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Peptide Synthesis (Solid-Phase Method)

The oligopeptide without free amino- or carboxyl end
was synthesized based on the Fmoc (9-fluorenyl-
methyloxycarbonyl group) strategy. A solid support of an
Fmoc-protected super acid-labile polyethyleneglycol resin
(Fmoc-NH-SAL PEG, Watanabe Chem., Japan) was used for
the solid support synthesis. After removal of the Fmoc group
by piperidine, an Fmoc L-amino acid (Watanabe Chem.)
activated by 3 molar amounts of HATU [O-(7-
azabenzotriazol-1-yl) N,N,N’ N'-tetramethyluronium hexa-
fluorophosphate], 3 molar amounts of HOAt (1-Hydroxy-7-
azabenzotriazole), and 6 molar amounts of DIPEA (N,N-
diisopropylethylamine) was coupled to the resin. The amino
acids were sequentially coupled to the resin, and the unre-
acted amino terminus in each coupling step was capped with
acetic anhydride. The fuily elongated oligopeptide was fur-
ther treated with acetic anhydride after removing the Fmoc
group. The synthesized oligopeptide was cleaved from the
resin and deblocked by trifluoroacetic acid mixed with m-
cresol, 1,2-ethanediol, thioanisole, and trimethylsilyl bro-
mide. The deblocked peptide was purified by reversed-phase
HPLC using an acetonitrile gradient (Tosoh, Japan), and the
molecular weight of the peptide was confirmed by MALDI-
TOF mass spectromeiry (Applied Biosystems, Foster City,
CA). The oligopeptide concentration was determined by the
UV absorbance of the tyrosine residue attached at the N-
terminal end of the sequence.

NPCs Obtained from E12 Rat Embryos and Cell Culture

The preparation and culturing of NPCs were slightly
modified from the previously described methods [37]. Em-
bryonic E12 fetuses were obtained from anesthetized preg-
nant Sprague-Dawley rats (SLC, Hamamatsu, Japan). Tis-
sues from the forebrain and hindbrain were dissected, di-
gested with 0.05% trypsin and 0.02% ethylenediamine
tetraacetic acid at 37°C for 10 min, dissociated by gentle
trituration in DMEM/F12 (Invitrogen, Carlsbad, CA), and
filtered through a sterile 60-mesh membrane. The cells were
then centrifuged and resuspended in serum-free DMEM/F12
supplemented with glucose (0.6%), glutamine (2 mM), Na-
HCO; (3 mM), insulin (25 pg/ml), transferrin (100 pg/ml),
progesterone (20 mM), putrescine (60 pM), selenium chlo-
ride (30 mM), and HEPES buffer (pH 7.4). Epidermal
growth factor (Upstate Biotechnology, Lake Placid, NY) and
basic fibroblast growth factor (PeproTech, London, UK)
were added either alone or in combination at concentrations
of 107" and 10° M, respectively.

Intracellular Delivery of Synthetic Peptide by BioPorter

For intracellular delivery of the peptide, BioPorter lipid
reagent encapsulating molecules were used. BioPorter lipid
reagent containing a trifluoroacetylated lipopolyamine mixed
with dioleoyl phosphatidylethanolamine was obtained from
Gene Therapy Systems, Inc. (San Diego, CA). According to
the manufacturer’s instructions, 100 pl of the hydrated mix-
ture containing the VHL 156-171 peptide, trifluoroacetylated
lipopolyamine, and diloeoyl phosphatidylethanolamine
(BioPorter) was diluted in 100 pl of serum-free medium and
added to the cells. The BioPorter-peptide complexes became
attached to the negatively charged cell surface and fused
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with it, allowing the captured protein to be delivered into the
cells. As controls, the above-stated amount of BioPorter
without the peptide and two kinds of peptide mutants,
L158V and C162F were used.

The medium containing the complexes was replaced with
1% serum-containing DMEM/F12 medium after a 4-hour
incubation at 37°C. Intracellular delivery of the peptide were
confirmed by using fluorescently labeled peptide. The pep-
tides were fluorescently labeled with Alexa Fluor-594 by
using an Alexa Fluor-594 Labeling Kit (Molecular Probes,
Eugene, OR). Cells were cultured on Lab-Tech IV chamber
slides (NUNC, Rochester, NY) for 24 h. Then Alexa
Fluor-594-labeled peptide mixed with BioPorter reagent was
then added to the cells as described above. At 24 h, the cells
were washed 3 times in PBS; and the live unfixed cells were
observed by using a confocal laser microscope FV300
(Olympus, Tokyo, Japan).

Morphological change in NPCs (Neurite Qutgrowth)

To examine the morphological change for neuronal dif-
ferentiation after the intracellular delivery of the peptides or
non-peptide, a NSC showing neurite outgrowth >5pm was
evaluated as a neuronal differentiated NSC. We determined
the rate of NPCs showing neurite outgrowth by observing
the 200 cells by phase-contrast microscopy at 4, 8, 12, 24,
48, 72, and 96 hours after the addition of the peptide-lipid
complexes at a 0.3, 3, and 30 pM concentrations.

Immunocytochemical Studies

At 0, 24, 48, 72, and 92 hours after the addition of the
complexes at 3uM concentration, the cells on coverslips
were fixed for 30 seconds in cold acetone (4°C), cooled
quickly in a deep freezer (-80°C), and maintained at -80°C
prior to immunostaining. The cells were blocked with 5%
normal donkey serum (NDS) in phosphate-buffered saline
(PBS) and then exposed to either mouse mAb specific for
microtubules associated protein (MAP)-2 (1:200; Sigma, St.
Louis, MO) or rabbit polyclonal antibody (pAb) specific for
glial fibrillary acidic protein (GFAP) (1:200; Sigma) as the
primary antibody. Controls consisted of staining with 5%
NDS in PBS from which the primary antibody had been
omitted. Secondary antibody staining consisted of exposure
for 30 min at 37°C to swine anti-mouse or anti-rabbit immu-
noglobulin conjugated to rhodamine (1:100). Coverslips
were mounted onto slides and viewed. The rate of NPCs
positive for each of these marker proteins was then deter-
mined.

Electrophysiology

To record fast sodium and delayed rectifier potassium
currents, we prepared the extracellular and intracellular solu-
tions as described previously [38]. Two days after the addi-
tion of VHL156-171 peptide at 3uM concentration or the
addition of non-peptide, a holding potential of -80 mV and
voltage step of 20 mV over the range of -100 to 100 mV with
50 msec durations were applied to the recorded cells through
patch electrodes. For recordings and data analysis we used
CEZ-2300 (Nihon Kohden, Tokyo, Japan) and pCLAMP 6.0
software (Axon Instruments, Burlingame, CA). Linear com-
ponents of leak and capacitive currents were reduced by ana-
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logue circuitry and then canceled by the P/N method. Signals
were sampled every 20 usec, and currents were filtered at 5
kHz. Data were additionally processed with Origin 5.0 (Mi-
crocal, Northhampton, MA).

