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Next, to further investigate micelle destabilization due to di-
sulfide reduction as well as the stabilizing effect of Chol moieties,
agarose gel electrophoresis of micelle samples was performed after
incubation with or without DTT in the presence of varying con-
centrations of dextran sulfate (MW = 5000). This strong polyanion
was used for mimicking the negatively charged extracellular ma-
trixes, as a recent study reported that those polyanionic compo-
nents play a crucial role for the destabilization of blood circulating
SIRNA PICs [36]. The stabilizing effect of Chol moiety was again
observed upon analysis of siRNA release induced by the counter
polyanions. Chol-siRNA micelles required larger amounts of
dextran sulfate for the appearance of the released siRNA band,
compared to Chol-free micelles (Fig. 3B and C). Futhermore, the
decreased stability under the reductive conditions was confirmed
for Chol-siRNA micelles, as the incubation under 100 mm DTT
apparently decreased the amount of dextran sulfate required to
release free siRNA from micelles (Fig. 3B and C). The similar facili-
tated siRNA release profiles were also observed for Chol-siRNA
micelles under a cytoplasm-mimicking condition (10 mm DTT and
150 mm NaCl) in comparison with a cell exterior-mimicking con-
dition (10 pm DTT and 150 mm NaCl) (Fig. S5A and B). Nevertheless,
the modest difference between non-reductive and reductive con-
ditions implies the significant, yet restricted contribution of disul-
fide cross-linking to the resistance of micelles against a strong
polyanion. Note that the stabilizing effect of disulfide cross-linking
was more evident under milder conditions where micelle samples
were incubated with an anionic lipid molecule (DOPS). In this
experiment, micelle sensitivity to reductive conditions was clearly
observed even for Chol-free micelles (Fig. $5C and D).

3.4. In vitro efficacy of actively-targeted/stabilized micelles

To verify the biological effect of cRGD ligand as well as the
stabilizing effect of Chol-siRNA, cellular uptake efficiencies of siRNA
micelle formulations were compared by flow cytometric analyses.
In this experiment, the fluorescence intensity of HeLa-Luc cells was
determined after their treatment with micelles prepared with Cy5-
siRNA. Note that HeLa-Luc cells were chosen as a target cell line
because they overexpress integrins, especially oyBs, on their cellular
surface (Fig. $6) [31,37], and are thus appropriate for assessing the
cRGD effect on cellular uptake of siRNA. Significantly higher fluo-
rescence intensity was observed for cRGD-installed micelles, i.e.,
RGD(+)/Chol(—) and RGD(-+)/Chol(+) micelles, in comparison with
control micelles without cRGD, i.e., RGD(-)/Chol(~) and RGD(~)/
Chol(+) micelles (Fig. 4A). These results highlight the effect of cRGD
on the enhanced cellular uptake of siRNA micelles. In the absence of
cRGD ligand, the cells incubated with RGD(~)/Chol(+) micelles
showed modestly higher fluorescence intensity than those incu-
bated with RGD(-)/Chol(~) micelles, indicating that Chol-siRNA
facilitated the cellular uptake of RGD(—) micelles. Apparently, the
Chol-siRNA was more effective for improving the cellular uptake of
non-targeted RGD(—) micelles, compared to the targeted RGD(~+)
micelles. These different effects of Chol-siRNA can be explained
from the standpoint of cellular uptake rate of micelles; the targeted
RGD(+) micelles may be internalized more rapidly and less affected
by micelle stability in cell culture conditions, compared to the non-
targeted RGD(—) micelles.

Next, in vitro gene silencing ability of the actively-targeted/
stabilized (RGD(+)/Chol(+)) micelles was evaluated by comparing
with those of the other micelle formulations. siRNA for luciferase
gene, ie., siLluc, was selected for this luminescence-based gene
silencing assay, which allows quantitative determination of gene
silencing by comparing the luminescence intensity among samples.
Fig. 4B shows the relative lJuminescence intensity of cells treated
with each siRNA micelle (or naked siRNA) at 200 nM siRNA after
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50 h incubation. The observed in vitro gene silencing activity is in
good agreement with the results from the cellular uptake study
(Fig. 4A); as ¢cRGD-installed, RGD(+)/Chol(+) and RGD(+)/Chol(-)
micelles achieved the most efficient luciferase gene silencing, fol-
lowed by the RGD(~)/Chol(+) micelles and the RGD(-)/Chol(~)
micelles. Actively-targeted micelles prepared with siScr induced no
significant decrease in relative luminescence intensity, confirming
the sequence-specific gene silencing activity of actively-targeted
micelles. Consequently, the cRGD ligands installed on the micelle
surface enhanced in vitro gene silencing activity of siRNA micelles
regardless of the Chol moiety conjugated to siRNA. This is consis-
tent with the result seen in Fig. 3A; the Chol-free micelles could
avoid the rapid dissociation in the 10% serum-containing PBS under
200 nM siRNA corresponding to the transfection condition, pre-
sumably enabling ligand-mediated rapid cellular uptake, It should
be noted in this regard that the Chol-free siRNA micelles prepared
with ¢cRGD-PEG-PLL without thiol (or other stabilizing) moieties
induced no gene silencing under similar conditions as we reported
previously [13], indicating the impact of disulfide cross-linking on
gene silencing efficiency.

Cell viability following treatment with siRNA micelles was also
examined in order to exclude the possibility of cytotoxic effects on
the gene silencing activity of siRNA micelles. RGD(+)/Chol{-) mi-
celles and RGD(+)/Chol(+) micelles, which showed the highest
gene silencing activity, were subjected to a cell viability assay using
the commercially available CCK-8 kit, based on a water soluble
tetrazolium salt (WST-8). Neither micelle formulation induced
significant cytotoxicity even at a high concentration of siRNA
(1000 nm) (Fig. 57), indicating negligible cytotoxic effects of siRNA
micelles at concentrations used for the gene silencing studies.
Considering that homopolymer PLLs with a high molecular weight
(e.g. 27 kDa) are known to induce significant cytotoxicity due to
their cationic charges [38], this negligible cytotoxicity of the siRNA
micelles might be the result that they were composed of a relatively
shorter PLL segment and equipped with a PEG outer layer that
masked the charged component.

3.5. Invivo efficacy of actively-targeted/stabilized micelles

Since enhanced micelle stability and active targeting ability
were both demonstrated under in vitro conditions (Figs. 3 and 4A
and B), the in vivo behaviors of actively-targeted/stabilized micelles
were investigated following systemic administration. The longevity
of siRNA micelles in the bloodstream is a critical factor for tumor
accumulation of macromolecules. Prolonged circulation results in
increased contact opportunity for actively-targeted micelles with
the cellular surface receptors in tumor tissues.

First, the blood circulation property of fluorescently-labeled
micelles (prepared with Cy5-siRNA) was evaluated by IVRT-CLSM,
which can continuously monitor the fluorescence intensity of
Cy5-siRNA (or its micelles) circulating in the blood of mice imme-
diately after intravenous injection (Fig. S8A). Fluorescence in-
tensities determined from ROIs selected within the vein were
plotted against time to compare blood retention profiles of
different micelle formulations (Fig. 5A). In this regard, non-targeted
micelles were utilized for simply validating the effect of Chol-siRNA
encapsulated within the micelles on blood retention. Chol-free
micelles were rapidly eliminated from circulation, similar to
naked siRNA, and consequently their blood half-life (Tq;2) was
within 5 min. In sharp contrast, Chol-siRNA micelles showed
significantly longer blood retention time (T12 = >20 min, p < 0.05)
than Chol-free micelles. This prolonged blood circulation observed
for Chol-siRNA micelles is in good agreement with the results
demonstrating higher stability against dilution with serum-
containing PBS (Fig. 3A) and improved resistance to polyanion
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exchange with polysulfates (Fig. 3C). It is also worth mentioning
that the elimination of Chol-siRNA micelles from the bloodstream
followed a single exponential decay (or a one-compartment model
in pharmacokinetics) (Fig. S8B), suggesting that the Chol-siRNA
micelles were eliminated mainly from the kidney without being
distributed into peripheral tissues. This is supported by the result
that the Chol-siRNA micelles (or the siRNA payloads) were mainly
accumulated in the kidney after systemic administration (Fig. S9).
Note that the blood retention time of naked Chol-siRNA was
modestly longer than those of naked Chol-free siRNA. This may be
due to interaction of Chol-siRNA with lipoproteins in the blood-
stream leading to compromised renal filtration [39].

Next, the tumor-targeting ability of cRGD-installed micelles was
investigated by measuring their accumulation in subcutaneous
HeLla-Luc tumors. Fluorescently-labeled micelles were adminis-
tered by tail vein injection and tumors were excised after 4 h fol-
lowed by measurement of the fluorescence intensity of each tumor
mass with an IVIS instrument. While there was almost no differ-
ence in fluorescence intensity between Chol-free micelles with and
without cRGD, significantly higher fluorescence intensity was
observed for Chol-siRNA micelles equipped with cRGD, compared
to those without cRGD (Fig. 5B). These results indicate that the
cRGD ligand enabled more efficient tumor accumulation of the
highly stabilized Chol-siRNA micelles following systemic adminis-
tration, presumably due to the enhanced avidity of cRGD ligands to
uyP3/owPs integrin receptors on cancerous cells and also tumor-
associated endothelial cells [13,33,34]. Intratumoral distribution
of RGD(+)/Chol(--) micelles was further examined by continuous
CLSM observation of the subcutaneous tumor tissue after systemic
administration. The CLSM image captured at 80 min after injection
displays massive distribution of the micelles in the tumor tissue
through the blood vessels (Fig. S10). Importantly, there were no
significant differences in healthy organ/tissue accumulation be-
tween non-targeted and actively-targeted micelles (p > 0.05)
(Fig. 59), demonstrating tumor-selective targeting of RGD(+)/
Chol(+) micelles.

Finally, the in vivo gene silencing activity of siRNA micelles was
investigated through luciferase gene silencing (luminescence
measurement) in subcutaneous Hela-Luc tumors, similar to the
luminescence-based assay used for in vitro experiments. At 48 h
after the initial injection of samples (total 3 intravenous injections),
luciferin solution was intraperitoneally injected into mice, followed
by measurement of the luminescence intensity in the tumor tissues
with an IVIS instrument (Fig. 5C and Fig. S11). Non-targeted
RGD(—)/Chol(—) micelles did not decrease tumor luminescence
intensity, whereas the actively-targeted, RGD(+)/Chol(-) and
RGD(+)/Chol(+) micelles did reduce tumor luminescence in-
tensities compared to buffer-treated controls. In particular, the
actively-targeted/stabilized, RGD(+)/Chol(+) micelles achieved
significant decrease in the luminescence intensity (p < 0.05 for
buffer-treated controls). It should be noted that the RGD(+)/
Chol(+) micelles carrying siScr as a control sequence caused no
decrease in the luminescence intensity, demonstrating sequence-
specific gene silencing (i.e. RNAI) activity of the actively-targeted/
stabilized micelles. In addition, it was also confirmed that all the
tested micelles did not induce significant changes in the body
weight of tumor-bearing mice (Table S1). In total, actively-targeted
and stabilized micelles were more effective in delivering intact
(thus active) siRNA to the cytoplasm of tumor cells following sys-
temic administration. The present study particularly focused on the
separate functionalization of the macromolecular components, i.e,,
PEG-PLL and siRNA, for construction of the multifunctional
formulation, ie., actively-targeted/stabilized micelles. This
approach permitted the facile functionalization based on a simple
chemistry, which is in contrast to the previously developed block

copolymer modified with 2-iminothiolane, where two functional
groups, open chain and closed ring structures, are equilibrated in
the side chain of PLL [13].

