimal condition.

Many of in vivo early studies focused on organs and tissues that are
readily imaged by diagnostic ultrasonography, including heart
[52,56], skeletal muscle [51] and kidney [57]. Bekeredjian et al.
reported the use of ultrasound and microbubbles to deliver reporter
genes into heart [56]. Subsequently, Korpanty et al. succeeded in
delivering the gene for vascular endothelial growth factor (VEGF) into
heart using the same gene delivery system, and VEGF-mediated
angiogenesis to rat myocardium [58]. This technique has begun to be
broadly utilized as a gene delivery system to other organs, tissues and
cells such as the vascular system, pancreas, central nerve system,
tumors, and hematopoietic cells. For example, Shimamura et al.
reported transfection to the central nervous system by sonoporation
after injection of a reporter gene and Optison into cistern magna or
striatum [59]. In this study, transfection by microbubbles using
ultrasound transferred the reporter gene into cells around the
neurons, and not into the neuron cells themselves. Takahashi et al.
reported gene transfer into the spine using ultrasound and micro-
bubbles [60]. In addition, Aoi et al. developed herpes simplex virus
mediated thymidine kinase (HSV-tk)-mediated suicide gene therapy
using nanobubbles and ultrasound [61]. In this therapy, HSV-tk
corded plasmid DNA and nanobubbles were injected into tumor tissue
of mice, and ultrasound was transdermally exposed toward the tissue.
The reduction of tumor size was observed by administration of
ganciclovir in the mice transfected HSV-tk corded plasmid DNA with
nanobubbles and ultrasound. Previously, we developed novel liposo-
mal nanobubble (Bubble liposome) entrapping perfluoropropane
gas (Fig. 3(a-c)) [11,27]. The size of Bubble liposomes was about
500 nm and they were much smaller than Sonazoid (Fig. 3(b)). Bubble
liposome could also utilize as an effective plasmid DNA delivery tool
in vitro (Fig. 3(d)) and in vivo by the combination with ultrasound.
We reported the utility of Bubble liposome in cancer gene therapy
using interleukin-12 (IL-12) corded plasmid DNA [24]. The combina-
tion of Bubble liposomes and ultrasound dramatically suppressed
tumor growth (Fig. 4). As mentioned above, sonoporation combined
with nano/microbubbles could be a good system for plasmid DNA
delivery.

4.2. Applying to oligonucleotide delivery

Oligonucleotides such as antisense, decoy and small interfering
RNA (siRNA) are important molecules that can stop the expression of
specific genes [62,63]. In particular, RNA interference (RNAi) using
siRNA has potential in the development of new treatments for disease,
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(60 pg) posed or not to (frequency, 2 MHz; duty, 50%; burst rate, 2 Hz;

intensity, 2.5 W/cm?; time 10 s). The cells were washed and cultured for 2 days. Thereafter, luciferase activity was determined with luminometer. Data are shown as means +S.D.
(n=3). BL, Bubble liposome, pCMV-Luc: luciferase corded plasmid DNA, HUVEC: human umbilical vascular endothelial cell.

including malignant, infectious and autoimmune diseases. In order to
achieve efficient gene silencing, it is important that the siRNA is
introduced into the cytoplasm of the target cell [64]. Diverse
approaches have been attempted to develop efficient oligonucleotide
delivery methods [62]. However, technologies that enable the tissue-

As mentioned above, the combination of ultrasound and nano/
microbubbles can directly deliver extracellular molecules into the
cytosol [25], where antisense, decoy and siRNA function, so this
delivery system might better exhibit the functions of these oligonu-
cleotides. Azuma et al. reported that NF-xB decoy delivery into

targeted delivery of siRNA using non-viral vectors need impr
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Fig. 4. Cancer gene therapy by IL-12 gene delivery with Bubble liposomes and
ultrasound B6C3F1 mice were intradermally inoculated with 1x 10° OV-HM cells into
the flank. On day 7 after tumor inoculation, the tumors were injected with pCMV-IL12
(10 pg) using Bubble liposomes (2.5 pg) and/or ultrasound (1 MHz, 0.7 W/cm?, 1 min),
or Lipofectamine 2000 as a ct i i ion method. (b) Th ic effect was
assessed by measuring tumor growth. The volume of the growing tumors was
calculated by: (tumor volume; mm?) = (major axis; mm) x (minor axis; mm)?x0.5).
The data are represented as tumor volume relative to the tumor volume on day 7 after
tumor i ion. Each point the mean +SD (n=5). BL: Bubble liposomes,
US: Ultrasound, LF2000: Lipofectamine 2000, pCMV-IL-12: IL-12 corded plasmid DNA,
PCMV-Luc: Luciferase corded plasmid DNA.