RESULTS

The VHLI156-171(YTLKERCLQVVRSLVK) and the
peptide mutants, L158V (YTVKERCLQVVRSLVK) and
C162F (YTLKERFLQVVRSLVK), were synthesized and
purified >95 % by the reversed-phase HPLC. The intracellu-
lar delivery of those peptides to the NPCs was performed by
using a mixture of the peptide, trifluoroacetylated lipopoly-
amine, and diloeoyl phosphatidylethanolamine (BioPorter
reagent) and was confirmed at 24 hours after the addition of
fluorescently labeled BioPorter—peptide complexes. The in-
duction of neuronal differentiation of the NPCs was exam-
ined by assessing neurite outgrowth, the expression of neu-
ronal cell-specific markers, and electrophysiological find-
ings. Four to 96 hours after the intracellular delivery, neurite
outgrowth from NPCs was observed when the VHL156-171
peptide was used at a 0.3, 3, and 30 pM concentrations. On
the other hand, the rate of peptide mutants(L158V, C162F)
or non-peptide-delivered NPCs showing neurite outgrowth
was significantly much lower at 8, 12, 24, 48, 72, and 96
hours after the addition of the peptides or non-peptide. The
morphological changes at 24 hours after the intracellular
delivery of the VHL156-171 peptide and control peptides
(peptide mutants L.158V, C168F) or non-peptide were shown
in Fig. (1). The VHL156-171 peptide-delivered NPCs mostly
showed neurite outgrowth, while peptide mutants or non-
peptide-delivered NPCs did not. The time courses of the rate
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of the cells showing neurite outgrowth are shown in Fig. (2).
The maximal rate of the cells showing neurite outgrowth was
found at 72 hours after the intracellular delivery of VHL156-
171 pepitde.

In the immunocytochemical study, the VHL 156-171
pepide- delivered NPCs showed increased expression of neu-
ral marker Map2, but decreased expression of the glial
marker GFAP (Fig. 3). On the other hand, the non-peptide or
the peptide mutants -delivered cells showed increased ex-
pression of GFAP rather than Map2 and actually rarely
showed expression of Map2. The time courses of the expres-
sion of these marker proteins (Map2, GFAP) are shown in
Fig. (4). Compared with the expression in control NPCs (the
non-peptide- or the peptide mutants-delivered NSCs), Map2
expression increased in VHL156-171 peptide-delivered cells,
whereas GFAP expression decreased in them.

Voltage-gated inward and outward currents were re-
corded in the whole-cell patch-clamp configuration. In
whole-cell recordings of VHLI156-171 peptide-delivered
NPCs showing neurite outgrowth, the depolarizing voltage
steps elicited both large outward potassium currents and fast
inward Na' currents, which are hallmark features of differen-
tiated neurons. On the other hand, in the whole-cell record-
ing of non-peptide-delivered cells without neurite outgrowth,
both outward potassium and inward Na+ currents were not
elicited (Fig. 5).

DISCUSSION

Intracellular delivery of protein is superior to the gene
transfer with respect to safety, rapidness [7], lack of bio-

Figure 1. Morphological features of NPCs 24 after the intracellular delivery of the peptides at 3pM concentration or non-peptide. A,
NPCs treated with VHL156-171 peptide. Most cells show neurite outgrowth. B, Control NPCs treated with non-peptide (BioPorter). No cells
show neurite growth. C, NPCs treated with L158V peptide. No cells show neurite growth. D, NPCs treated with C162F peptide. No cells

show neurite growth.
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Figure 2. Rate of NPCs having neurite outgrowth after the intracellular delivery of the peptides and non-peptide. The rate of NPCs
having neurite outgrowth showed significantly greater in VHL156-171 peptide-delivered NPCs than L158V- or C162F- peptide-delivered
NPCs and non-peptide-delivered NPCs. Values are means+SEM. *p<0.01, compared with controls.

Figure 3. Immunocytechemistry of NPCs at 72 hours after treatment with VHL156-171-peptide. A, Expression of Map2, a neuronal
marker. The majority of the cells are positive for Map2. B, Expression of GFAP, an astroglial marker. The minority of the cells show positive
for GFAP.
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Figure 4. Rate of NPCs expressing cell-specific markers after delivery of the peptides to the cells. A, Rate of NPCs expressing the neu-
ronal marker Map2. VHL 156-171-delivered cells showed a higher positive rate for Map2 than L158V-, C162F-, or non-peptide-delivered
NPCs. B, Rate of NPCs expressing GFAP, an astroglial marker. VHL 156-171-delivered cells showed a significantly lower positive rate for
GFAP than L158V or C162F-delivered cells and non-delivered cells. Values are means = SEM. *p<0.01, compared with controls.
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Figure §. Electrophysiological properties of VHL-peptide deliv-
eved NP cells. Voltage-gated inward and outward currents were
recorded in the whole-cell patch-clamp configuration. A, VHL156-
171-delivered NPCs. Shown in the graph are large outward K~ cur-
rents and fast inward Na' currents elicited by depolarizing voltage
steps, which is characteristic feature of a mature neuron. B, non-
delivered NCS. Both outward K* currents and fast inward Na'® cur-
rents are not shown.

ethical problems, little cell toxicity, and no carcinogenesis
[39, 40]. In addition, our employed approach for protein
transfer using BioPorter has advantages over the other pro-
tein delivery approach using protein-transduction domain
(PTD) which is derived from HIV-TAT [41] or antenapedia
[42], because it does not require modification of the intracel-
lular delivered protein and the efficacy of delivery does not
depend on the protein delivered. An oligopeptide, which
consists of less than 20 amino-acids, can be chemically com-
posed and used for the intracellular delivery with more facil-
ity. However, the functional oligopeptides that show effects
similar to those of the full-length proteins expressed by gene
transfer are few [6, 7].

The intracellular delivery of a peptide by BioPorter
reaches its maximum by 4 hours, and the peptide disappears
from the cells after 48 hours {39]. Since the peptide does not
remain in the cells, direct intracellular delivery of the peptide
has an effect of short duration only on them. Cellular differ-
entiation usually takes place over a long duration of time. In
NPCs, however, a short duration of the presence of the pep-
tide was sufficient to trigger the neuronal differentiation of
these cells. In addition, the differentiation effected by the
intracellular delivery of VHL156-171 occurred at a low con-
centration of the peptide. When an intracellularly delivered
protein has an anti-proliferative effect on cancer cells, this
effect is manifested at higher rather than lower concentra-
tions of the protein [40]. Those sufficient effects of short
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duration and low concentration in the case of NPCs may
indicate that the delivered peptide merely plays a critical role
as a switch in deciding the direction of differentiation. The
peptide composed of our employed amino-acid sequence,
VHL 156-171, binds to elongin C, to which elongin A also
binds. In the crystal structure, this region of pVHL forms a
helix that fits into a concave surface present on elongin C
[35]. It seems likely that inhibition of elongin A contributes
to pVHL function, and this competition between VHL156-
171 and elongin A may be related to the effect of the peptide
on neuronal differentiation of NPCs.