4. Conclusions

Actively-targeted and stabilized PIC micelles were constructed
with Chol-siRNA and PEG-PLL comprising the cRGD ligand at the
PEG terminus and thiol (and amidine) functionality in PLL side
chains, for systemic siRNA delivery to solid tumors. The Chol
modification of siRNA allowed the production of PIC micelles at
wider mixing ratios above the charge-stoichiometric point and
dramatically stabilized the micelle structure, resulting in the
enhanced blood circulation property of siRNA micelles. Further, the
active targeting ability of the cRGD ligand was proven by enhanced
cellular uptake in vitro and also enhanced tumor accumulation
in vivo following systemic administration. Ultimately, the syner-
gistic effect of active targetability and improved stability enabled
significant sequence-specific gene silencing in the subcutaneous
tumor tissue following systemic administration of siRNA micelles.
The results obtained in this study highlight the importance of
additional stabilizing mechanisms in PIC micelle systems, and that .
stabilization can be achieved from both the polymer component
and the siRNA component used. Here, Chol-conjugation to siRNA
reinforced the limited effect of disulfide cross-linking, thus
improving the active targetability of nanoparticulate formulations
for systemic transport of siRNA into tumor tissues.
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Efficient systems for delivery of small interfering RNA (siRNA) are required for clinical application of RNA
interference (RNAi) in cancer therapy. Herein, we developed a safe and efficient nanocarrier comprising
poly(ethylene glycol)-block-charge-conversional polymer (PEG-CCP)/calcium phosphate (CaP) hybrid micelles
for systemic delivery of siRNA and studied their efficacy in spontaneous bioluminescent pancreatic tumors
from transgenic mice. PEG-CCP was engineered to provide the siRNA-loaded hybrid micelles with enhanced
colloidal stability and biocompatibility due to the PEG capsule and with endosome-disrupting functionality
due to the acidic pH-responsive CCP segment where the polyanionic structure could be converted to polycationic
structure at acidic pH through cis-aconitic amide cleavage. The resulting hybrid micelles were confirmed to have
a diameter of <50 nm, with a narrow size distribution. Intravenously injected hybrid micelles significantly
reduced the luciferase-based luminescent signal from the spontaneous pancreatic tumors in an siRNA
sequence-specific manner. The gene silencing activity of the hybrid micelles correlated with their preferential
tumor accumulation, as indicated by fluorescence imaging and histological analysis. Moreover, there were no
significant changes in hematological parameters in mice treated with the hybrid micelles. These results demon-

strate the great potential of the hybrid micelles as siRNA carriers for RNAi-based cancer therapy.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Small interfering ribonucleic acid (siRNA) provides new perspectives
for the treatment of various diseases. It functions by obstructing a specific
cellular process by reducing protein production in a sequence-specific
manner, a phenomenon termed RNA interference (RNAi) {1-4]. In partic-
ular, the use of RNAi-based therapy is expected to have potential for treat-
ment of cancer because cancerous cells overexpress several specific
genes, including oncogenes [5,6]. In the development of an RNAi-based
cancer therapy, systemic administration of siRNA is essential for its effec-
tive accumulation in the wide range of internal tumor tissues. However,
intravenous injection of naked siRNA molecules results in their rapid
enzymatic degradation and subsequent clearance through the kidneys
[7.8]. Therefore, efficient carriers are required to ensure successful deliv-
ery of siRNA to the therapeutic site of action [3,6,9].
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Calcium phosphate (CaP)-based nanocarriers, a promising delivery
system, has been widely developed for delivering nucleic acids to mam-
malian cells [10-14]. These are readily prepared by mixing aqueous
ionic solutions for efficient encapsulation of nucleic acids. In this regard,
we have previously prepared poly(ethylene glycol) (PEG)-coated CaP
hybrid micelles by utilizing PEG-polyanion block copolymers
[12,15-20]. In these block copolymers, the polyanion segment acts as
a binding moiety with CaP nanoparticles, whereas the PEG segment
forms a nonionic and hydrophilic outer layer for enhanced colloidal sta-
bility and biocompatibility (Fig. 1A). Furthermore, our recent studies
successfully demonstrated functionalization of the polyanion segment
for efficient endosomal escape of the siRNA payload [19-21]. An
acidic pH-responsive anionic moiety, cis-aconitic amide (Aco), was in-
troduced into the cationic side chain of the endosome-disrupting
polyaspartamide derivative, poly{N'-[N-(2-aminoethyl)-2-aminoethyl]
aspartamide} (PAsp(DET)) (Fig. 1B). The obtained PAsp(DET-Aco)
bearing a net negative charge was found to be inactive for mem-
brane disruption at extracellular neutral pH. However, on reversion
to the parent polycation PAsp(DET) by cleavage of the Aco moiety at
endosomal acidic pH, membrane disruptivity was activated [thus,
termed charge-conversional polymer (CCP)] (Fig. 1C) [22]. Ultimately,
the systemic administration of PEG-CCP/CaP hybrid micelles carrying
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vascular endothelial growth factor (VEGF) siRNA achieved significant
antitumor activity in a murine xenograft model of subcutaneous pan-
creatic tumors [20]. These results demonstrated the great potential of
this system for use as a cancer therapy and motivated us to investigate
this system further.

To confirm the translational capability of promising nanocarriers,
relevant preclinical tumor models, which parallel the microenviron-
ment characteristics of tumors in the clinic, should be considered. In
animal tumor models prepared by implantation of exogenous cancer
cells or tissues, the tumoral microenvironment presents substantial dif-
ferences with that of tumors in patients, including stroma, vasculature,
lymphatics, immune cells, and increased population of certain clonal
fractions due to selective stresses during cell culture or tissue transplan-
tation [23,24]. These features in transplanted models are expected to
affect the nanocarrier-mediated delivery of siRNA as well as drugs, e.g,
efficiencies of penetration, accumulation, and gene silencing in tumor
tissues. In this regard, in genetically engineered tumor models, the
tumor development closely relates to the clinical setting of the disease,
with immune responses, angiogenesis, and inflammation naturally
interrelating with the tumor [23]. Therefore, by using such spontaneous
tumor models, siRNA-loaded nanocarriers could be evaluated in tumors
with more relevant microenvironment and cell populations.

In the present study, we applied siRNA-loaded hybrid micelles in a
genetically engineered pancreatic tumor model, in which the tumor
gradually arises in situ and is associated with normal immune, angio-
genesis, and inflammatory processes. The EL1-Luc/TAg transgenic
mice used in this study spontaneously develop bioluminescent pancre-
atic adenocarcinoma owing to the SV40 T and firefly luciferase trans-
gene constructs, which are regulated by the rat EL1 promoter [25].
SV40 T alters molecular, physiological, and histological aspects compa-
rable to the tumorigenesis of acinar cell carcinoma in humans. More-
over, EL1-Luc/TAg transgenic mice permit non-invasive tracing of
tumors through bioluminescence imaging because the cancer cells
exclusively express luciferase. Accordingly, in vivo RNAI activity of the
hybrid micelles carrying luciferase siRNA (silLuc) was determined by
quantifying the luminescent signal from the pancreatic tumors after in-
travenous injection. To verify the validity of the measured RNAi activity,
the tumor accumulation profile of the hybrid micelles was further
assessed. To the best of our knowledge, this is the first study to demon-
strate the effective delivery of SiRNA to a spontaneous tumor model in
transgenic mice by systemic administration.

2. Materials and methods
2.1. Materials, cell lines, and animals

CaCl, (anhydrous), NazPOy, NaCl, HCl, ethanol, and phosphate buff-
ered saline (PBS) were purchased from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). Dulbecco's modified Eagle's medium (DMEM) and
penicillin/streptomycin stabilized solution were purchased from Sigma-
Aldrich (St. Louis, MO). In vivo grade luciferin VivoGlo, cell culture lysis
buffer, and the Luciferase Assay System were purchased from Promega
Corporation (Madison, W1). Tissue-Tek OCT compound and fetal bovine
serum (FBS) were acquired from Sakura Finetek USA, Inc. (Torrance,
CA) and Dainippon Sumitomo Pharma Co., Ltd. (Osaka, Japan), respective-
ly. Methoxy-poly(ethylene glycol)-block-pely(N"-{N’-[{N-cis-aconityl)-
2-aminoethyl]-2-aminoethyl}aspartamide) (PEG-PAsp(DET-Aco) or
PEG-CCP) was synthesized as previously described, and then character-
ized by "H NMR (PEG: 12 kDa; PAsp(DET-Aco): 34 kDa) [19,20]. Firefly
luciferase siRNA (siLuc) and its control siRNA (siScr) were synthesized
by Hokkaido System Science (Hokkaido, Japan). The sequences of the
siLuc were: 5-CUU ACG CUG AGU ACU UCG AdTdT-3’ (sense) and 5'-
UCG AAG UAC UCA GCG UAA GdTdT-3/ (antisense); the sequences of
the siScr were: 5’-UUC UCC GAA CGU GUC ACG UdTdT-3/ (sense) and
5'-ACG UGA CAC GUU CGG AGA AdTdT-3' (antisense). Fluorescently
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Fig. 1. (A) Schematic {llustration of the preparation of hybrid micelles with PEG-CCP,
siIRNA, and CaP. (B) Chemical structure of PEG-PAsp(DET-Aco), termed PEG-CCP. (C) Sche-
matic illustration of the cellular delivery of siRNA by PEG-CCP/CaP hybrid micelles. At ex-
tracellular neutral pH, PEG-CCP binds to the CaP nanoparticle, generating a PEG outer
layer. Once endocytosed by the cell, the hybrid micelles undergo endosomal acidification.
During acidification, PEG-CCP is converted to the parent PEG-PAsp(DET) through cleavage
of the cis-aconitic amide bond, exposing the diprotonated side chain structure for
endosomal membrane disruption. Finally, the siRNA payload is released into the cyto-
plasm, while the PAsp(DET) segment adopts the membrane-inactive monoprotonated
side chain at cytoplasmic neutral pH.

labeled siLuc was obtained by introducing Alexa Fluor 647 to the 5/
end of sense strand from GeneDesign, Inc. (Osaka, Japan).

Hela-Luc, a firefly luciferase-expressing human cervical cancer cell
line, was purchased from Caliper Life Science (Hopkinton, MA). The
cells were maintained in DMEM containing 10% FBS and 1% streptomy-
cin/penicillin in a humidified atmosphere containing 5% CO; at 37 °C.
FVB/Njc1 female mice (18-20 g, 6 weeks) were purchased from
Clea Japan, Inc. (Tokyo, Japan). EL1-Luc/EL1-SV40 T-antigen transgenic
mice (OncoMouse; male, 18-20 g, 6 weeks) were purchased from
Caliper Life Sciences (Hopkinton, MA). Female FVB mice and male trans-
genic mice were allowed to breed, and the newborn mice were ge-
notyped primarily by basal bioluminescence imaging at the age of
5 weeks. Male mice presenting basal luminescence in the pancreas
were separated for use in the experiments. All animal experiments
were performed in accordance with the Guidelines for the Care and Use
of Laboratory Animals as stated by The University of Tokyo.

