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Meningioma consistency is an important factor for surgical treatment. Tumor cellularity and fibrous tissue
contribute to the consistency of tumors, and it is proposed that the minimum apparent diffusion coefficient
(ADC) value is significantly correlated with meningioma consistency. Twenty-seven consecutive patients
with 28 meningiomas were retrospectively enrolled. Minimum ADC values in meningiomas with a hard
consistency were significantly lower than those with a soft consistency. The minimum ADC value might have
clinical use as a predictor of meningioma consistency.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Meningiomas are one of the most common intracranial benign
neoplasms in adults; they arise from meningothelial cells of the
arachnoid layer. The incidence of meningiomas has been increasing
[1-3], in part due to technological advancement of radiologic imaging
in the ability to detect small meningiomas [1,3,4]. Typical meningi-
omas are seen as a sharply circumscribed isodense masses that are
isodense to cortex on computed tomography (CT) images. On
magnetic resonance imaging (MRI), a meningiomas are often
isointense or slightly hypointense on T1-weighted images (T1WI),
and variably hypointense to hyperintense on T2-weighted images
(T2WI). This variability of signal change depends on the amount of
tumor calcification, fibrous tissue, necrosis, vascularity, and histolog-
ical cell types [5]. Marked and relatively homogeneous contrast
enhancement with a dural tail sign is also typically seen.

Surgical resection is often the treatment of choice for symptomatic
meningiomas. The consistency of meningiomas is an important factor
in developing the strategy of surgical resection and predicting the
degree of removal; soft tumors are easily curetted by suctioning,
whereas hard tumors frequently require a lengthy and tedious
dissection. A noninvasive technique that enables surgeons to
preoperatively assess the mechanical properties of meningiomas
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could provide valuable information affecting risk assessment, patient
management, and workflow optimization. In the case of hard
meningiomas, preoperative transarterial embolization is a useful
method to soften tumors and facilitate resection, especially when they
are located at a complex site such as cavernous sinus, clivus,
cerebellopontine angle, and sellar lesion [4,6]. Though some investi-
gators have employed TIWI and T2WI for this purpose, it remains
inaccurate because amount of water is not the only factor affecting
tumor consistency [6-9].

Diffusion weighted image (DWI) and the apparent coefficient
(ADC) map, derived from DWI, can provide information of water
diffusion. Some studies in glioma suggest that ADC value has a strong
correlation with tumor cellularity, and therefore it also strongly
correlates with World Health Organization (WHO) grade, treatment
effect, and prognosis [9,10,13-15]. Furthermore, it has been reported
that the ADC value also correlates with the amount of fibrous tissue
[16,17]. Both tumor cellularity and the amount of fibrous tissue
contribute the consistency of tumors, and it is supposed that the
intratumoral ADC value has a significant correlation with the
consistency of meningiomas. Nevertheless, to our knowledge, there
have been no reports regarding the relationship between the
quantitatively measured ADC value and the consistency of meningi-
omas. Although some studies reported the usefulness of diffusion
tensor imaging and MR elastography to predict the consistency of
tumor [18-23], these advanced MR techniques require special
equipment and software, and are not still commonly used in clinical
purpose. In contrast, DWI is now commonly accepted as a part of
conventional MR examination in most institutes. For these reason, it is
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Table 1
Summary of cases

803

Case Location Histologic subtypes ADCpin ADCpax ADC mean Consistency
(x1073 mm?/s) (x1073 mm?/s) (x1073 mm?/s)