In conclusion, here we showed the neuronal differentia-
tion of NPCs elicited by the intracellular delivery of a syn-
thetic oligopeptide composed of 16 amino acids derived
from pVHL. This finding provides a novel approach for the
regulation of cellular differentiation of NPCs.
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ADVANCED NEW NEUROSURGICAL PROCEDURE
USING INTEGRATED SYSTEM OF INTRAOPERATIVE
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ABSTRACT

The purpose of this paper is to describe the newly-established technique in the field of neurological sur-
gery for fusion imaging of three-dimensional magnetic resonance image (3D-MRD and/or three-dimensional
computed tomography (3D-CT) for brain tumor surgery. Combining neuronavigation technology and
intraoperative MRI, this method remarkably demonstrates spatial relationships of neurovascular structures
andfor skull base landmarks and is very useful for intraoperative evaluation of completed neurosurgical
operations. Using the navigation system and intraoperative MRI during surgery, it is possible 1o resect the
brain tumor maximally and preserve essential neurological functions, Furthermore, advanced multimodal
neuroradiological images such s functional MRIE (fMRI), diffusion tensor imaging (DT, MR spectroscapy
(MRS}, and positron emission tomography (PET) clearly demonsirate the dominant cortex including the
speech center, primary motor gyrus, primary sensory gyrus, and support high-quality operation with less
invasive surgery. In conclusion, multimodal ncuroradiological images are very useful for invasive non-
cireumseribed brain tumors such as glioma and, in combination with such highly technological analyses.
advanced neurosurgical procedures are possible,

Key Words: Intraoperative MRL Fusion image, Three-dimensional image, Glioma, Neurenavigation

INTRODUCTION

Recent promotion of collaboration between medical science and engineering has brought about
signiticant advancement in the development of diagnostic imaging technology and surgical assisted
systems.” Using a high-resolution microscope, the operation requires high-accuracy technigue that
refers o the 3D brain image displayed on the neuronavigation robot within a close tolerance of
a Tew millimeters; it is reminiscent of repairs made to a sophisticated electronic circuit.” On the
other hand. the advancement of computer technology makes 3D virtual image technology more
elticient, allowing the creation of images analogous to the clinical condition. As a result, it is
becoming possible to establish a correct diagnosis of a minute lesion.” Moreover, “brain shift.”
the greatest weakness of a neuronavigative operation, was resolved at once due to the development
of image fusion technology which utilizes intraoperative MRI images for visualization of changes
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in brain morphology so that the navigation map can be adjusted during the surgical procedure. In
a neurosurgical operation, this information integration among image, organ and function assures
a good balance between maximum tumor resection for overall survival prognosis and provides
a functional prognosis even for invasive malignant brain tumors®. Furthermore, this innovation
provides the momentum for development of surgical devices applicable even in the microscopic
ficld®. At present, the Department of Neurosurgery, Nagoya University Graduate School of
Medicine is working on a project for “development of an intelligent operation system”™ along
with the Department of Mechanical Engineering, Nagoya Institute of Technology and Department
of Media Science, Nagoya University Graduate School of Technology, The goal of the project
is to create the world's first intraoperative brain touch sensor and/or microsurgical device for
microscopic or endoscopic management.”

“Brain Theater,” the integrated system of intraoperative MRI and neuronavigation, was
set up at Nagoya University Hospital in January of 2006 (Fig. 1). The system features new
technology which provides surgical assistance information gathered through intraoperative
MRI and networks not only for the operation theater but to other universities and hospitals
as well, Briefly, the system works as follows: 1) as a core function, an MRI (Hitachi)
s situated at No. 5 operation theater at Nagoya University Hospital, 2) An intraoperative
neuronavigation system functions in perfect unison with the operative microscope and pe-
ripheral equipment. 3) The secure and high-performance operation thealer encourages neu-
rosurgeons Lo make full use of traditional surgical techniques without qualification (Fig. 2).
4) Awarded the 2007 good design award from the Japan Industrial Design Promotion Organiza-
tion. Additionally, by making this available on line, it is possible to share the surgical assist

rain
Tfheater‘“

AHBAFERBMESAR
Brain THEATER

Fig. 1 Neuvrosurgical operation room No. 5 called the “Brain Theater,” equipped with
open MRI unit (0.4 Tesla HITACHI Aperto) at Nagoya University Hospital. (Low
magnetic field and rotation table concept; 1) safer, 2) standard-equipped with all
conventional systems, 3) applicable to non-MRI operation, 4) permanent magnet
with lower cost (primary as well as running cost), 5) specially designed table for
easy patient transportation to scanner, and 6) sufficient image quality).
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Fig. 2 Setup posttion for intrmoperative MR during neurologieal surgery in Brain Theater,
At Transporiation ol patient to sctup. B Sctup positon of patient m infraoperative MRL

system for surgical planning, sharing intraoperative Images, supporting tele-surgery, and develop-
ing advanced therapy outside the operation theater, With the great technical assistance of the
Graduate School of Information Science. Nagoya University and the Department of Radiological
Technology, Nagoya University School of Health Science, the system can develop educational and
training activities for students and young neurosurgeons in terms of surgical simulation before
an operation. Besides, the simulated experience of operations produced by sharing virtual images
is useful to decide the strategy for clinical cases.

In 2007, the “brain SUITE operation assistance eguipment, similar to the “Brain Theater”
made by Siemens, was installed -at Nagoya Central Hospital in connection with the relocation
of the hospital. Since it is a Nagoya University-affiliated hospital, these two systems are linked
by network to exchange information so that it is now possible to assist with difficult operations
mutually by remote control. It is easy to imagine that the surgical assist system brought about
by 3D virtwal images will show rapid progress hand in hand with the advancement of image
analysis.
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PROGRESS IN DIAGNOSTIC IMAGING IN THE FIELD OF NEUROSURGERY

Progress in neurosurgical diagnostics is supported by advancements in diagnostic radiology
mnaging. Along with advancements in diagnostic radiology, various kinds of neuroimaging are
produced which are useful for preoperative diagnosis, planning operation strategy, intraoperative
image assistance, and postoperative follow-up. As for MRI scans, not only standard models
such as T1 weighted-image, T2 weighted-image and FLAIR images but also the emergence of
new models with diffusion-weighted image, ADC (Apparent Diffusion Coefficient) MAP. MR
Angiography have increased the range of qualitative diagnosis and are already used in clinical
seitings. Such evolution foretells the near fulure when tssue diagnosis can be done merely by
image analysis, In addition, PET as typitied by FDG-PET. radionuclide scanning (e.p. SPECT),
and magnetic encephalography have made qualiiative diagnosis possible.” Besides, nowadays
X-ray computed tomography can be treated as a 3D image since multislice helical CT has
become increasingly more widespread. The use of these various technologies for preoperative
evaluation and intraoperative assistance has made more accurate neurosurgery feasible. Moreover,
progress in computer technology makes it possible (o utilize advanced 3D virtual images for more
advanced image analysis.® In particular, the Graduate School of Information Science, Nagoya
University (Chiel of projects: Dr, Kensaku Mori, PhD, Main Assistance: Dr, Yu-ichiro Hayashi,
Phid) has designed the fastest software for image analysis and colluborative research is expected
to deliver optimum results,

PROGRESS IN NEUROSURGICAL OPERATION

Meurosurgery has made steady progress, thanks 1o the introduction of microsurgery in the
1960s, the development of micro-operative devices in the 1970s, the spread of the head compuicd
tomography scans in the 1980s, and the significant improvement of diagnostic techniques pro-
vided by the spread of MRI in the 1990s. Meanwhile, 1t is also obvious that continuous efforts
by neurosurgeons have resulted in excellent progress. Brain tumors, particularly in infiltrative
intraparenchymal tumors such as glioma, require delicate surgery: however, wide tumor resection
might cause brain dysfunction and/or an adverse effect. Therefore, an immediate decision based
on both improved resection and avoidance of dysfunction is necessary. Consequently, for the

Fig, 3 Comparison of MR image on neuro-
navigation display {Left: preoperative
axial, coronal, and sagitial views on
TIWL Rightt intraoperative axial, coro-
nal, and sagittal view on T2WhH., Note
remurkable “hrain shift” after connection
of vemtricle with tumor removal cavity,
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Table 1 Profile of 18 recent operative cases of glioma performed in Brain Theater, Remarkably improved
removal rate of tumor on postoperative MRI was achieved. (GBM: glioblastoma multiforme; CN: central
nedrocytoma; O: oligodendroglioma; AQ: anaplastic oligodendroglioma; A: astrocytoma)

Case  Age  M/F  Histology Location  Tumor size (ml)  MRI sequence  Resection rate (%) nevrology (postop.)