2.2. Preparation of hybrid micelles

Hybrid micelles were prepared as previously described [20}. In brief,
a solution of 2.5 M CaCl, (1 pL) was diluted in 10 mM Tris buffer (pH 10)
(11.5 uL). Another solution containing PEG-CCP (1.0 mg/mL) in 10 mM
Tris/HCl buffer (pH 7.5) was mixed with a solution of 15 M siRNAin 10
mM HEPES buffer (pH 7.2) and with 50 mM HEPES buffer containing 1.5
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mM NasPO4 and 140 mM NaCl (pH 7.5) (2.5 pL:5 pL:5 uL). The former
solution was mixed with the latter solution by pipetting up and down
for approximately 20 s (final siRNA concentration: 3 pM). The freshly
prepared micelle solution containing 40 pg siRNA and 100 pg PEG-CCP
(1 mL) was then purified and concentrated using a VivaSpin-06 device
{molecular weight cut-off (MWCO): 10 kDa). The ultrafiltration was
performed in a swing bucket rotor at 900 g and 4 °C for 20 min. To min-
imize non-specific binding of micelles to the membrane, the centrifuge
filter devices were washed with de-ionized water before use. After cen-
trifugation, the retained solution (100 pL) was added to 300 mM Nacl
solution (100 plL) to adjust the final concentration to 150 mM NaCl.
Through this procedure, the excess free calcium ions were removed
from the micelle solution to the flow-through. The quantity of calcium
removed was determined using a calcium sensitive dye, arsenazo IIf,
by the SRL Laboratories (SRL Inc., Tokyo, Japan).

‘2.3, Transmission electron microscopic (TEM) imaging

Hybrid micelle solution (20 uL) was loaded on a 400-mesh copper
grid and stained with 20 pL of uranyl acetate solution (2%, w/v) for 5 s.
The copper grids with carbon-coated collodion film were glow-
discharged for 10 s with an Eiko IB-3 ion coater (Eiko Engineering Co.
Ltd., Japan) prior to use. The morphology of hybrid micelles was ob-
served on a JEM-1400 (JEOL Ltd., Tokyo, Japan) with 100 kV acceleration
voltage and 40 pA beam current, toward high resolution and high
contrast with high performance imaging of specimens.

2.4. In vitro luciferase gene silencing

Hela-Luc cells were seeded in a 96-well plate at a cell density of
2500 cells/well in 0.1 mL of DMEM containing 10% FBS and then pre-
cultured for 24 h. Before transfection, the medium was refreshed. Hy-
brid micelles containing siRNA (siLuc or siScr), hybrid micelles without
siRNA (mock), or naked siRNA (siLuc or siScr) were applied to each well
to final siRNA concentrations of 100 and 200 nM (n = 6). After 48 h of
incubation, the medium was removed and the cells were washed twice
with 100 pL of PBS. The cells were then lysed with 50 i of cell culture
lysis buffer. The luciferase expression in the lysate was determined
from photoluminescence intensity using the Luciferase Assay System
and Mithras LB 940 (Berthold Technologies). The relative luciferase
activity was calculated as a ratio to that in non-treated cells.

2.5. Biodistribution and tumor accumulation of hybrid micelles in
transgenic mice

Mice were fed with alfalfa-free food ad libitum. A group of three male
transgenic mice (15 weeks) were intravenously injected with Alexa
Fluor 647-labeled siLuc (Alexa647-siLuc) contained in hybrid micelles
(200 pL, 20 pg siRNA). As a control, the same amount of naked
Alexa647-siLuc was also injected to another group of male transgenic
mice. Intravenous injection was performed slowly (10 s per injection)
to avoid adverse side effects. Mice were sacrificed 6 h after the injection,
and then the main organs (heart, lungs, liver, spleen, kidneys, and pan-
creas, including tumors) were excised for fluorescent imaging using
IVIS (Caliper Life Sciences, Hopkinton, MA). Organs were washed in
PBS and kept on ice prior to analysis. Similarly, blood was collected
from mice at 6 h after the injection, and then it was centrifuged at
2000 g for 10 min to obtain the plasma. The fluorescence intensity
was determined using the Living Image software through the selection
of an ROI around the whole organ/tumor and the plasma, and then it
was converted to the % of dose/g of tissue (or plasma) based on a standard
curve, To avoid incomplete separation of tumors from the pancreas, the
combined weight of the organ and tumors was used for the subsequent
statistical data analysis.

2.6. Tumor histology

After the biodistribution studies described in the preceding section
were complete, a portion of the pancreas/tumor tissue from each
mouse was rapidly frozen in Tissue-Tek OCT compound with liquid
nitrogen in ethanol. The frozen pancreas/tumor tissues embedded
in the block were then cut into 6-pm thick slices at —20 °C with a
Tissue-Tek Cryo3 microtome/cryostat (Sakura Finetek USA, Inc., Torrance,
CA). Each section of the pancreas/tumor tissue was fixed with formalin
and stained with hematoxylin and eosin (HE) for histological identifica-
tion of tumor cells and healthy pancreatic cells. In addition to HE staining,
adjacent cryosections of the pancreas/tumor tissue were stained with
Hoechst 33342 (Dojindo Lab., Kumamoto, Japan) for observation of
cellular nuclei using a confocal laser scanning microscope (CLSM) (LSM
510, Carl Zeiss, Germany). The CLSM observation was performed at the
excitation wavelengths of 633 nm (He-Ne laser) and 710 nm (MaiTai
laser, two photon excitation) for Alexa647-siRNA and Hoechst 33342,
respectively. The fluorescence intensities of the Alexa647-siRNA from
the tumor region or the healthy pancreatic region in the obtained CLSM
image were determined using the Image] software.

2.7. In vivo luminescence reduction in transgenic mice

Hybrid micelle solutions containing 20 pg of siLuc or siScr (200 L)
were slowly injected into the caudal vein of transgenic mice (13 weeks;
n = 16). Bioluminescence intensity in the pancreatic tumors was deter-
mined before injection and 24 h after injection of the hybrid micelles
using an IVIS instrument. Mice were anesthetized with isoflurane and
luciferin was injected intraperitoneally at a dosage of 150 mg/kg
(200 pL). Measurements were performed 10 min after luciferin injec-
tion for three different positions in each mouse (right flank, left flank,
and ventral positions) to reduce variability in bioluminescence due to
the tumor positions. Photons emitted from the pancreas region were
quantified using the Living Image software and summed from the 3
positions. All images were set to the same conditions and color scale.

2.8. Hematological parameters and cytokine levels

Hybrid micelle solutions containing 20 ug of siScr (200 pL) were
slowly injected in the caudal vein of female Balb/c mice (6 weeks).
Blood was collected at several time points after the injection and
centrifuged at 2000 g for 10 min to obtain the plasma. The levels
of alkaline phosphatase (ALP), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and creatinine (Cr) in the plasma
were measured by the SRL Laboratories (SRL Inc., Tokyo, Japan) (n =
5). Also, the levels of tumor necrosis factor-c (TNF-av), interleukin-6
(IL-6), IL-1¢v, and IL-1B in plasma were determined by Quantikine®
ELISA kits, according to the manufacturer’s protocol (n = 4).

3. Results and discussion
3.1. Preparation of hybrid micelles

Preparation of CaP nanoparticles in an aqueous solution is known to
result in the formation of insoluble large aggregates over time. Thus,
PEG-CCP (Fig. 1B) was used to prepare CaP nanoparticles with enhanced
colloidal stability through the steric repulsive effect of the PEG capsule.
These nanoparticles also had endosome-disrupting functionality de-
rived from the CCP segment. This segment was synthesized through
the introduction of an Aco moiety into the side chain of PAsp(DET)
through cis-aconitic amide bond formation. Successful preparation
of PEG-CCP (or quantitative introduction of the Aco moiety) was con-
firmed using "H NMR spectroscopy (data not shown), as previously de-
scribed [19]. The resulting PAsp(DET-Aco) segment was stable at
neutral pH, whereas under acidic conditions, it underwent cis-aconitic
amide cleavage to revert back to the parent PAsp(DET) (Fig. 1C) [22].
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The generated PAsp(DET) enabled acidic pH-selective membrane dis-
ruption based on the distinctive change in the protonation state of the
side chain unit, i.e., the monoprotonated state at neutral pH and the
diprotonated state at acidic pH, directed toward endosomal escape of
the payload (Fig, 1C) [26,27].

The hybrid micelles were prepared by simple mixing of a solution
containing PEG-CCP, siRNA, and phosphate ions, with a solution of calci-
um ions (Fig. 1A). The prepared micelles were then subjected to ultrafil-
tration (MWCO: 10 kDa) for the removal of excess free calcium ions as
well as for concentration of the sample, The concentrated solution was
diluted with the same volume of NaCl solution (300 mM) to generate
the hybrid micelle solution at 150 mM NaCl. The obtained hybrid
micelles were observed with a high performance TEM. Fig. 2A depicts
spherical nanoparticles of approximately 30 nm in diameter with a
clearly narrow size distribution, which was confirmed by the size distri-
bution histogram obtained from analyses of the TEM images (mean
diameter: 33.2 nm, n = 111) (Fig. 2B). The hybrid micelle solution
was further characterized by dynamic light scattering (DLS) and elec-
trophoretic light scattering. The size of hybrid micelles was 38 nm at
the peak of the number-weighted histogram in DLS (Supporting
Fig. S1), associated with a narrow size distribution (polydispersity
index = 0.09). This size is consistent with that estimated from the
TEM images. Further, the zeta-potential of hybrid micelles was almost
neutral (—2.2 mV), consistent with the presence of nonionic PEG
outer layer. In addition, the DLS analysis revealed that the cumulant
size of the hybrid micelles was maintained over 7 days of storage at 4
°C (data not shown), demonstrating the potential for long-term storage
in a refrigerator.

3.2, In vitro luciferase gene silencing

To confirm in vitro siRNA delivery efficacy, the hybrid micelles carry-
ing siLuc were applied to a luciferase assay with cultured HeLa-Luc cells
as a luciferase-expressing model cell line. After 48 h of incubation, siLuc
delivered by the hybrid micelles significantly decreased the luciferase
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Fig. 2. (A) TEM image of the hybrid micelles. (B) Size distribution histogram of the hybrid
micelles based on their TEM images.

—124—

expression in a dose-dependent manner (Fig. 3); the hybrid micelles
inhibited approximately 50% and 90% of luciferase expression at 100
nM and 200 nM siRNA, respectively. In sharp contrast, the hybrid mi-
celles with a control sequence of siRNA (siScr) as well as the mock mi-
celles without siRNA resulted in no reduction in luciferase expression,
indicating sequence-specific, potent gene silencing ability of the hybrid
micelles. In our previous studies, the hybrid micelles exhibited a signif-
icant gene silencing effect on endogenous VEGF in cultured pancreatic
cancer cells (PanC-1 and BxPC3) [19,20], suggesting that their gene
silencing ability is not limited to a specific target gene and cell line.
The efficient gene silencing ability of the hybrid micelles was probably
due to the stable encapsulation of siRNA in CaP nanoparticles in cell cul-
ture medium [20], followed by efficient cellular internalization and
endosomal escape induced by the CCP segment [19]. With regard to
the cellular internalization, our previous study revealed that hybrid
micelles were efficiently uptaken by Hela cells within 4 h, probably
due to an energy-dependent endocytosis [16]. It should be noted that
no significant cytotoxicity was observed for any of the samples at the
tested concentrations, as determined in a cell viability assay using a
water soluble tetrazolium salt (WST-8) (data not shown).