1 CPA Psammomatous 0.477 1.470 0.796 Hard
2 CPA Fibroblastic 0.451 3.530 0.865 Hard
3 Sphenoid ridge Meningothelial 0.519 1.283 0.814 Hard
4 Convexity Meningothelial 0.595 1.286 1.812 Hard
5 Petroclival Meningothelial 0.584 2.402 1.128 Hard
6 Convexity Angiomatous 0.633 1.957 0.977 Hard
7 Convexity Fibroblastic 0.253 1.162 0.892 Hard
8 Petroclival Meningothelial 0.702 1.978 1.133 Hard
9 Convexity Transitional 0.449 2.235 0.832 Hard
10 Convexity Meningothelial 0.560 1.635 0.936 Hard
11 Tuberculum sellae Meningothelial 0.109 2.129 0.877 Hard
12 Parasagittal Transitional 0.615 1.771 0.850 Hard
13 Sphenoid ridge Secretory 0.553 2.342 1.233 Hard
14 CPA Meningothelial 0.465 2.861 1.330 Hard
15 Sphenoid ridge Meningothelial 0.582 1.298 0.834 Hard
16 Sphenoid ridge Meningothelial 0.684 2.337 1.034 Hard
17 Parasagittal Meningothelial 0.628 1.692 0.769 Hard
18 Sphenoid ridge Atypical 0.538 3.038 0.885 Soft
19 Sphenoid ridge Angiomatous 0.802 2.863 1.521 Soft
20 CPA Fibroblastic 0.597 2.036 0.905 Soft
21 Sphenoid ridge Transitional 0.729 2.589 0.958 Soft
22 Parasagittal Angiomatous 0.666 2.395 1.314 Soft
23 Sphenoid ridge Meningothelial 0.638 1.136 0.830 Soft
24 Tuberculum sellae Angiomatous 0.950 2.945 1.179 Soft
25 Parasagittal Meningothelial 0.736 1.507 0.982 Soft
26 CPA Transitional 0.741 1.076 0.872 Soft
27 Tuberculum sellae Meningothelial 0.815 1.717 1.065 Soft
28 CPA Meningothelial 1.488 2.108 1.708 Soft

ADCyjn; minimum ADC.
ADCpax; maximum ADC.
ADCpean; mean ADC.

CPA; cerebellopontine angle.

important to investigate the relationship between ADC value and
consistency of tumors. Thus, the purpose of the present study is to
evaluate the usefulness of ADC value in predicting the consistency
of meningiomas.

2. Materials and methods
2.1. Patient selection

The present study protocol was approved by the institutional
ethics committee, and written informed consent was waived because
of the retrospective nature of the investigation. For this retrospective
study, all consecutive patients with intracranial meningiomas who
were referred to our institute between October 2009 and August 2010
were included. A total of 27 patients with 28 meningiomas (4 men
and 23 women; mean age, 55.1 years; range, 28-74 years) were
enrolled in this study. The locations of meningiomas included eight in
the sphenoid ridge, six in the cerebellopontine angle (CPA), five in the
convexity, four in the parasagittal region, three in the tuberculum
sellae, and two in the petroclival region. Histological subtypes based
on World Health Organization (WHO) classification consisted of 27
grade I tumors (meningothelial; 14, transitional; four, angiomatous;
four, fibroblastic; three, psammomatous; one, and secretory; one) and
one WHO grade II tumors (atypical). Calcification and intratumoral
hemorrhage were not confirmed in CT and conventional MRI.

2.2. Magnetic resonance imaging examination

All patients underwent MRI with a 1.5T clinical imager (MAGNETOM
Avanto; Siemens, Munich, Germany) and a quadrature head coil. All
patients underwent conventional MRI including axial spine-echo TIWI
sequence [repetition time (ms)/echo time (ms)=3000/90; section
thickness, 5 mm; and matrix size 320x260] and an axial turbo spin-echo

T2WI sequence (repetition time (ms)/echo time (ms)=4200/108;
section thickness, 5 mm; and matrix size 448x108). DWI was
acquired in the axial plane, with diffusion gradients applied along
the three principal orthogonal axes, in turn, by using single-shot
spin-echo echo-planar (EP) sequences. The following parameters
were used: matrix, 232x256; field of view, 230mm; section
thickness, 5mm; intersection gap, 2.5 mm; maximum gradient
strength, 33 mT/m; acquisition time, 35s; and b values, 0 and
1000 s/mm?. ADC maps were also generated.

2.3. Image analysis

The data of DWI and ADC map were transferred to the workstation
(NUMERIS/4 syngoMR B17, Siemens, Munich, Germany). Two
neuroradiologists (T.K. and D.H., with ten and three years of
experience of brain MRI, respectively) who were blinded to the
clinical and pathological details create the regions-of- interests (ROIs)
on T2WI by consensus. All ROIs were manually drawn along with the
tumor contour. The position of every ROI was therefore brought back
on all the other images including ADC map, TIWI, DWI with b values
of 0 and 1000 s/mm?. Cystic degeneration, flow void, bone, and
susceptibility artifacts derived from air and bone were intentionally
avoided. ROIs were drawn on all slices where the lesion was visualized
and the minimum (ADCpn), maximum (ADCpax), and mean ADC
(ADCppean) Values were determined.