1 20 F GBM i Th 60.1 T (B 939 Gerstmansyndrome
2 20 M CN Y 49.5 TH(E) 100.0 free
1 29 F O nF 81.9 T2 834 free
4 kS M GBM i F M 26.3 T {(E) 1000 no change
5 30 M AO T 180.5 FL 100.0 free
6 56 M AO T 71.2 TV (B) 160.0 no change
7 67 B GBM T 12,1 T (B 100.0 free
8 3% F A n Ol 51.5 TH(B) 100.0 no change
9 31 M 0 It F 69.1 TP 100.0 improved
0 72 M A It F 287 T2 94.3 transient aphasia
1 56 13 GBM P 912 T (B) 100.0 free
12 40 M A iy 553 T2 8359 transient aphasia
13 55 M O P 715 T2 9.3 transient aphasia
i4 6l F O nF 315 T2 80.9 free
i35 6H M GBM it F 87.4 THE) 97.7 no change
6 [¢4] M [§] ik 238 T () 95.5 no change
17 b M GBM np 10.4 T (B 100.0 no change
i S0 M AD n ¥ ER T () 1600 no change
| MEAN 486 55.4 95,7 |

success of these surgical procedures involving tumors, it is essential to combine them with image-
guided surgery, a technique based on neuronavigation which first introduced in the 1990s.

The neuronavigation system is a useful surgical-assisted device which can provide accurate
wfermation on the surgical site in real time. However, existing navigation functioned based on
preoperative imaging has inherent fundamental problems involving the “brain shift” It means
change in the shape of the brain during an operation.” For example, during surgical procedures,
the removal of a space-occupying lesion or drainage of cerebrospinal fluid often causes distortion
s0 that the brain surface sinks several centimeters (Fig. 3). Since this change in brain shape
undermines the reliability of navigation which uses a preoperative image as a map, the appropriate
adjustment for such brain shifts has become an urgent necessity. In response, using intraoperative
MRI to confirm changes in brain morphology, image fusion technology enables a navigation
system o adjust the images during an operation so as to resolve the problem (Table 1). Although

Preop-MRI Intraope-MRI Intraope-MRI Intraope-MRI
Fisrt Second Third

A B C D

Fig. 4 HNustrative case of right frontal oligodendroglioma, primary case. A: Pre-aperative MR (T2 weighted
image) before surgery revealed a relatively huge mass at the entire right frontal tip invading the corpus
callusum at the bottom of this mass. B: Intraoperative MRI during surgery showed a residual wmor at
the bottom of this removal cavity. C: Second intraoperative MR revealed subtotal removal with still
small residual mass at the bottom of this cavity. D: Third intraoperative MRI eventually showed total
removitl of this mass,
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Hlustrative case of recurrent glioblastoma occurring primarily at right parietal site. Al Pre-operative
MRI {TIWI gadolinium enhanced axial image) revealed multiple recurrent enhanced masses not only in
adjacent area of pre-operative space but also in remote arca as a part of midbrain. B Intraoperative MRI
during surgery showed removal of almost all mass with a small residual wmor at part of the remote
disseminated area on midbrain, C Final intraoperative MRI indicated complete removal of mass.
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the advancement in imaging technology is significant, the images of brain function are still not
completely reliable; therefore, physiological monitoring such as SEP, MEP and ABP should be
used in combipation in order to achicve operation safety.!” Also, with tumors near the language
area, intraoperative brain function monitoring under awake craniotomy is considered important,
Tumor resection is the most important target in future neurosurgical operations. Three kinds of
information, image, organ, and function, should be integrated to balance competing goals for
maximum resection and ensuring safety (Fig. 4 and Fig. 5).

FUTURE PROGRESS IN NEUROSURGERY

To achieve minimally invasive and accurate neurosurgical operations, the development of
more sophisticated diagnostic devices and surgical-assist devices is required. Present advances
in prevention medicine enhance the opportunities for early detection by brain medical checkups
and rapid cures of neurosurgical disorders, that might otherwise cause serious disability. Now
we are al a major turning point for neurosurgical treatment since safer and more secure ways
of providing #t have been established as prevention measures in recent years, Now there is a
pressing need to create a support system by promoting expertise and innovations 1o meet the
increasing demand for peurosurgical treatment.'

In conclusion, multimodal neuroradiological images are very useful for invasive non-
circumscribed brain tumors such as glioma and further progress in the field of medical technology
may bring about a next-generation neurosurgical world,
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Abstract

Type | IFNs are involved in double-stranded RNA responses.
Here, we investigated the possibility that IFN-$ may induce
or downregulate cellular microRNAs (miRNA) in human
neoplasms and thereby use the RNA interference system to
show antitumor effects. Because of its known connection
to glioma biology, we focused on miR-21 among seven
miRNAs influenced by IFN-8. We analyzed the effect of IFN-B
treatment on miR-21 expression in glioma cells and
intracranial glioma xenografts. IFN-$ treatment reduced
miR-21 expression in glioma cells markedly, and IFN-8
administration suppressed the growth of glioma-initiating
cell-derived intracranial tumors. The levels of primary
miR-21 gene transcripts, precursor miR-21, and mature
miR-21 decreased 6 hours after the addition of IFN-§,
indicating that the reduction in miR-21 levels was due to
transcriptional suppression. We did reporter assays to
elucidate the IFN-B-mediated suppression of miR-21; the
addition of signal transducers and activators of transcription
3 (STAT3)-expressing vectors induced the IFN-g-mediated
suppression of miR-21, whereas STAT3-inhibiting agents
inhibited the miR-21 suppression. Thus, the results of our
study show that the downregulation of miR-21 contributes to
the antitumor effects of IFN-f and that miR-21 expression
is negatively regulated by STAT3 activation. These

results highlight the importance of understanding the
transcriptional regulation of the miRNAs involved in
oncogenesis. (Mol Cancer Res 2009;7(12):0F1~9)

Introduction

MicroRNAs (miRNA) are small noncoding RNAs consist-
ing of 20 to 22 nucleotides that participate in the posttransla-
tional regulation of gene expression by means of RNA
interference (RNAi). The miRNA genes are transcribed by
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RNA polymerase IT in the nucleus to form large pri-miRNA
transcripts. These pri-miRNA transcripts are processed by
Drosha to release the pre-miRNA precursor product, which
is less than 70 nucleotides in length. After the pre-miRNA
is transported into the cytoplasm, Dicer processes the interme-
diate to generate a mature 22-nucleotide miRNA. This mature
miRNA is integrated into the RNA-induced silencing complex
(1) and forms double-stranded RNA with complementary
mRNAs (mRNA). Depending on the degree of homology
between the miRNA and the mRNA, the RNA-induced silenc-
ing complex could inhibit mRNA function by either promot-
ing its cleavage or by inhibiting its translation (2, 3).
Emerging evidence suggests that miRNAs are involved in cru-
cial biological processes, including the development, differen-
tiation, apoptosis, and proliferation of mammalian cells (4). In
humans, miRNAs have been proposed to contribute to onco-
genesis because they possess multifaceted functions either as
tumor suppressors or as oncogenes (5).