3.3. Biodistribution and tumor accumulation of hybrid micelles in transgen-
ic mice

Biodistribution of hybrid micelles after intravenous injection was
evaluated in the transgenic mice presenting spontaneous pancreatic
tumors using Alexa647-siRNA. At 6 h after injection, the transgenic
mice were sacrificed, and the organs were excised for measuring fluo-
rescence intensity, which was then converted to the % of dose/g of tissue
based on a standard curve. As the border between a pancreatic tumor
and healthy pancreas tissue is unclear, the fluorescence intensity of
the whole pancreatic tissue was measured for tumor accumulation of
Alexa647-siRNA. Note that the significant fluorescence was not detected
from the collected blood samples, indicating that almost all the hybrid
micelles (or Alexa647-siRNAs) were eliminated from the bloodstream
within 6 h. Thus, the fluorescence intensity measured from each organ
would not be affected by blood circulating micelles. As shown in Fig. 4,
the amount of hybrid micelles was approximately 0.9% of dose/g of pan-
creas/tumor, which was 6-fold larger than that in naked siRNA. No signif-
icant difference between hybrid micelles and naked siRNA was observed
for the accumulation in other organs; however, the kidneys displayed
lower accumulation for Alexa647-siRNA delivered by the hybrid micelles
compared to naked siRNA. These results suggest that the hybrid micelles
could protect Alexa647-siRNA from rapid renal filtration, enabling it to
circulate for longer in the blood, and therefore accumulate more in the
pancreas/tumor. )

The enhanced accumulation of hybrid micelles in the pancreas/tumor
was further investigated by histological analysis. First, HE-stained sec-
tions were prepared to facilitate distinction of the tumor region (T)
from healthy pancreatic tissue (H). As depicted in Fig. 5A, healthy pancre-
atic cells were organized into lobules toward formation of glandular acini.
In contrast, tumor cells show a non-organized solid growth pattern
[28,29]. Fig. 5A also shows the presence of connective tissue septa
in between the T and H areas. CLSM was then performed to image
the corresponding Hoechst 33342-stained sections. It is noteworthy
that fluorescence signals from Alexa647-siRNA delivered by hybrid
micelles were found mainly in the tumor region (Fig. 5B). Quantitative
analysis using the Image] software indicated that the fluorescence sig-
nal of Alexa647-siRNA in the tumor region was 2.9-fold stronger than
that in the healthy pancreas. By considering that the average weight
of pancreas/tumor in the transgenic mice was 2.2-fold higher than
that of pancreas in wild-type mice, the tumor accumulation of siRNA
delivered by hybrid micelles can be roughly estimated to be ~1.3% of
dose/g of tumor with the assumption that the tissue weights are similar
between tumor and healthy pancreas in the transgenic mice. Thus, the
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Fig. 3. Invitro luciferase gene silencing by hybrid micelles in cultured HeLa-Luc cells. Lucif-
erase fuminescence was quantified after 48 h of incubation of cells treated with samples.
Results are expressed as mean and standard deviation (n = 6). *P < 0.05; **P < 0.001
(ANOVA followed by Newman-Keuls).

preferential tumor accumulation of siRNA-loaded hybrid micelles was
demonstrated in the spontaneous pancreatic tumor model.

In a previous study, we reported that the tumor vasculature in the
EL1-Luc/TAg transgenic mice was covered with pericytes [{30], which
can considerably limit the penetration of nanocarriers into the sponta-
neous tumor model in comparison to hypervascular and/or less stromal
tumor models [31,32]. Nevertheless, the hybrid micelles apparently
penetrated and distributed within the tumors (Fig. 5B). This behavior
should be attributed to the relatively small size of the hybrid micelles
(approximately 30-40 nm in diameter, Fig. 2 and Supporting Fig. $1),
facilitating the passage of the nanocarriers through the tumor vascula-
ture and stromal tissues. This was in agreement with our recent study
where <50-nm polymeric micelles efficiently penetrated into the tissue,
even in hypopermeable tumor models, which was in contrast to the
control micelles that were >50 nm in size [33]. It should be further
noted that the enhanced tumor accumulation behavior of hybrid mi-
celles, compared to naked siRNA, in the present spontaneous pancreatic
tumors was comparable to our previous observation in a subcutaneous
BxPC3 tumor model [20]. This can also be explained by the small size of
hybrid micelles, as the small-sized nanocarriers may be less affected by
the tumor microenvironments restricting extravasation and penetra-
tion of nanocarriers, such as pericyte coverage of the vasculature [33].
Altogether, the hybrid micelles are a promising strategy for the systemic
delivery of siRNA to various and whole tumor tissues/cells.
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Fig. 4. Biodistribution of Alexab47-siRNA-loaded hybrid micelles and naked Alexa647-
siRNA by fluorescence quantification at 6 h after intravenous injection (20 pg
siRNA/injection) in 14-week-old transgenic mice. The obtained fluorescence intensities
were converted to % of dose/g of tissue based on a standard curve. Results are expressed as
mean and standard error of mean (n = 3). ANOVA followed by Newman-Keuls (*P < 0.01).

Fig. 5. Histological observation of pancreas/tumor in transgenic mice treated with hybrid
micelles. Sections were prepared from the pancreas/tumor tissue excised at 6 h after intra-
venous injection of hybrid micelles carrying Alexa647-siRNA (20 pg siRNA/injection) to
transgenic mice. (A) HE staining: non-organized tumor cells (T) and healthy pancreatic
structure in Jobes (H) are separated by the dotted line. (B) CLSM image of an adjacent sec-
tion to that stained with HE. Nuclei (blue) were stained with Hoechst 33342, and
Alexa647-siRNA is shown in green.

3.4. In vivo luciferase gene silencing in transgenic mice

Pancreatic cancer is considered to be one of the most fatal cancers
[34]. Moreover, the all-stage 5-year survival has not improved greatly
during the last 25 years [35]. These facts have motivated us to develop
novel therapeutics to improve the prognosis of pancreatic cancer
patients. An immunocompetent mouse presenting spontaneous pan-
creatic tumors is a useful model for establishment of such novel thera-
peutics, including anticancer drug-loaded micelles [30]. Herein, the
in vivo gene silencing activity of hybrid micelles was evaluated with
the spontaneous pancreatic tumor model developed in EL1-Luc/TAg
transgenic mice, in which the expression of firefly luciferase is promot-
ed specifically in the acinar cell carcinoma [25]. Accordingly, this model
can be used for a gene silencing assay that employs the bioluminescence
of the pancreatic tumors. It is worth noting that the following character-
istics were confirmed for the spontaneous pancreatic cancer model in
the previous study [30]; i) liver and intestine metastases are likely
to occur in this model after the mice becoming 16 weeks old, ii) the
pancreas/tumor in this model is enlarged and also the pancreatic cancer
may grow over the normal position of pancreas, and iii) the biolumines-
cent signal from the pancreatic cancer is not always emitted from the
same anatomic position. Considering these points, the bioluminescence
measurements in this study were performed for 3 different positions,
i.e., left flank, frontal, and right flank of the 13-week-old mice without
detectable tumor metastases.

Representative bioluminescence images of the left flank position of
mice treated with or without siLuc-loaded hybrid micelles are shown
in Fig. 6A, where the variable bioluminescence signals from the pancre-
atic tumor can be identified. At 24 h after systemic injection of the
hybrid micelles, the bioluminescence intensity in the pancreatic tumors
exhibited a significant reduction of 61% compared with the initial inten-
sity before injection (Fig. 6B; P < 0.01), indicating that the hybrid mi-
celles induced efficient luciferase gene silencing in the tumor tissue.
There was no significant reduction in the bioluminescence signal after
injection of siScr-loaded hybrid micelles, indicating that the reduction
in the bioluminescence intensity was due to the sequence-specific
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Fig. 6. In vivo gene silencing activity of systemically administered hybrid micelles in the
spontaneous pancreatic tumors of transgenic mice, (A) Representative images of mice be-
fore and 24 h after injection of hybrid micelles containing siLuc (20 pg siRNA/mouse). (B)
Bioluminescence inteusity in the pancreatic tumors after intravenous injection of hybrid
micelles containing siLuc or siScr (20 pg siRNA/mouse). Results are expressed as mean
and standard deviation (n = 16). ANOVA followed by Newman-Keuls (**P < 0.01).

RNAi machinery. The similar gene silencing profile of hybrid micelles
was further observed for the protein amount of luciferase in
homogenized pancreas/tumor tissues (Supporting Fig. S2). This
sequence-specific gene silencing activity of hybrid micelles is consistent
with their significantly enhanced tumor accumulation of the siRNA pay-
load (Figs. 4 and 5), which was roughly estimated to be ~1.3% of dose/g
of tumor, corresponding to ~40 ng siRNA. Interestingly, the in vivo gene
silencing efficacy of hybrid micelles in the spontaneous pancreatic
cancer cells (60% with ~40 ng siRNA) was apparently higher than the
in vitro efficacy in the cultured Hela-Luc cells (50% with ~130 ng
siRNA). These different efficacies might be due to varying cellular innate
functions between the in vivo pancreatic cancer cells and the in vitro
monolayer-cultured cervical cancer cells. The cellular innate functions,
including the expression levels of luciferase and RNAi-related genes,

are known to be substantially altered between live tissue and cell cul-
ture, especially monolayer culture, and also different types of cells
[36-38]. Indeed, the luciferase expression in the present pancreatic can-
cer cells was lost in monolayer culture. This is the reason for the use of
Hela-Luc cells as a conventional cancer cell line for demonstrating the
in vitro gene silencing activity of hybrid micelles,

3.5. Hematological parameters and cytokine levels after systemic adminis-
tration of hybrid micelles

To verify the safety of the hybrid micelle formulation, hematological
parameters and inflammatory cytokine levels were measured at several
time points after systemic administration. As summarized in Table 1, the
intravenous injection of hybrid micelles induced no remarlable changes
in the levels of AST, ALT, and ALP as indicators of liver function and that
of Cr as an indicator of kidney function over 48 h, suggesting negligible
adverse side effects on the liver and the kidneys. Similarly, the levels of
inflammatory cytokines, ie., TNF-oy, IL-6, IL-1¢v, and IL-1p3, were not af-
fected by the injection of hybrid micelles (Supporting Fig. S3). Overall,
it was demonstrated that the intravenous injection of hybrid micelles
induced no severe acute toxicity under the tested conditions.