tr ed kidney by the combination of microbubbles and
ultrasound could significantly decrease IL-18 and TNF-a (inflamma-
tory cytokines) and prolonged the survival rate of kidney-trans-
planted mice [57]. Negishi et al. reported that siRNA was directly
introduced into the cytoplasm by nanobubbles and ultrasound [30]. In
addition, transfection of siRNA into tibialis muscles with nanobubble
and ultrasound resulted in gene-silencing, which was ined for
more than 3 weeks. It therefore appears that the combination of nano/
microbubbles and ultrasound could be a useful siRNA delivery system.
In addition, siRNA transfection with ultrasound and microbubbles was
utilized to apply to mesenchymal stem cells, indicating that this
technique could be applicable to genetically modified stem cell
therapy. Vandenbroucke et al. also developed an interesting siRNA
delivery system using sonoporation [65]. They coupled (PEG-siPlex)
of PEGylated cationic liposomes and siRNA, and introduced the
complex into gas-filled lipid microbubbles. Both the microbubbles and
PEG-siPlex, which were modified with biotin, were attached via
avidin. Although PEG-siPlex can protect siRNA from digestion by
nucleases in vivo, PEGylation makes it difficult for the siRNA to be
recognized and taken up by the target cells. The microbubble/
sonication system should be able to overcome the negative effects
of PEGylating siRNA-cationic liposomes (siPlex) and enhance the
efficiency of ultrasound-assisted siRNA delivery. Although siRNA
delivery mediated by ultrasound and nano/microbubbles must be
optimized, this system may open up new perspectives for ultrasound-
controlled in vivo siRNA delivery.
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5. Efforts to tissue- or organ-selective gene delivery

To establish ideal gene therapy, it is important to deliver
therapeutic gene into target tissue or organ. In the early study, gene
and nano/microbubbles were directly injected into target tissue and
organ [53,66). However, in this method, there are some limitations
such as injection volume and injection technique. To improve these
problems, some researchers recently developed ultrasound-mediated
gene delivery by the supplying gene and nano/microbubbles via blood
flow [11,67). In this delivery, gene expression was limited in the area
exposed ultrasound. Ultrasound can be easily focused to a target
tissue or organ. Therefore, it might be possible to develop an optimal
tissue- or organ-specific gene delivery system by combining nano/
microbubble targeting and focused ultrasound. Shen et al. succeeded
to developed ultrasound-mediated gene expression in liver via
intraportal injection of plasmid DNA and microbubbles [68]. Grayburn
et al. reported insulin expression following insulin gene delivery to
pancreatic islets in rat by a combination of microbubbles and
ultrasound exposure and succeeded to decrease blood glucose level
in diabetes rat [67,69]. We also developed the gene delivery into
tumor tissue by the combination of injection from tumor dominant
artery and ultrasound exposure toward tumor tissue [11]. In addition,
transdermal ultrasound exposure toward liver could induce liver
selective gene expression after systemic injection of plasmid DNA and
Bubble liposomes. In this case, luciferase expression was dominantly
observed in the parenchymal cells of liver. These results suggested
that Bubble liposomes could quickly transduce plasmid DNA into each
tissue by cavitation even under the existence of blood stream.
Moreover, we developed the combination method using mannosy-
lated lipoplexes and Bubble liposomes with ultrasound to enhance
gene transfection in mannose receptor-expressing cells in liver [29].
In this study, after systemic injection of mannosylated lipoplex,
Bubble liposomes were systemically injected and ultrasound was
transdermally exposed toward liver. Gene expression was observed
mannose receptor-expressing cells such as macrophage and dendritic
cells which were known as antigen presenting cells. It is expected that
ultrasound-mediated gene delivery with nano/microbubbles might be
useful to develop target tissue or organ-selective gene delivery in
vivo.