RNA interference induces a multitude of responses in addi-
tion to the knockdown of a gene. This is best understood in the
context of an antiviral immune response. In particular, double-
stranded RNA, a nucleic acid associated with viral replication,
is involved in numerous interactions contributing to the induc-
tion, activation, and regulation of antiviral mechanisms. It is es-
pecially responsible for stimulating important protective
responses such as the activation of dicer-related antiviral path-
ways, induction of type I IFN (IFN-a/B), and stimulation of
double-stranded RNA-activated protein kinase and oligoadeny-
late synthase (6). IFN-o/p regulates the levels of crucial media-
tors of the antiviral response, such as protein kinase R, the 2/-5
oligoadenylate synthase/RNase L system, the adenosine deami-
nase ADR1, or the Mx GTPase (7, 8). Thus, RNA interference
might be involved in the IFN-mediated antiviral response. It was
recently reported that the levels of liver-specific miRNA, i.e.,
miR-122, and several other miRNAs are regulated by IFN-p in
human hepatoma cells, and that IFN-p rapidly modulates the
expression of miRNAs, which target the hepatitis C virus
genomic RNA, and thus, inhibits viral replication (9, 10).

In addition to its ability to interfere with viral replication,
IFN-p is also known for its antiproliferative effects in a variety
of neoplasms such as hepatocellular carcinoma, chronic myelo-
blastic leukemia, melanoma, renal cancer, and glioma (11, 12).
However, the possibility that IFN-B might induce or downregu-
late cellular miRNAs in human neoplasms and thereby use the
RNA interference system in its action against tumor progression
has been left unexplored.
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Malignant glioma represents ~20% of all intracranial tu-
mors. Despite the advances in radiation therapy and chemother-
apy administered after the surgical resection of the tumor, the
prognosis of malignant glioma remains poor, with a median
survival time of <10 months (13). In the treatment of malignant
gliomas, IFN-f exhibits pleiotropic biological effects such as
antiproliferation, immunomodulation, induction of differentia-
tion from glioma-initiating cells (GIC), and drug sensitization
by classically activating Janus kinase/signal transducers and ac-
tivators of transcription (STAT) pathways (14, 15). However,
there is no report on IFN-mediated modulation of cellular miR-
NAs as an antitumor mechanism.

In the present study, we test whether IFN-p can alter the ex-
pression of cellular miRNAs in human glioma cells by using
the data obtained from genomewide microarray technology.
On the basis of the initial screening efforts identifying several
increased or attenuated miRNAs, we show that in cultured gli-
oma cells and orthotopic glioma xenograft, IFN-p treatment
leads to STAT3-mediated reduction in the expression of miR-
21, an antiapoptotic miRNA that has been shown to be over-
expressed in gliomas (16).

Resulis
Differential miRNA Expression in Human Glioma Cells
Treated with IFN-f3

To investigate which miRNAs are induced or downregulated
by IFN-B, we used a microarray containing 662 mammalian
miRNAs. We identified a total of two overexpressing and five
underexpressing human miRNAs in the IFN-p—treated glioma
cells. The expression of miRNAs, including miR-187 and miR-
194, was increased >2-fold, whereas that of miR-100, let-7a,
let-7b, let-7¢, and miR-21 was decreased <0.5-fold in the
T98 cell line treated with IFN-B as compared with the expres-
sion levels in cells without any treatment (Fig. 1A; Supplemen-
tary Fig. ST and Table S1). To confirm the accuracy of
microarray data, we examined the changes in the expression
of these miRNAs following IFN-B treatment by performing
quantitative reverse transcription-PCR (qRT-PCR). The find-
ings were similar to the pattern of expression observed in the
miRNA microarray analysis (Table 1). Among these miRNAs
influenced by IFN-p treatment, miR-21 was pursued because
of its known connection to glioma biology. Indeed, IFN-p treat-
ment of T98 glioma cells recovered the expression of
programmed cell death 4 (PDCD4), a well-known target of
miR-21 (refs. 17-19; Fig. 1B).

miR-21 Overexpression in Glioma Cells, Particularly in
the GICs

Previously, miR-21 was suggested to be aberrantly expressed
and to be one of the major antiapoptotic factors in malignant gli-
omas (16, 18, 20-22). To our knowledge, we have shown, for the
first time, the overexpression of miR-21 in a surgical specimen of
glioblastoma by performing in sifu hybridization (Fig. 2A-F).
The in situ hybridization was optimized to distinguish between
the areas of high (blue) and low expression of miR-21. The
locked nucleic acid—enhanced miR-21-specific probe clearly
stained the glioblastoma tissue but did not stain the normal cortex
tissue. Tumor cells expressed significant amounts of miR-21, as
seen at high magnification, whereas nontumoral tissue showed

no expression of miR-21 (Fig. 2C and E). In contrast, neither tu-
mor nor nontumoral tissues in the section adjacent to that hybrid-
ized with the miR-21 probe showed positive staining with the
scramble probe (Fig. 2D and F). Next, we compared the miR-
21 expression levels in glioma cell lines, GICs, and the normal
brain tissue. The miR-21 was overexpressed in glioma cells com-
pared with the normal brain. Notably, the amount of miR-21 was
greater in GICs than in the glioma cell lines (Fig. 2G). This find-
ing may indicate that miR-21 plays a crucial role in the initiation
and progression of glioma.

IFN-$3 Downregulates miR-21 Transcription

Previous evidence reported by our group and others has
shown that IFN-p induced growth inhibition or apoptosis in a
variety of neoplasms (12, 23-25). Recently, we reported that
IFN-B induced the differentiation of GICs to cells with an ol-
igodendrocyte-like phenotype (26). In this study, we investigat-
ed the possibility that IFN-B might downregulate oncomir
miR-21 in human gliomas. We compared the expression of
miR-21 in IFN-B—treated and untreated glioma cells by using
gRT-PCR. IFN-B treatment reduced the expression of miR-21
by ~40% to 60% in all the glioma cells tested, including the
SKMGI, T98, U87, U251 glioma lines, and 0222-GIC
(Fig. 3A). On the other hand, miR-21 was not affected by
temozolomide, an alkylating agent commonly used in the treat-
ment of glioma (Supplementary Fig. S2). At 4 weeks after the
intracerebral inoculation of GICs, the mice received either PBS
or IFN-p i.p. We previously showed that IFN-B suppressed the
growth of GIC-derived intracranial tumor (26). In this study,
the systemic delivery of IFN-B reduced the level of miR-21
in the tumor (Fig. 3B). The regulation of miRNA expression
has been documented at the transcriptional level and RNase-
mediated posttranscriptional processing (19). Therefore, we
next analyzed the time course of reduction of primary miR-21
gene transcripts (pri-miR-21), precursor miR-21 (pre-miR-21),
and mature miR-21 in response to IFN-p treatment (Fig. 3C).
The pri-miR-21 transcript levels decreased 6 hours after the ad-
dition of IFN-B, and began to recover at ~48 hours. Similar to
these findings, the reduction of pre-miR-21 and mature miR-21
occurred as early as 6 hours. However, the recovery of pre-
miR-21 began later than that of pri-miR-21. These results indi-
cate that the decrease in the levels of miR-21 is the result of
transcriptional suppression.