4. Conclusion

In the present study, hybrid micelles prepared with a smart block
copolymer PEG-CCP were applied for systemic siRNA delivery to sponta-
neous pancreatic tumors in EL1-Luc/TAg transgenic mice. The obtained
results confirmed the enhanced accumulation of siRNA-loaded hybrid
micelles in the tumor tissue and their significant gene silencing activity.
Notably, this was associated with negligible changes in hematological pa-
rameters. Altogether, the great potential of the hybrid micelles for RNAI-
based cancer therapy was successfully demonstrated.
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CD44 15 frequently overexpressed in a wide variety of epithelial
malignancies including gastveintestinal cancer and causes resist-
ance to currently available treatments, MicroRNAs (miRNAs) are
non-coding RNAs that regulate molecular pathways in cancer by
targeting various genes. The aim of this study was fo investigate
the regulation of CD44 expression by miRNAs and io develop
new molecolar targets in gastrointestinal cancer. We performed
milRNA screening in six human gastrointestinal eancer cell lines
and identified three candidate milNAs that could vegulate CD44
expression in gastroiniestinal cancer Among these, we focused
on mik-328 and examined its functional relevance using growth
assays and cytotoxicity assays, CD44 expression was reduced
in gastrointestinal cancer cell lines forced to express miR-328,
leading to inhibition of cancer cell growth in vifro and in vivo,
and impaired resistance to chemotherapeuntic drugs and reactive
oxygen species (ROS). In conirast, induction of CD44 expres-
sion by miR-328 inhibitor led to promotion of cancer cell growth.
Furthermore, we revealed ithat ROS produced by macrophages
triggered CD44 expression through suppression of miR-328 in
gastric cancer cells. ¥inally, tumor-infilirating macrophages
(CD68 and CDI63) were closely related to both miR-328 down-
reguiation and CD44 upregulation in 63 patienis with surgleally
resected gastric cancer. These findings suggest thot macrophages
in the tumor microenvironmenti may cause increased CD44
expression through miR-328 suppression, vesulting in tumor pro-
gression by enhaneing ROS defense. miR-328-CD44 signaling
mediated by macrophages may ihus vepresent a potential target
for the treatment of gastrointestinal cancer.

Introduction

Increasing evidence has recently shown that cancer stem cells (CSCs)
possess an enhanced tumor-initiating capacity, and are implicated in
tamor progression and metastasis. CD44 has been identified as one

Abbreviations:  CSCs, cancer stewn cells; CD4dy, CD44 variant isoform;
TACS, fluorescence-activated cell sorting; JHC, imwmunohistochemistry;
1L, interleukin: mRNA, messenger RNA; miRNAs, microRNAs: NAC,
N-uscetyleysteine; PMA, phorbol myristate acetate; qRT-PCR, quantitative
real-time reverse transeription-PCR; ROS, reactive oxygen species; siRNA,
small interfering RNA; TNE tumor necrosis factor; UTR. untranslated
region.
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of the cell surface markers associated with CSCs i several tumor
types (1-3) and has been implicated in a variety of physiological
processes in addition to cancer cell invasion and metastasis, CD44 is
synthesized in multiple isoforms as a vesult of aliernative messenger
RNA (mRNA) splicing (4,5). We previously demonstrated abundant
expression of the CDA4 variant isoform (CD44v) and its association
with the progression of mouse gastric tumors and haman gastrointes-
tinal malignancies (6,7). Furthermore, we reported that CD4dy con-
tributed to veactive oxygen species (ROS) defense by promoting the
synthesis of the primary intracellular antioxidant glutathione, CD4dv
interacts with and stabilizes xCT, a subunit of the glutamate-cystine
tansporter, thereby promoting the uptake of cystine for glutathione
synthesis and resulting in the proliferation of gastric tunor cells (8).

MicroRNAs (miRNAsg) are non-coding RNAs (20-22 nucleotides
fong), which repress mRNA translation by base pairing to partially
complimentary sequences in the 3-untranslated region (UTR) of their
tavget mRNAs. These non-coding RNAs have the potential to post-
transcriptionally regulate ~30% of all human genes (9). Emerging
evidence suggests that dysregulation of milNAs is involved in the
pathogenesis of many cancers, and that the network of miRNAs regu-
lates CSC properties (14,11} However, the mechanisms underlying
the regulation of CSC properties by miRNAs are largely unknown,

Solid temors consist of cancer cells and varicus types of stromal
cells, fibroblasts, endothelial cells and hematopoietic cells, mainly
macrophages and lymphocytes. Monocytes recruited from the circu-
lation differentiate into mature macrophages within the tumor micro-
environment, Macrophages comprise the most abundant immune
population in the tumor micreenvironment and are responsible for
the production of cytokines, chemokines and foxic intenmediates such
as nitric oxide and ROS. Macrophages bave functional plasticity and
can change their phenotype in response to various environmental
factors. There are two different states of polarized macrophage acti-
vation: classically activated (M1) and alternatively activated {M2)
macrophage phenotypes. Recent studies determined that M1~ and
M2Z-polarized macrophages play different functional roles in the tumor
microenvironment (12,13). Mi-polarized macrophages are generally
considered to act as host defense effector cells, which protect the body
against attack by pathogens and twmor cells. In contrast, M2-polarized
macrophages are thought to contribute to tumor growth, tumor angio-
genesis, extravasation of tumor cells and suppression of antitumor
immunity in various types of cancers. However, more recent studies
have demonstrated that macrophages show considerable diversity and
plasticity, and the phenotypes of M1- and M2-polarized macrophages
can be reversed under diverse pathological conditions (14,15).

It has been reported that a local inflammatory response is respon-
sible for increased expression of CD44 and its variant CD44 v3 (16),
but no precise mechanism of CD44 upregulation has yet been deter-
mined. We suspected that the miRINA network and inflammarory cells
in the tumor microenvironment may be key factors in the mechanism
of CD44 upregulation in gastrointestinal cancer tissues.

In this study, we investigated the role of miR-328 in the regulation
of CD44 expression in gastroiniestinal cancer cells, and examined the
relationship between macrophages in the tumor microenvironment
and the downregulation of miR-328 and upregulation of CD44. Here,
we show that macrophages may promote gasiric cancer progression
by downregulating miR-328 and upregulating CD44, thus identifying
a potential new target for gastric cancer treatments.

Materials and methods

Cell culture and treatment
The cancer cell lines AGS, KATOIL NUGC4H, HT29 and COLO201 were
cultured in 5% CO, at 37°C in RPMI 1640 supplemented with 10% fetal
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bovine serum. HCTTI6 cancer cells were cultured under 5% CO, at 37°C
in Dulbeeco’s modified Bagle’s mediuvm-nutrient mixawe F-12 (Sigma, St
Louis, MO) supplemented with 10% fetal bovine serum. These cell lines were
obtained from the Japanese Collection of Research Bioresources Cell Bank
and Riken BioResource Center Cell Bank.

RNA and miRNA isolafion

Total RNA, including miRNA, was isolated from cell lines using a mirVana
miRNA Isolation Kit (Ambion, Austin, TX) and finally eluted into 100 pl of
heated elution solution, according to the manufacturer’s protocol. miRNAs
were extracted from formalin-lized, paratin-embedded normal gastric epithe-
lium and gastric cancer tissues using a Recover All Total Nucleic Acid Isolation
Kit for FFPE (Ambion), according to the manefacturer’s instructions. The
purity and concentration of all RNA samples were evaluated by their absorb-
ance ratio at 260/280nm, determined vsing a ManoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Rockland, DE).

iRNA PCR array

miRNA expression was analyzed using the Humian miFinder 384HC miScript
miRNA PCR Awray, which profiles the expression of the 372 most abundantly
expressed and best characterized miRNAs in miRBase, according 1o the manu-
facturer’s instructions.

Quantitaiive real-time reverse ranscription-PTR

The expression levels of miR-328 were determined by TagMan quoniitative
real-time reverse transcripion-PCR (qRT-PCR) using TagMan miRNA assay
kits (Ambion), according to the manufactorer’s protocol, as described previ-
ously. miR-328 expression was nommalized to that of RNUGEB swall nuclear
RNA expression. Expression levels of (D44 were quaniified by SYBR Gireen
gRT-PCR uvsing a LightCycler 480 SYBR Green [ Master (Roche Diagnostics,
Mannhein, Germany} and normalized to glyceraldehyde-3-phosphate dehydro-
genase. All gRT-PCR seactions were run using the LightCycler 480 System I
(Roche Diagnostics). The relative amounts of miR-328 and CD44 were measured
with the 22T method. All gRT-PCR reactions were performed o triplicate.
Transfection of miRNA

Cells were transfected with SnM mimic or inhibitory miR-328 {(Applied
Biosystems, Foster City, CA) using Lipofectamine 2000 or RNAiMax trans-
fection reagent (Invitrogen, Carlsbad, CA), according to the manufacturer’s
instructions. The specificity of the wansfection was veritied using a negative
control mimic (Applied Biosystems). The expression levels of miR-328 were
quantified 24 and 481 after wansfection. and the cells were used for subse-
quent experiments.

Generation of wild-type and mutant CD44 37-UTR

We predicted three candidate sites in the CD4d 3-UTR. which might be
direetly hound by miR-328, using the miRanda algorithm. Oligonucleotide
pairs (Supplementary Table 52, available at Carcinogenesis Online) containing
the mik-328-targeting sequences of human CD44 3-UTR and the overhangs of
restriction sites were annealed. Vectors containing mutated miR-328-targeting
sequences of human CD44 ¥-UTR were introduced by site-direcied mutagenesis
primers. A luciferase reporter vector was generated by these oligonueleotide pairs
ligated into the inearize the pmirGLO Dual-Luciferase miRNA Target Expression
Vector (Promega: B1330) by Dral (TaKaRa: 1037A) and Nhel (TaKaRa: 1241A).

Luciferase assay

HCT116 cells in 96-well plates were transfected with MultiFectam (Promega:
BTF5000) using the pmirGLO Dual-Luciferase miRNA Target Bxpression
Veetor (Promega: E1330) containing fivefly luciferase and renilla Juciferase,
and Luc-CD44-a, aM, b, bM, ¢, ¢cM or control (non-insert), and mimic NC
(negative conirol) or mimic miR-328 (Tnvitrogen). Reporter assays were per
formed at 481 after transfection, firefly and renilla huciferase activities using
Dual-Glo™ Luciterase Assay System (Promega: E2940). All travsfection
experiments were conducted in iriplicate.

Cell iselation and flucrescence-activated cell sorting analysis

Cultured cells were dissociated by exposure to Accutase. Single cell suspen-
sions were incubated with antibodies for 30min at 4°C for flow cytometry
and fluorescence-activated cell sorting (FACS). Fluorescein isothiocyanate-
conjugated antibodies o CD44 were obtained from BD. Apoptotic cells were
excluded during FACS by climinating cells that stained positive for 7-ami-
noactnomycin D (B Biosciences, Tokyo, Japan), Flow cylometric analysis
and FACS were performed using a BD PACS Verse flow cytometer and 2 BD
FACSAria™ I Cell Sorter (BD), respectively.