Previously, several groups have reported active targetable nano/
microbubbles to endothelium {70], rejected tissues [71], neovascu-
lature endothelium [72], lymph node-related vasculature [73] and
activated platelets[74] by targeting ICAM-1 [75], VCAM-1 [76] or
integrins [77]. We also developed blood clot targetable Bubble
liposomes modified with arginine-glycine-aspartic acid (RGD) pep-
tides to develop effective ultrasound contrast agents for blood clots
imaging [78]. Although these nano/microbubbles were developed as
ultrasound imaging agents, it might be possible to develop an optlmal

exposure site. Therefore, it is expected that this technology would be
utilized as a novel gene delivery system in clinical field.
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Abstract

The abundance of cell surface levels of transferrin receptor 1 (TfR1), which regulates the uptake of iron-
bound transferring, correlates with the rate of cell proliferation. Because TfR1 expression is higher in cancer
cells than in normal cells, it offers a target for cancer therapy. In ﬂus study, we found that the expression of
TfR1 in mouse colon cancer cells was affected by the circadi ion of the molecular clock. The core
circadian oscillator is d of an autoregulatory transcription-translation feedback loop, in which
CLOCK and BMALLI are positive regulators and the Period (Per), Cryptochrome (Cry), and Dec genes act as
negative regulators. TfR1 in colon cancer-bearing mice exhibited a 24-hour rhythm in mRNA and protein
levels. Luciferase reporter analysis and chromatin immunoprecipitation experiments suggested that the
clock-controlled gene c-MYC rhythmically activated the tra.nscnphon oi Lhe TfR1 gene Platmu.m incorporation
into tumor DNA and the antitumor efficacy of transferri ip liplatin could
be enh d by drug istration at times when TfR1 expression increased. Our findings suggest that
the 24-hour rhythm of TfR1 expression may form an important aspect of strategies for TfR1-targeted cancer
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therapy. Cancer Res; 70(15); 6238-46. ©2010 AACR.

Introduction

In mammals, the master pacemaker controlling the
circadian rhythm is located in the suprachiasmatic nuclei
of the hypothalamus (1). Regulation of circadian physiology
relies on the interplay of interconnected transcription-
translation feedback loops. The BMAL1/CLOCK complex
activates clock-controlled genes, including Per, Cry, and
Dec, the products of which act as repressors by interacting
with BMAL1/CLOCK (2-5). This mechanism also regulates
the 24-hour rhythm in output physiology through the period-
ic activation/repression of clock-controlled output genes in
healthy peripheral tissue and tumor tissue (6, 7).

Transferrin receptor 1 (TfR1) is involved in the uptake of
iron into cells through the binding and internalization of
transferrin, and its regulation by intracellular iron levels
has assisted in the elucidation of many important aspects
of cellular iron homeostasis (8, 9). Iron is important for
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metabolism, respiration, and DNA synthesis. Thus, TfR1 is
expressed not only in normal healthy cells but also in malig-
nant tumor cells (8, 10). Recently, another TfR-like molecule
named TfR2 has been recognized and investigated (11, 12),
but the exact function of TfR2 remains unclear (8). It has
been reported that the expression of TfR1 in mammary
epithelial cells exhibits a significant 24-hour rhythm (13).
Such rhythmic variation in TfR1 expression seems to affect
its iron uptake function resulting in time-dependent changes
in the internalization of iron-loaded Tf. However, it is not
clear if the expression of TfR1 in colon cancer cells shows
a significant 24-hour rhythm.

Many of the pharmacologic properties of conventional
drugs can be improved through the use of an optimized drug
delivery system (DDS), which includes particular carriers
composed primarily of lipids and/or polymers (14). The high
expression of TfR1 in tumor can potentially be used to deliver
cytotoxic agents into malignant cells, including chemo-
therapeutic drugs, cytotoxic proteins (8), and Tf-coupled
polyethylene glycol (Tf-PEG) liposomes were designed as
intracellular targeting carriers for drugs by systemic admin-
istration. In fact, Tf-PEG liposomes encapsulating a platinum
(Pt)-based anticancer drug, oxaliplatin, can increase its accu-
mulation in tumor masses (15, 16). On the other hand, daily
rhythmic variations in biological functions are thought to
affect the efficacy and/or toxicity of drugs: a large number
of drugs cannot be expected to have the same potency at
different administration times (7, 17). However, it is unclear
what influence the rhythmic expression of TfR1 has on the
pharmacokinetics/pharmacodynamics of transferrin target-
ing liposomes.
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