STAT3 Negatively Regulates miR-21 Transcription

To examine the molecular mechanisms involved in miR-21
expression, we analyzed the structure of the miR-21 gene by
studying its promoter and primary transcripts. As previously re-
ported (27), several conserved enhancer elements were found in
the consensus sequence upstream of the transcription start site
of the pri-miR-21 on the basis of TRANSFAC matrices, includ-
ing Ets/PU.1, activator protein-1, serum response factor,
CAAT/enhancer-binding protein-c, p53, and STAT3.* This
suggests that highly conserved transcriptional regulatory me-
chanisms may operate on the pri-miR-21 promoter (Fig. 4A).
Of all these transcription factors, we focused on STAT3 in this
study because IFN-B phosphorylates the tyrosine and, in part,

4 http:/Awww.gene-regulation.com/pub/databases.html
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FIGURE 1. Differential miRNA expression in human glioma cells treated with IFN-B. A, Of 662 mammalian miRNAs spotted onto the microarray, a total of
3 overexpressing (broken arrows) and 6 underexpressing miRNAs (solid arrows) was identified in the IFN-B-treated glioma cells (see also Table 1; Supple-
mentary Fig. S1 and Table S1). B. IFN-B treatment of T98 glioma cells recovered the expression of PDCD4, a well-known target of miR-21.

the serine of STAT3 in both T98 and SKMG1 glioma cells
(Fig. 4B). Furthermore, a STAT3-specific inhibitory peptide in-
creased the level of miR-21 expression and inhibited IFN-p—
mediated suppression of miR-21 (Fig. 4C).

We constructed a reporter plasmid in which the full-length
pri-miR-21 promoter was fused to the 5'-end of the luciferase
gene. The plasmid was transfected into T98 and SKMG1 cells.
The reporter gene system displayed high basal activity in un-
treated cells and clearly reduced activity in response to IFN-p
treatment. In contrast, the addition of the STAT3 inhibitor prior
to IFN-B treatment returned the activity of the promoter to the
basal level (Fig. 5A). To further determine if STAT3 is respon-

Mol Cancer Res 2009;7(12). December 2009

sible for the reduction of the promoter activity, the reporter
construct harboring the pri-miR-21 promoter was cotransfected
into SKMG1 cells with a STAT3-expressing plasmid, which
was found to increase the total amount as well as the phosphor-
ylation of STAT3 (Fig. 5B). As shown in Fig. 5C, the STAT3-
expressing vector significantly reduced the promoter activity,
and the addition of IFN-p further suppressed it.

Discussion
In this study, we hypothesized that type I IFN might regulate
the expression of specific miRNAs in gliomas and that these
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Table 1. Differentially Expressed miRNAs in T98 Glioma Cells Treated with IFN-B

Probe no. MiRNA Fold change Mean fold change Chromosome No. of putative Connection to cancer in
(microarray) (q-PCR*) location targets’ previous reports
Upregulated
2269 hsa_miR_187 3.05 1.37 £ 0.13 18qi2.2 0 1 Thyroid tumor
2395 mmu_miR_187 3.00 NE 18A2 NA NA
2218 hsa_miR_194 2.68 1.74 £ 0.34 1q41, llgl3.1 35 | Oral cancer, 1 prostate cancer
Downregulated
2603 hsa.miR_100 .16 0.7 +0.15 11q24.1 6 } Oral cancer, | ovarian cancer, 1 hepatocallular
2285 hsa_let_7b 0.17 0.57 £ 0.08 22q13.31 12 } Lung cancer, | colon cancer, | breast cancer
2431 hsa_let. 7¢ 0.20 0.6 +0.02 21q21.1 6
2556 hsa_let_7a 0.32 0.66 + 0.07 9q22.32, 22q13.31 164
2220 mmu_let_7a 0.32 NE 13A5, 9A5.1 NA NA
2083 hsa_miR_21 0.33 0.44 £ 0.14 17q23.1 46 t Glioblastoma, 1 breast cancer

*The exprssion changes in mature miR-21, miR-187, miR-194, miR-100, and let-7a,b,c were validated in triplicate by using the LightCycler TagMan Master and TagMan

MicroRNA assays. Values expressed as mean £ SD.

Putative target genes were investigated by the prediction software programs, Targetscan (http:/genes.mit.edu/tscan/targetscan2003.himl; ref. 41), Miranda (hetpr/iwww.
microrna.org/microrna/getMimaForm.do; ref. 42) and PicTar (http://www.pictar.org/) software (43). The name of common genes is listed in Supplementary Table S1.

modulations lead to antiproliferative effects. By performing ini-
tial screening by the microarray method, we observed an in-
crease in the miR-187 and miR-194 levels and a decrease in
the levels of miR-100, miR-21, and let-7 family miRNAs in
response to IFN-B treatment. The biological functions and pu-
tative targets of each miRNA, except the let-7 family miRNAs
and miR-21, in cancer remain unclear (Table 1). miR-187 was
reported to be overexpressed in thyroid tumors (28). The level
of miR-194 was decreased in colon cancer and oral cancer, but
increased in prostate cancer. Therefore, it is unclear whether
miR-194 acts as an oncomir or a tumor suppressor. Similarly,
miR-100 was reported to be highly expressed in ovarian carci-
noma and hepatocellular carcinoma, but its expression was
lower in oral cancer. Let-7 is one of the. first identified' miR-
NAs. The biological functions of let-7 in animals include the
regulation: of stem cell differentiation, organ development,
and cell proliferation and differentiation. Moreover, many let-7
family members function as tumor suppressors in a variety of
cancers (29). However; there is no report suggesting that let-7
functions as a tumor suppressor in:gliomas. Of the miRNAs
regulated by IFN-B, we focused on miR-21 because: it is one
of the most well known miRNAs associated with tumorigenesis
and progression in gliomas. miR-21 also. modulates tumorigen-
esis through the regulation of genes, such as bcl-2, PTEN,
tropomyosin-1, and PDCD4 (17,30-32), Indeed, IFN-§ treat-
ment of T98 glioma cells recovered the expression of PDCD4
(Fig. 1B). These results suggest that miR-21 is one of the major
antiapoptotic factors.. Our results showed miR-21 overexpres-
sion in a glioblastoma surgical specimen by performing in situ
hybridization with the miR-21-specific probe, and in glioma
cell lines and GICs by performing: qRT-PCR..To:our knowl-
edge, this is the first report to show the expression of miR-21
in siti in: a human: glioma surgical specimen.

We found that IFN-. downregulated. miR-21 in: cultured
glioma cells and intracranial glioma  xenograft: in mice. In
the time course experiments, miR-21- expression: was reduced
ag early as: 6 hours after IFN-B. treatment.: The IFN-B treat-
ment showed a relatively fast response in: reducing miR-21
levels, suggesting that the negative regulation of miR-21
might be mediated directly. by IFN-p, for example,: through

phosphorylation of Janus kinase/STAT. Our finding that
IFN-p also suppressed the expression of pri-miR-21 and
pre-miR-21 suggests that it regulates miR-21 transcription.
The putative regulatory region of the miR-21 gene is located
within an intron of the overlapping transmembrane protein 49
(TMEMA49) gene, and contains two consensus: STAT3-binding
sites at ~800 bp upstream from the transcription start: site
(33). The results of a recent study (26), similar to our find-
ings, showed that IFN-B induces the phosphorylation of
STAT3 in glioma cells and. thereby activates STAT3-mediated
miR-21 transcription in a luciferase reporter gene system. Our
findings support the hypothesis that STAT3 activation exerts a
cytostatic or antiproliferative effect in some types of cells (34-
37); however, the role of STAT3 activation- is debatable be-
cause its overactivation has been reported. to be: oncogenic
in some cell lines (38, 39). Loffler et al. showed that IL-6—
dependent STAT3 activates the transcription of miR-21"in
multiple myeloma cells. Whereas IL-6 induces proliferation
of myeloma cells, IFN-p reduces the growth of glioma cells
or induces apoptosis in these cells (33). The possible explana-
tion of this seemingly paradoxical role of STAT3 activation is
that the STAT pathway is context-dependent and that various
intracellular and/or environmental ‘cues play a pivotal role in
determining the outcome of pathway activation. - This discrep-
ancy may arise from the difference: in cytokine stimulus and
cell type (33).