Plasmids and siRNA transfection
A complementary DNA encoding full-length buman CD44v8-10 was con-
structed a3 described previously (17). Complementary DNAs for human
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CD44v8-10 wereintroduced into the pRe/CMV expression plasmid (Invitrogen,
Tokyo, Japan), and HCT116 cells were transfected with the resulting vectors
using Lipofectamine LTX reagents (Invitrogen). The sequences of the smalt
interfering RNA (siRNA; chimeric RNA-DNAY duplexes (Japan Bioservice.
Saitama, Japan) were as follows: CD44, 5-AAAUGGUCGCUACA
GCAUCTT-3" and 5-GAUGCU GUAGCGACCAUUUTT3: luciterase
(GL-2. control), F-CGUACGCGGAAUACU UCGATT-Y and 5-UCGA
AGUAUUCCGCGUACGTT-3. Cells were transfected with the annealed iR~
NAs for 24--72 It using Lipofectamine RNAI MAX reagent (Invitrogen).
Stable miR-328 overcxpression and in vivo Lumorigenicity assay

An expression vector encoding miR-328 was constructed and introduced
into the BLOCK-T™ Pol I miR RNAI Expression Vector Kit with EmGFP
(Invitrogen). HCT116 cells were transfected with the resultiog vectors using
Lipofectamine LTX reageuts (Invitrogen). Cells stably expressing miR-328
were obtained by selection with 3 pa/nt blasticidin for 2 weeks aund then
isolated by FACS based on EmGFP expression. Six-week-old nude mice
(Balb-ow/nu sle) were inoculated subentanzously in the right flank with
HCTI116 cells (1105 stably expressing control or miR-328 vectorin 100ml
phosphate-buffered saline containing 50% Matrigel (BD). All animal pro-
cedures aud care were approved by the animal care and use committee of
Komamoto University.

Wostern blot analysis

Cultured cells collected from six-well plates were washed once in phosphate-
buffered saline and lysed in radiotmmunoprecipitation buffer supplemented
with protease/phosphatase inbibitor cocktail (Thermo Scieutific, Tokyo,
Japan). Each protein sample was subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophorests, transferred 0 a nitrocellulose membrane and
exposed to primary antibodies. Signals were detected by incubation with sec-
ondary antibodies labeled using the Enhanced Chemiluminescence Detection
System (GE Healtheare, Little Chalfont, UK).

lmohistochiemistry and scoring

Sample processing and immunobistochemistry (IHC) procedures were per-
formed as described in a previous teport (8). Endogenous peroxidase activity
was blocked vsing 3% hydrogen peroxide. The sections were incubaied with
diluted antibodies and then with a biotin-free horseradish peroxidase-labeled
polymer from the Eovision Plus detection system (Dako. Glostrap, Demmark).
Positive reactions were visaalized using diaminobenzidine solation, followed
by counterstaining with Meyer’s hematoxylin. All HC staining was scored
independendy by two pathologists. The membranons CD44v9, cytoplasmic
CDG8 and CD163 expressions were interpreted according to the guidelines
published in previous studies (18,19). For membranous CD44v9, cytoplasimic
CI68 and CD 163, we graded the results into categories from 0 to 3+ as fol-
lows: membrane and cytoplasmic expressions were scored as: 0, no staining:
14, 1-25%; 2+, 26-50% and 3+, >50% of the specimen stained. A score of 3+
was considered to be a positive THC result.

Antibodies for IHC and immunoblotting analyses

For THC, human CD44 was detected using a previously generated rat mono-
clonal antibody specific for haman CD44v9 (1:100) (8). Human CD68 was
detected using 2 mouse monoclonal antibody specific for human CI6S (1:100
dilation; Dake). Human CD163 was delecied using 2 mouse monoclonal anti-
body specific for human CD163 (1:100 dilution; Novacastra, Newcastle, UK).
For immunoblot analysis, human CD44 was detected using previously gener-
ated rabbit polyclonal antibodies to CD4deyto (1:1000) (37). Human -catenin
was detected with a rabbit monoclonal antibody for human §-catenin (1:1000;
Cell Signaling Technology. Tokyo, Japan). Human B-actin was detected
with a rabbit polyclonal amtibody for human f-actin (1:1000; Cell Signaling
Technology).

Measurement of ROS

Cells were incubated with 10 uM 27,7 -dichlorofluorescein diacetate for 15 min
al 37°C, washed twice with phosphate-buffered saline and subjected to fluo-
rescence microscopy in images acquired with a Biorevo BZ-9000 fluorescence
microscope (Keyence, Tokyo, Japan) and analysis software.

Cell proliferation assay

Cell proliferation assays were carried out in 96-well plates using the WST-8
assay with 2 Cell Counting Kit-8 (Dojindo Laboratories. Kumamoto, Japan) at
24, 48, 72 and 96 h after transfection, according to the manufacturer’s instruc-
tions. Absorbance was measured at 450 nm.

[n vitro cytetoxicity assay
HCT116 cells trapsfected with control or mimic miR-328 were plated in
96-well microplates (2 x 107 cells per well), cultured ovemight and then
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exposed to H,0, or cisplatin (CDDP) in triplicate for 3 days. The number
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of viable cells was then determined wsing a Cell Counting Kit-8 (Dojindo
Laboratories). Each 1C,, value was determined as the concentration of test
agent for which test luminescence/eonirol luminescence (T/C) equaled 50%.

THP-1 macrophage preparation and co-culture assay

For Mi-polarized THP-1 macrophages. 320nM phorbol myristate acetate
(PMA) was added to THP- cells for 6h, followed by PMA plus 20ng/ml
interferon v and 100ng/ml lipopolysaccharide for the following 18h. For
M2-polarized THP-1 macrophages, 320aM PMA was added 1o THP- cells
for 6h, followed by PMA plus Z0ng/mi intereukin (1L)-4/1L-12 for the fol-
lowing 18h. After three wishes to remove cytokines, M1~ or M2-polarized
THP-1 macrophages {upper inserts) were co-cultured with AGS cells (in six-
well plates, 2 % 107 cells per well) without direct contact. After 24 b of co-
cnlture, the upper inserts containing macrophages were discarded and the AGS
cells were washed and used for subsequent experiments.

Fatients and tissue samples

Primury gastric carcinoma tssue and maiched normal gasuic epithelium were
obtained from 63 patients who underwent gastric resection without preopera-
tive treatment at the Department of Gastroenterological Surgery. Kumamoto
University Hospital frowm 2005 10 2008, after weceiving adequate informed con-
sent. The study was approved by the medical ethics commitiee of Kumamoto
Universiiy,

Statistical analysis

Al experiments were performed in tiplicate and the data shown are repre-
sentative of consistently observed results, Data are presented as the mean +
SD. Independent Student’s r-tests were used to compars condinuous variables
between the two proups. Data were analyzed using IMP (SAS Institute, Tokyo,
Japan) and Excel 2007 (Micresoft, Redmond, WA). A P-value of <0.05 was
considered statistically significant.
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Results

Tdentification of miRNAs regulating CDA4 expression using cancer-
related-miRNA screening n gastrointesiinal cancer cells

CDAd s a cell surface marker for C8Cs and is involved in the reg-
ulation of CSC ability. We recently reported that CD44 played a
functional role in ROS defense and caused tumor development in
gastrointestinal cancer (8), CD44 expression is regulated by Wat
preatenin signaling in the intestine (20). We, therefore, examined
CD44 and f-eatenin expression in three gastric cancer lines (AGS,
NUGC4 and KATOHD) and three colorectal cancer lines (COLO201,
HT29 and HCT116) by western blotting. There was a negative asso-
ciation between CDA4 and f-catenin expression (Figure 14). Several
miRNAs are implicated in regulating the abilities of CSCs. including
self-renewal, tumorigenicity and chemoresistance (11}, We, therefore,
tested the hypothesis that the regulation of CID44 expression in gas-
trointestinal cancer cells may be mediated by miRNAs using miRNA
qRT-PCR array analysis, We selected 59 miRNAg that were down-
regudaied by less than half in high-CD44-expressing cells compared
with low-CDd4-expressing cells (Supplementary Table 81, available
at Carcinogenesis Online), We also selected all 41 miRNAs that were
raised as candidates for directly targeting the human CD44 3-UTR
by using online databases (miRTarBase, TarBase, microRNA.org and
TargetScanthanan), We then selected three miRNAs (miR-328, mik-
373 and miR-520c) that met both these requirements (Figore 18).
Previous studies characterized miR-520c and miR-373, belonging to
the mil-520/373 family, as oncogenes implicated in cancer cell migra-
tion and invasion, but with no effect on cancer cell proliferation (21).
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Fig. 1. Identification of miR-328 directly regulating CD44 expression in gastrointestinal cancer cells. (A) Iminunoblot analysis of CD#4, f-catenin and f-actin
(loading control) in indicated gastrointestinal cancer cell lines, (8) The left panel shows scatter plots of miRNA expression in high-CD4d-expressing cells
compared with low-CD4d-expressing cells. The right panel shows schematic representation of three miRNAs that met the requirements for regulating CD44
expression. (C) Alignment of the three predicied miR-328 target sequences in the 3-UTR and the mutated sequence of miR-328-targeting 3-UTR of D44
mRNA. The seed match sequences for miR-328 are indicated by lines. () Luciferase activity of HCT116 cells transfected with constructed plasmids containing
wild-type or mutant miR-328 target sequences in the 3-UTR of CD44 mRNA and co-transfected with mimic control or mimic miR-328, respectively (*F < (0.03).
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miR-328, however, was recently shown to be downregulated in colo~
rectal cancer and to regulate CSC-like side-population cells by ta~
geting adenosine triphosphate-binding cassette subfamily G member
2 and matrix metalloproteinase 16 (22). Because CD44 is overex-
pressed and implicated in the proliferation of cancer cells, we there-
fore focused on miR-328 for further analysis.

CDA4 is a divect tavget of miR-328

We investigated if miR-328 directly targeted the 3-UTR of CD44
using constructs containing the putative miR-328 target site or a
mutated sequence of the 3-UTR of CD44 cloned immediately down-
siream of the luciferase reporter gene. We checked the predicted target
sequence of miR-328 in the CD44 3-UTR using miRanda algorithm.
LUC-CD44-a, -b and -c represent alignmenis of the predicted miR-
328 target sequences in the CD44 3°-UTR mRNA. Seed sequences
are indicated by lines in Figuee 3. HCT116 cells transfected with
a miR-328 mimic significantly suppressed Iuciferase activity from
the reposter veciors containing the wild-type CD44 3-UTR. LUC-
CDdd-a, but not LUC-CD44-b and -¢, compared with the control vec-
tors (Figure 112). We also constructed reporter vectors containing the
mutated CD44 3-UTR, LUC-CD44-aM (Figare 10), HCT1I6 cells
transfected with a miR-328 mimic did not suppress luciferase activity
from the reporter vectors containing the mutated 3-UTR of CD44,
LUC-CD44-aM, compared with the wild-type 3-UTR-containing
vector (Figure 153). These resulis indicaie that miR-328 regulated
CId4 expression by directly targeting its 3°-UTR, 353-374.