An unresolved question that needs to be addressed is why
the recovery of mature miR-21 occurred ‘earlier than that of
pri-miR-21 and pre-miR-21; as shown in Fig. 3C. miR-21
may form a family and possess isoforms similar to those of
let-7 family miRNAs, in: which: the mature let-7a  sequence. is
produced by three separate precursors (pre-let-7a-1; pre-let-
7a-2, and pre-let-7a-3). Similarly, mature miR-21 could be pro-
duced by precursor(s) as well as the known pre-miR-21. One
other possibility is that the maturation of miR-21 may be in-
volved in the recovery of mature miR-21 after IFN-§ freatment.

In cornclusion; the downregulation of miR-21 in response to
IFN-@: treatment contributes to the antitumor effects of this cy-
tokine. This is the first report demonstrating that an oncomir
miR-21 is downregulated in cancer by endogenous stimulation
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with a cytokine or a growth factor. This finding adds a new
dimension to the anticancer mechanism of IFNs. In addition,
although there is little evidence supporting a direct or immedi-
ate transcriptional regulation of miRNAs by IFNs, this study
shows for the first time that miR-21 expression is negatively
regulated by STAT3 activation. Our results highlight the impor-
tance of understanding the transcriptional regulation of miR-
NAs, which would be involved in oncogenesis.
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FIGURE 2. miR-21 overexpression in glioma. A to F. miR-21=specific
probe and scramble control probe were hybridized in situ with glioblastoma
tissue. obtained from a surgical specimen. The miR-21-specific probe
clearly stained the glioblastoma tissue but did not stain the normal cortex
tissue (A). Tumor cells expressed significant amounts of miR-21;, ds. ob-
served under high magnification {C), whereas nontumorous tissue did not
express miR-21:(E). In.contrast; in the section adjacent to that hybridized
with the miR-21probe;: neither tumor nor. nontumorous' tissues showed
positive staining: with the scramble probe (B, D, and F). G. qRT-PCR
showed that miR-21 was: overexpressed to a great extent:in glioma cells
than'in normal brain cells. Notably, the amount of miR-21 was greater in
GICs than in the glioma cell lines. Columns, mean; bars, SD (normal brain
expressed as'1).
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Materials and Methods
Glioma Cell Lines and Primary Tumor Sphere Cultures
We used human glioma cell lines (T98, SKMG1, U251MG,
and UB7MG) in this study. The source of the cell lines and the
culture conditions have been reported previously (23). Glioma
tissue samples were obtained from patients (nos. 0222, 0316,
and 0125) undergoing surgical treatment at the Nagoya Universi-
ty Hospital, Nagoya, Japan, after they provided written informed
consent. The procedures for the derivation of GICs were de-
scribed in our recent article (26). Briefly, dissociated tumor cells
were cultured in NBE media comprising neurobasal medium,
with N2 and B27 supplements (Invitrogen), and human recombi-
nant basic fibroblast growth factor and epidermal growth factor
(20 ng/mL each; R&D Systems). We have previously shown that
as few as 10° GICs could form a tumor in the brain of nonobese
diabetic/severe combined immunodeficient mice (26).

Treatment

Human IFN-g (kindly provided by Toray, Kamakura, Japan)
was added to the culture medium at 12 h after 2 x 10° cells
were placed in a 25 cm? cell culture flask (BD Falcon). To ex-
amine the effect of STAT3 inhibition on miR-21 expression, we
treated the cells with 50 pumol/L of the STAT3 inhibitor
(PpYLKTK-mts; Calbiochem) 30 min before the addition of
IFN-p. We confirmed that the STAT3 inhibitor specifically in-
hibited the IFN-B~mediated phosphorylation at tyrosine-705 of
STAT3 (data not shown).

miRNA Microarray Analysis

‘We used mirVana miRNA Bioarray V2 (Ambion) containing
662 miRNAs in four copies. We treated T98 cells with IFN-p ata
concentration of 100 TU/mL or with PBS for 12 h. To isolate
miRNA fractions from total RNA, we fractionated and cleaned
up 30 pg of total RNA by using the flashPAGE fractionator
system and reagents (Ambion). Chemically synthesized oli-
goribonucleotides (Ambion) or purified miRNAs were labeled
by using the mirVana miRNA' Labeling Kit (Ambion) and
amine-reactive dyes as recomniended by the manufacturer.
Poly(A) polymerase and a mixture of unmodified and
amine-modified nucleotides were first used to append a
poly-nucleotide tail. The amine-modified miRNAS were
then cleaned up and coupled to N-hydroxysuccinimide ester—
modified Cy3 or Cy5 dye (GE Healthcare). We removed the
unincorporated dyes by using a second glass fiber filter—based
cleaning procedure. ‘A 3% miRNA hybridization buffer (Am-
bion) was-added to:the fluorescently labeled miRNAs; and
the solution was heated at 95°C for 3 min. Slides were hybrid-
ized from 12 to 16 h at 42°C in sealed cassettes by using a water
bath. Following hybridization, the slides were washed and dried
before performing a high-resolution scan: on a GenePix 40008
(Axon Instruments). Raw data were normalized and analyzed
using Array-Pro ‘Analyzer Version 4.5 (Media Cybemetics) to
determine the signal intensity of each spot and its local back-
ground on the microarrays. We calculated the net intensity by
subtracting the mean intensity of all pixels within the local
background area from the mean intensity of all pixels within
the spot areas. We normalized differences in net intensity
between the two fluorescent dye channels in a microarray by
using the local regression (loess) normalization.” We selected
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FIGURE 3. IFN-B downregulates miR-21 transcription. A. The expression of miR-21 in IFN-B~treated and untreated glioma cells was compared by using
qRT-PCR. In all the glioma cells analyzed, IFN-B treatment reduced the expression of miR-21 by ~40% to 60%; including the cells of the SKMG1, T98, US7,
and U251 glioma lines, and 0222-GIC cells. B. At 4 wk after intracerebral inoculation of GICs, the mice received i.p. injection of either PBS or IFN-B. IFN-B
suppressed the growth of the GIC-derived intracranial tumor. In particular; the systemic delivery of IFN-B reduced the level of miR-21 in the tumor. C. We
analyzed the time course of reduction of the levels of pri-miR-21 gene, pre-miR-21, and mature miR-21 transcripts in response to IFN-B treatment. The levels
of pri-miR-21 transcript were 0.46 % 0.02;:0:44 + 0.05, 0.74'+ 0.33, 0.55 +0.17, and 1.37 + 0.82; pre-miR-21 levels were 0.23 + 0.03,0.17 £ 0.01,0.26 £ 0.04,
0.19 + 0.02, and 0.89 + 0.32; and miR-21 levels were 0.53 + 0.04, 0.69 0.03, 0.78 x 0.05, 111+ 0.09, and 1.26 + 0.16 at 6, 12, 24, 48, and 72 h,

respectively. Columns, mean; bars, SD (%, P < 0.05).

the analyzed data by using the MicroArray Data Analysis
Tool (Filgen).

gRT-PCR

Total RNA, including miRNA, was isolated by using the
mirVana RNA Isolation Kit (Ambion). The analyses of mature
miR-21, miR-187, miR-194, miR-100, and let-7a, let-7b, and
let-7c were carried out in triplicate by using the LightCycler
TagMan Master (Rache) and TagMan MicroRNA assays (Ap-
plied Biosystems) on a LightCycler ST300 (Roche). PCR ‘con-
ditions were as follows: 95°C for 10 min and 45 cycles of 95°C
for 10 s, 60°C for 30 s, and 40°C for 30 s. The relative level of
miRNA expression was calculated by the 2-A ACt method. The
data were normalized to the expression of U6B small nuclear
RNA. In some assays, samples from the normal brain tissue
were used as a calibrator, whereas in others, untreated samples
were used.