CID44 expression is correlated with miR-328 expression in patients
with gastric cancer

We analyzed the lavels of miR-3128 expression in gastric cancer tissues
and normal gastric epithelivm using qRT-PCR. miR-328 expression
was significantly suppressed in cancer tissues compared with normal
gastric epithelium (Figore 24). Furthermore, we compared miR-328
expression Jevels belween high- and low-CD44v9-expressing gastric
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w328 exprossion
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CD4dy9

cancer tissues. High CD44v9 expression levels were identified in
gastric cancer cells in G2% (39/63) of samples. Interestingly, high
CD44v9 expression was significantly associated with low miR-328
expression, whereas low CD44v9 expression was significantly associ-
ated with high miR-328 expression (Figuse 25).

miR-328 expression affects cancer cell growih and drug resisiance
through changes in CD44 expression

To examine the functonal relevance of miR-328 expression, we
analyzed its expression levels in high-CDd4-expressing cancer cell
lines (KATOUI and HCT116) transfected with miR-328 mimics,
using RT-PCR. miR-328 expression was significantly increased in
KATOHI and HCT116 cells transfected with mimic miR-328 com-
pared with controls (Supplementary Figure S1A and B, available
at Carcinogenesis Online). Western blotting analysis revealed that
CD44 protein levels, regardless of f-catenin expression, were sigoifi-
cantly reduced in KATOHT and HCT116 cells transfected with miR-
328 mimics compared with controls (Figure 34 and C). However,
the fact that CD44 mRNA levels were not significantly reduced in
HCT116 cells tansfected with miR-328 mimics compared with
controls, as indicated by gRT-PCR analysis, suggests that miR-328
have some effect on CD44 mRNA and strongly reduces CD44 pro-
tein level. (Supplementary Figure S1C, available at Carcinogenesis
Online). According to our and others’ observations, CD44 is known
o be overexpressed in cancer cell lines, as well as in primary tis-
sues, and to regulate the proliferative capacity of a variety of tunor
types (8.20,23). We, therefore, hypothesized that overexpression of
miR-328 in gastrointestinal cancer cells might affect cell prolifera-
tion through CD44 downregulation. We, therefore, performed pro-
liferation assays and determined that cell growth was significantly
reduced in KATOHI and HCT116 cells transfected with miR-328
mimics compared with controls (Figure 33 and D). We subse-
quently knocked down miR-328 in low-CDdd-expressing AGS can-
cer cells by transfection with miR-328 inhibitor and performed cell
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g, 2. miR-328 and CD44v9 expression in human gastric mucosa and cancer tissues. (A) Expression of miR-328 in pairi?d normal gastric mucosa and gasuic
cancer tissues. There was a significant difference in miR-328 expression between these two groups (P < 0.01). (B) Upper images show CD44v9 expression
patterit i gagtric cancer. Lower panel shows expression of miR-328 in high- and low-CD44vS-expressing gastric cancers. Scale bars, 100 pm. There was a

significant difference in miR-328 expression between these two groups (P < 0.00).
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Fig. 3. miR-328 suppresses CD44 expression and cancer cell growth, (A) Immunoblof analysis of CD44 and $-catenin in KATOII cells transtecied with control
or minic mik-328 for the indicated times. B-Actin was stmilarly analyzed s a loading control. (B) Growth assay avalysis in KATOU cells gransfected with
control or mimic nilR-328. Data are given as reans = S from triplicate experiments (*F < 0.01). (C) Immunoblot analysis of CD44 and f-catenio in HCT116
cells oransfected with control or wimic miR-328 for the indicated thnes. B-Actin was simitarly analyzed as a Joading control. (D) Growth assay analysis in
HCT116 cells transfected with control or mimic miR-328. Data are given as means + SI2 from tiplicate experiments (%2 < 0.01). (8) Immunoblot analysis of
CD44 expression in AGS cells transfected with control, miR-328 inhibitor, miR-328 inhibitor 4 control siRNA and miR-328 inhibitor + CDd4 siIRNA. B-Actin
was used as a loading control. () Growth assay analysis in AGS cells transfected with control, miR-328 inhibitor, miR-328 inhibitor + control siRNA and miR-

328 inhibitor + (D44 siRNA.

proliferation assays. AGS cells transfected with miR-328 inhibitor
showed significantly increased CD44 expression and coll growth.
Furthermore, AGS cells co-transfected with miR-328 inhibitor and
CD44 siRNA showed significantly reduced CID44 expression and
cell growth (Figure 38 and F). Given our previous observation
that CD44v expression was implicated in resistance to H,0, and
to ROS-inducing anticancer drugs such as CDDP (8), we further
" investigated the viability of HCT116 cells transfected with miR-328
mimics and exposed to H,0, or CODP. HCT116 cells transfected
with miR-328 mimics were significantly less resistant to H, 0, and
CDDP than control HCT116 cells (Figure 4A). We performed fur-
ther experiments with the CD44v8-10 expression construct. HCT116
cells co-transfected with mimic miR-328 and CD44v8-10 vector
were significantly more resistant to H,0, and CDDP than cells co-
transfected with mimic miR-328 and mock vector (Figure 4B and
Supplementary Figure S2A, available at Carcinogenesis Online).
To determine if miR-328 expression affected tumor cell expansion
in vivo, we prepared miR-328 stably expressing HCT116 cells and
examined their tumorigenicity i vive. HCT116 cells stably express-
ing miR-328 showed significantly reduced CD44 expression and
formed significantly smaller tumors in nude mice than cells express-
ing a mock vector (Figuse 4C and D and Supplementary Figure
E28, available at Carcinogenesis Online). These results suggest that
miR-328 plays a role in regulating CD44 expression to suppress the
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growth of gastrointestinal cancer cells, and reduce their antioxidative
capacity and resistance to chemotherapeutic drugs.

Oxidative siress by M1- and M2-polarized THP-] macrophages
induced downregulation of miR-328 and upregulation of CD44
Tumor necrosis factor (TNF) is a major inducer of chronic inflam-
mation and ROS and is abundant under conditions of chronic inflam-
mation, whereas CD44 expression is induced by these stimuli at
mflammatory sites (16,24). We, therefore, examined CD44 expres-
sion levels and showed that CD44 expression in AGS cells was
increased by TNFo weatment or H,0, freatment in a concentra-
tion-dependent manner (Figure 54). Purther, miR-328 expression
was markedly suppressed in AGS cells treated with H,(,, but not
TNFo (Figure 5B). To assess the contribution of oxidative stress to
miR-328 expression further, we revealed that H,O-induced miR-
328 downregulation was significantly inhibited by treatment with
N-acetyleysteine (NAC), a powerful antioxidant (Figure 5C). These
results suggested that CD44 upregulation in gastric cancer cells may
be enhanced through miR-328 downregulation by oxidative stress in
the tumor microenvironment. Macrophages are known to produce
ROS during phagocytosis and in response to various stimuli, and
macrophage-generated oxidants may act as carcinogens causing both
tumor initiation and promotion (23). Thus, we investigated if mac-
rophage-derived ROS affected the expression of miRkR-328 and CD44
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Trig. 4. miR-328 decreases resistance to ROS and chemotherapeutic drug and suppresses cancer cell growth in vive. (A) HCT 116 cells transfected with control
or mimic miR-328 were incubated for 72h with the indicated concentrations of H,Q, or CDDP and then assayed for cell viability. Data are expressed as
treated/conirol cell ratio and are mean = SD from triplicate experiments. The median inhibitory concentration (IC,,) values are also shown. (B) HCT116 cells
co-transfected with mimic miR-328 + mock vector or mimic miR-328 + CD44v8-10 were incubated for 72h with the indicated coucentrations of H,Q, or CDDP
and assayed for cell viability. Data are expressed as treated/control cell ratio and are given as mean + SD from wiplicate experiments. The median inhibitory
concentration (IC,,) values are also shown. {C) lmmunoblot asalysis of CD44 in HCT116 cells stably transfected with mock or miR-328 vector, (I3) Weiglits of
tumors formed by HCTL16 cells stably transfected with control or miR-328 vector were determined at 35 days after cell mjection. Data are given as mean & SD

for five amimals in each group. *F < 0.01.

in gastrointestinal cancer cells. We co-cultured M1- and M2-polarized
THP-1 macrophages with low-CD44-expressing AGS gastric can-
cer cells (Supplementary Figure S3A, available at Carcinogenesis
Online) (26). Consistent with previous research, Mi- and M2-
polarized THP-1 macrophages showed a distinct cytokine-produc-
ton profile (e.g. 1L.-12, IL-1P, TNFq, IL-6; Supplementary Figure
8§38, available at Carcinogenesis Online). M1- and M2-polarized
THP-1 macrophages were then co-cultured with AGS cells for 24h
and examined by fluorescence microscopy after staining with the
ROS-sensitive fluorescent probe 27,7 -dichlorofluorescein diacetate.
M1- and M2-polarized macrophages showed abundant ROS and pro-
nounced 2°.7"-dichlorofluorescein diacetate staining (Supplementary
Figure 83C, available at Carcinogenesis Online). gRT-PCR analy-
sis revealed that miR-328 expression was significantly decreased and
CD44 expression was conversely increased in AGS cells co-cultured
with both M- and M2-polarized THP-1 macrophages, and these
changes were notably recovered by NAC wreatment (Figure 513 and
). Flow cytometry further demonstrated that CD44 protein expres-
sion was significantly increased by miR-328 suppression in AGS
cells in both M1- and M2-conditioned medium, compared with con-
trols (Pigure 5F). To investigate the effects of macrophages on cell
growth, we performed proliferation assays using M1 and M2 mac-
rophage-conditioned medium and determined that cell growth was

1008

significantly increased in AGS cells in either M1- or M2-conditioned
medium, compared with controls (Figure 5G). Together, these results
suggest that macrophage-derived ROS are involved in CDd4 upregu-
lation and cell growth through miR-328 downregulation.

Inicreased infilirated macrophages in tumor Stroma correlated
with CD44 upregulation and miR-328 downregulation in gastric
cancer cells

We, therefore, investigated if the macrophage-infiltration rate cor-
related with CD44 and miR-328 expression in gastric cancer tissues.
We examined the expression of CD44v9 and the macrophage markers
CD68 and CD163 by IHC analysis, and miR-328 expression by qRT--
PCR in samples from 63 patients with gastric cancer. Pan-macrophages
were detected by immunostaining of CD68, and the M2 population was
evaluated by immunostaining of CD163, as described previously (18).
Infiltration of CD68+ macrophages correlated with high CID44v0 expres-
sion and low miR-328 expression in gastric cancer cells (Figuse 6A and
B). whercas infiltration of CD163+ macrophages correlated with high
CD44v9 expression and fow miR-328 expression (Figure 6C and D),
These results suggest that the number of infiltrated macrophage in the
tumor stroma was significantly associated with CD44 upregulation and
miR-328 downregulation in patients with gastric cances.
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Tig. 5. Oxidotive stress produced by macrophages induces miR-328 downregulation and CD44 upregulation in AGS cells. (A) gRT-PCR analysis of CD44
mRNA in AGS cells treated with F,0, or TNF at the indicated concentrations. Data were normalized by the amount of glyceraldehyde-3-phosphate
dehydrogenase mRNA and are given as means & SD from triplicate experfments (%7 < 0.01), (8) gRT-PCR analysis of miR-328 in AGS cells teated with H,0,
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P < 0.01), (€) gRT-FCR analysis of miR-328 in AGS cells treated with 200 pM H,0, in the absence or presence of 5 mM NAC. Data were normalized by
the amount of RNUGRB and are given as means = SD from wiplicate experiments (%2 < 0.01). (D) qRT-PCR analysis of miR-328 in AGS cells co-cultured

with M1~ or M2-polarized macrophages in the absence or presence of 3 mivM NAC, compared with AGS cells without co-cultore, Data were normalize

by the
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amount of RNUGE and are given as means = SD from triplicate expariments (*P < 0.01). (8) qRT-PCR analysis of CD44 in AGS cells co-cultured with M1-

or M2-polarized macrophage in the absence or presence of § mM NAC, compared with AGS cells without co-calture. Data were normalized by the amount of
glyceraldehyde-3-phosphate dehydrogenase mRNA and are given as means + SD from wiplicate expesiments (%2 < 0.01). () Flow cytometric analysis of CD4d4
in AGS cells in normal medianm, or M- or M2-polarized macrophage-conditioned mediom. (G) Growth assay analysis in AGS cells in normal medium, or M1-

or M2-polarized macrophage-conditionsd medium for 48 h.

Discussion

We previously reported that CD44 is not only a major CSC marker
but also plays a functional role in ROS defense, resulling in tumor
development and colonization of metastatic cancer cells (8,27).
Persistent ROS stress may induce adaptive stress responses, including
the upregulation of redox-sensitive transcription factors, antioxidants
and survival factors. Redox adaptation not only enables cancer cells
10 survive under increased ROS stress but also renders them resist-
ant to certain anticancer drugs (28.29). CD44-related signaling thus
provides a potential therapeutic target, but the mechanisms regulat-
ing CD44 expression in cancer cells remain incompletely understood.
Several miRNAs suppress CD44 expression by targeting the CD44
F.UTR, resulting in suppression of tumorigenesis and metastasis.
For instance, miR-34a is a key negative regulator of CD4d+ prostate
C8Cs and inhibits metastasis by directly repressing CD44, whereas
miR-199a iargets CD44 to suppress humorigenicity and multidrog
resistance in CD444/CD1 17+ ovarian cancer-initiating cells (30,31).
Based on these previous studies, we speculated that miRNAs may be
a key factor in CD44 upregulation in gastrointestinal cancer cells. We,
therefore, performed miRNA screening and identified the candidate
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miRNA, miR-328, in gastrointestinal cancer cell lines. The resulis
of this study demonstrated that miR-328 modulated CD44 expres-
sion by directly targeting the CD44 3°-UTR and identified the miR-
328-targeting sequences within the CD44 37-UTR. A previous study
demonstrated that miR-328 regulated zonation morphogenesis by
targeting CD44 expression (32). We examined three candidate miR-
328 binding sites (353-374, 844--865 and 943-965) in the CD44 37~
UTR using the miRanda algorithin and identified the milR-328 target
sequence (353-374). This study provides the first characterization of
this target sequence. Furthermorte, we clarified that miR-328 expres-
sion affected cancer cell growth and chemotherapeutic drug and ROS
resistance. CD44 expression in gastric cancer cells was triggered by
ROS and inflammatory cytokines, and oxidative stress by H,O, sup-
pressed miR-328 expression in a concentration-dependent manner.
However, TNFo had no effect on miR-328 expression in gastric can-
cer cells. Thus, aithough this study provides evidence that miR-328
expression is modulated by oxidative stress, the precise mechanism of
miR-328 regulation remains unknown. Previous studies have shown
that miRNA expression can be deregulated by epigenetic alierations,
including aberrant DNA methylation, and such mechanisms may be
implicated in the regulation of miR-328 by oxidative siress (33,34).
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Fig. 6. Comrelations betweeu the numbers of CD68+ and CD 163+ macrophages and upregulation of CD44 expression and downregulation of miR-328 in human
gastric cancer. (A) Left images show CD44v9 and CD6S expression patterns in gastric cancer. Scale bars, 100 pm. Right panel shows the correlation between
CD4dv9 expression status in gastric cancer cells and CDOS-expressing macrophages in gastric cancer stroma. There was a significant correlation between these
two groups (%P < 0.01). (B) Expression of miR-328 in gastric stroma tissues with high and low levels of CD68 macrophages. There was a significant difference
in miR-328 expression between these two groups (%P < 0.01). (C) Left images show CD44v9 and CD163 expression patterns in gastric cancer. Scale bars,

100 pm. Right panel shows correlation between CD44v9 expression status in gastric cancer cells and CD163-expressing macrophages in gastric cancer stroma.
There was a significant correlation between these two groups (FP < 0.03). (D) Expression of miR-328 in gastric stroma tissues with high and low levels of CD163
macrophages. There was a significant difference in miR-328 expression between these two groups (*F < 0.03).

Therefore, further investigations are needed to reveal the mechanism
of miR-328 suppression by oxidative stress.

In cancer tissues, ROS is produced by a variety of cell types,
including neutrophils, macrophages and endothelial cells. We recently
showed that ablation of CD44 in the Gan mouse genetic gastric cancer
model, triggered tumor-cell growth arrest through ROS-mediated sig-
nals, resudting in tumor suppression. Abundant macrophages infiltrated
into the turnor stroma in Gan mouse tumors, and these macrophages
have been reported to contribute to CD44 expression and gastric
tamor progression through inflammatory eytokines (335,36). In this
study, we revealed that infiltrated macrophages in the tumor microen-
vironment may contribute 1o redox adaptation through CD44 upregu-
lation by miR-328 suppression. Previous studies have shown that M2
macrophages are associated with a poorer prognosis in various types
of cancer (18,37,38); however, M2 macrophages are correlated with
a good prognosis in gastrointestinal cancer (39,40), suggesting that
the different functional roles of M1- and M2-polarized macrophages
depend on the state of the cancer cells and the organ. Furthermore,
recent studies have provided evidence indicating functional plasticity
of M1/M2 macrophages 1n response to different microenvironmental
signals (41.42). The present results indicated that both of M1- and
M2-polarized macrophages triggered CD44 expression through miR-
328 suppression, suggesting no difference between these two types of
macrophages in terms of miR-328 suppression and CD44 induction.
The number of infiltrated macrophages was also significantly associ-
ated with CD44 upregulation and miR-328 downregulation in gastric
cancer patients. These findings veveal that infiltrated macrophages
in the twmnor microenvirommeni cause CD44 upregulation through

1010

miR-328 suppression. CD44 is implicated in redox adaptation, result-
ing in cancer cell growth and resistance to chemotherapeutic drugs
through enhanced ROS defense.

In conclusion, the results of this study reveal a new redox adap-
tation mechanism in gastrointestinal cancer and indicate that miR-
328-CD44 signaling mediated by macrophages may represent a novel
therapeutic target for gastromtestinal cancer treatment.

Supplementary material

Supplementary Tables S1, 52 and Fgures 5153 can be found at
hitpr/icarcin.oxfordjouwnals.org/
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Expression of TNF-o and CD44 is implicated in poor
prognosis, cancer cell invasion, metastasis and resistance
to the sunitinib treatment in clear cell renal cell carcinomas
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Tumor necrosis factora (TNF-o) is involved in epithelial-mesenchymal transition (EMT) and expression of CD44, a cancer stem
cell marker, in several cancers. This study was performed to clarify the significance of TNFea and CD44 in clear cell renal cell
carcinomas {ccRCCs). Expression of TNF-o and (D44 was examined by immunohistochemistry in 120 ¢cRCCs. Involvement of
TNF-o in EMT and induction of CD44 was analyzed by monitoring expression of EMT-related genes and CD44, and invasion in
cuttured ccRCC cell lines. TNF-o and (D44 were immunolocalized mainly to carcinoma cells of high-grade ¢cRCCs with positive
correlations with primary tumor stage, A positive correlation was also obtained between TNF.w and (D44 expression, and
co-upregulation of TNF-o and CD44 was associated with primary tumor stage, distant metastasis, and poor prognosis, TNFa
enhanced migration and invasion of ccRCC cells together with down-regulation of E-cadherin expression and up-regulation of
matrix metalloproteinase 9 and (D44 expression. TNF-u also up-regulated the expression of TNF-o itself in ccRCC cells. Among
the 25 ceRCC patients treated with sunitinib for metastatic disease, high CD44 expression was associated with poor treatment
outcome. Importantly, residual carcinoma cells in the sunitinib-treated metastatic ccRCCs were strongly positive for (D44, and
the (D44 expression was significantly higher in the tumors from the sunitinib-treated patients than in those from untreated
ones, Our data show that TNF-a plays an important role in progression of ccRCCs by inducing EMT and CD44 expression, and
suggest that (D44 induced by TNF-« may be involved in the resistance to the sunitinib treatment.

Cancer-related inflamimation accelerates tumor cell prolifera-
tion and angiogenesis.” Tumor necrosis factor-o (TNF-a) is
an important mediator for the inflammatory responses in
cancers. and infiltrated acrophages are a major source of
TNF-a.” Although TNF-o was originally reported as a cyto-
kine to induce apoptotic cell death and cachexia,' accumu-

lated lines of evidence indicate that TNF-« has twmor-
promoting effects.” Actually, TNF-a produced by tumor cells
is known to induce tumor cell proliferation and progression
by autocrine and paracrine manners in ovarian cancers,” and
TNF-« enhances epithelial-mesenchymal transition (EMT) of
clear cell renal cell carcinoma (ccRCC) cells in vitro* TNF-w

Hev words: TNF-q, epithelial-mesenchiymal transition, renal cell carcinoma, MMP, CD44
Abbraviations: ccRCC: clear cell renal cell carcinoma; EMT: epithelial and mesenchymal transition; HE: hematoxylin and eosin; MMP:

matrix metalloproteinase; PDGE: platelet-derived growth factor; PET: polyethylene terephthalate; TNF-o, tumor necrosis factor-c; TNM:

turnor-node-metastases; VEGF: vascular endothelial growth factor

Additional Supporting Information may be found in the online version of this article.

M.O. has received honoraria and research funding from Pfizer, and other authors declare no conflict of interest

Grant sponson: Grant-in-Aid for Scientific Research (C); Grant number: 25460422; Grant sponson Grain-in-Aid for Scientific Research (S);
Grant numbern: 26221005; Grant sponsor: Ministry of Education, Culture, Sports, Science, and Technology of Japan (MEXT) (to S.M.);
Srant sponsoer: Grain-in-Ald for Scientific Research (B); Grant number: 24390374 from MEXT (to M.Q.); Grant spensors: Project for
Development of Innovative Research on Cancer Therapeutics (P-Direct) {to . M., RM, KT. and M.O.) and Grant-in-Aid for Scientific
Research (A) from MEXT; Grant number: 24249022 (to Y.O.); Grant sponsor Third Term 10-year Strategy for Cancer Control from the

Ministry of Health and Welfare (to Y.0.)
3 10.1002/3jc.29137

History: Received 8 Dec 2013; Accepted 23 Jul 2014; Online 14 Aug 2014

Correspondence to: Shuji Mikami, Division of Diagnostic Pathology, Keio University Hospital, 35 Shinanomachi, Shinjuku-ku, Tokyo,
160-8582, Japan, Tel.: +81-3-5363-3844, Fax: +81-3-5363-3644, E-mail: mikami@a7 keio.jp or Yasunori Okada, Department of Pathology,
School of Medicine, Keio University, 35 Shinanomachi, Shinjuku-ku, Tokyo, 160-8582, Japan, Tel: +81-3-5363-3763, Fax: +83-3-3353-3290,

E-mail: okada@z6.keio.jp

Int. J. Cancer: 136, 1504-1514 (2015) © 2014 UICC

—137—