To quantify the pri-miR-21 and pre-miR-21 expression, we
treated the isolated RNA with DNase and reverse-transcribed it
using the Transcriptor First Strand ¢DNA Synthesis Kit
(Roche). The LightCycler-FastStart DNA Master SYBR Green
I kit (Roche) was: used for real-time PCR applications. The
primer sets for pri-miR-21 and pre-miR-21 qRT-PCR were
S'-TITTGTITTGCTTGGGAGGA:3' and 5-AGCAGA-
CAGTCAGGCAGGAT-3, and 5'-TGTCGGGTAGCTTAT-
CAGAC-3" and 5'-TGTCAGACAGCCCATCGACT-3/,
respectively, The PCR conditions were as follows: 95°C for
15 min, and 40 cycles of 95°C for 10 s, 60°C for 10 s, and
72°C for 10 s.

Western Blotting

Cell lysis and immunoblottinig were done as described previ-
ously (23). Antibodies against the following proteins were used:
PDCD4 (ab51495; Abcam), phosphorylated STAT3 (p-Ser727
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and p-Tyr705), STAT3 (Cell Signaling), and B-actin (AC-15;
Sigma-Aldrich).

Intracranial Glioma Xenograft and IFN-S Treatment

Animal experiments were done according to the principles
described in the Guide for the Care and Use of Laboratory An-
imals prepared by the Office of the Prime Minister of Japan. We
stereotactically injected 0316-GICs (1 x 10° cells) resuspended
in 5 uL of PBS into 5- to 6-wk-old nonobese diabetic/severe
combined immunodeficient female mice (SLC, Shizuoka, Japan)
as described previously (40). IFN-B (2 x 10° TU/animal) was
given i.p. at 4 wk after tumor inoculation. The control mice
received PBS, Treatments were repeated at 24-h intervals for
a total of five doses.

A
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In situ Hybridization

Tissues were fixed with Tissue Fixative (Genostaff), em-
bedded in paraffin, and sectioned at 6 pm. For performing
in situ hybridization, the tissue sections were deparaffinized
with xylene, and rehydrated using a series of ethanol washes
and PBS. The sections were fixed with 4% paraformaldehyde
in PBS for 15 min and then washed with PBS. They were
then treated with 10 pg/mL of Proteinase K in PBS for
30 min at 37°C, washed with PBS, refixed with 4% parafor-
maldehyde in PBS, washed again with PBS, and placed in
0.2 mol/L of HCI for 10 min. After washing with PBS,
the sections were acetylated: by incubation in 0.1 mol/L of
triethanolamine-HCl (pH 8.0) and 0.25% acetic anhydride
for 10 min. After washing with PBS, the sections were

B

T98
IFN{IU/mi) 0 100

SKMG1

1000 0 100 1000

p-Stat3
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p-Stat3
(Ser-727)

Stat3

B-actin
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STAT3-inhibitor (-)
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FIGURE 4. STAT3 negatively regulates miR-21 transcription. A. Consensus sequence upstream. of the. transcription start site of the pri-miR-21 ob-
tained using TRANSFAC matrices (hitp://www.gene-regulation.com/pub/databases.html). B. IFN-B phosphorylates tyrosine and, in part, serine residues of

STAT3 in both T98 and SKMGH. glioma cells. C. Treatment with a STAT3-specific inhibitory peptide:increased the level of miR-21: expression and inhibited
IFN-B-mediated. suppression of miR-21 (*, P < 0.05).
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dehydrated using a series of ethanol washes. Hybridization
wasdone with-either the locked nucleic acid~enhanced
miR-21" probe (5'-TCAACATCAGTCTGAATAAGCTA-3/;
Exiqon) or a scramble probe (5'-GTGTAACACGTCTA-
TACGCCCA-3’y at concentrations of 18 nmol/L. in: the: Probe
Diluent (Genostaff) at 50°C: for 16 h. After hybridization, the
sections were washed in 5% HybriWash (Genostaff; equiva-
lent'to 5% SSC)-at 50°C for 20 min and then in 50% form-
amide, 2% HybriWash at 50°C for 20 min.- Subsequently, the
sections were washed thrice with 2x HybriWash at: 50°C for
20 min; and once with TBS Tween 20 (TBST; 0.1% Tween
20 in TBS). After treatment with 0.5% blocking reagent
(Roche) in TBST for 30 min; the sections were incubated
with anti-DIG-AP conjugate (Roche) diluted 1:1,000 with
TBST for 2 h. The sections were washed twice with TBST
and then incubated in 100 mmol/L of NaCl;, 50 mmol/L of
MgCl, 0.1% Tween 20; and 100 mmol/L of Tris-HCI (pH
9.5).. Coloring reactions were done using nitroblue tetrazoli-
um-5-bromo-4-choloro-3-indolylphosphate, an alkaline phos-

p-Stat3 (Tyr 705)
p-Stat3 (Ser727)
Stat3

B-actin

FIGURE 5. Promoter analysis. A. A reporter plasmid was
constructed in which a full-length pri-miR-21 promoter was
fused to a 5™-end of the luciferase gene. The plasmid. was
transfected into. T98 and SKMG-1 cells. The reporter gene
system displayed high. basal activity in untreated cells and
clearly reduced activity in' IFN-B~treated cells. In contrast,
the activity of the promoter returned to the basal level when
the STAT3 inhibitor was added prior to IFN-B treatment, B.
Transfection of:a: STAT3-expressing plasmid; i‘e.,
pcDNA3.1-STAT3, enhanced the phosphorylation: of STAT3
C. The reporter construct harboring the pri-miR-21 promoter
was cotransfected with a. STAT3-expressing. plasmid into
SKMGH1 cells. The STAT3-expressing vector significantly re-
duced the promoter: activity, which was further suppressed
by the addition of IFN-8 (*, P < 0.05; **, P < 0.01).

phate color substrate. The sections wete counterstained
with Kerechtrot stain' solution (Muto, Tokyo, Japan), dehy-
drated, and then mounted with Malinol (Muto).

Luciferase Reporter Assay

The miR-21 promoter/enhancer region was amplified by
PCR from human genomic DNA using the primers §'-
TITGGTACCTTGCTAATGCATTCT-3/ ‘and 5'-TTTAGATC-
TAGTTCA GCTATGGTAAGAGC-3/ and inserted into the
Kpnl and Bglll sites of pGL3-Enhancer vector (Promega) im-
mediately downstream of the luciferase gene to form a pGL-
miR-21 promoter/enhancer construct. The overexpression of
STAT3 in the cells was achieved by transfection with
pcDNA3.1-STAT3 that was provided by Dr. Takeshi Senga
(Department of Tumor Biology, Nagoya University School of
Medicine, Nagoya, Japan). The SKMG1 and T98 cell lines
were seeded in 24-well plates for 24 h and then transfected with
1 pg of pGL-miR-21 promoter/enhancer construct with or with-
out pcDNA 3.1-STAT3 for 48 h.

Mol Cancer Res 2009;7(12). December 2009