2.4. Surgery

All patients underwent surgical resection of the meningiomas. A
neurosurgeon with sixteen years of experience in brain surgery who
was blinded to the analysis of ADC value evaluated the consistency of
the tumors, and classified them into two groups: meningiomas with a
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Fig. 1. A 60-year-old woman with angiomatous meningioma at right frontal parasaggital region. The tumor shows hyperintensity on T2WI (A), hypointensity on TIWI (B), and slight
hyperintensity on DWI (C). The ROI was drawn around the tumor on the ADC map (D). The calculated ADCynin, ADCinax, and ADCipean Values were 0.66x10~> mm?/s, 2.40x10~> mm?/s,
and 1.31x10~ mm?/s, respectively. The ADCppi, value was above the cut-off value (0.64x10~3 mm?/s). Total removal was performed and the consistency was classed as soft.

“soft” consistency (removed by suction probe only) and meningiomas
with a “hard” consistency (not removable through suction but excised).

2.5. Statistical analyses

Statistical analysis was achieved by statistical software (GraphPad
Prism 6). Mann-Whitney U test and unpaired ¢ test were used for
analysis of ADC values between soft and hard groups. Sensitivity and
specificity were calculated by receiver operating characteristics (ROC)
curve analysis, and the best cut-off value was determined. The area
under the curve (AUC) was elevated to assess test accuracy. In
addition, all meningiomas were divided into two groups according to
whether they occurred at skull base or not. All ADC values were
compared between these two location groups using Mann-Whitney U test.
A difference with a threshold P value of less than .05 was considered
statistically significant.

3. Results
3.1. Surgical findings

At surgery, 17 meningiomas were classified as hard and 11 as soft.
The hard group consisted of 10 meningothelial, two fibroblastic, two
transitional, one psammomatous, one angiomatous, and one secretory
meningioma. The soft group consisted of four meningothelial, three
angiomatous, two transitional, one fibroblastic and one atypical. Two
meningiomas demonstrated cystic components on MRI and which
were confirmed at surgery.

3.2. Imaging findings and analyses

All meningiomas were clearly visualized on every MRI sequence
and all ROI could be drawn accurately. Cystic degeneration and
susceptibility artifacts were successfully avoided.

All ADC vales of all cases are shown in Table 1. ADC,yj,, ADCinax, and
ADCipean Values of all meningiomas were 0.63+0.24 (range 0.11-
1.49), 2.034+0.65 (range 1.08-3.53), and 1.054+0.27 (range 0.77-
1.81)x10~3 s/mm?, respectively. For the hard group, these values
were 0.5240.15 (range 0.11-0.70), 1.96+0.63 (range 1.16-3.53), and
1.014:0.26 (range 0.77-1.81)x10~2 s/mm?, respectively (Fig. 1) and
for the soft group, these values were 0.79+0.26 (range 0.54-1.49), 2.13+
0.71 (range 1.08-3.04), and 1.11+0.29 (range 0.83-1.71)x10~3 s/mm?,
respectively (Fig. 2). Statistical analysis indicated that ADCp,;, value of
hard group was significantly lower than that of soft group (P<.001)
(Fig. 3). ADCpnax and ADCpean Values showed no significant difference
between two groups though these values of hard group tended
to be lower (P=.52 and .21, respectively). According to ADCpin
value, the ROC curve revealed 0.64x10~3 mm?/s as the best cut
off value (Fig. 4). According to this cut-off value, sensitivity and
specificity were calculated as 88% and 81%, respectively, and the
AUC was 0.9.

Nineteen meningiomas were located at skull base; eight in
the sphenoid ridge, six in the CPA, two in the tuberculum sella, and
two in the petroclival region (meningothelial; 10, fibroblastic; two,
transitional; one, angiomatous; one, and atypical; one), and nine
meningiomas were located at supratentorial region; five in the
convexity and four in the parasagittal region (meningothelial; four,
transitional; two, angiomatous; two, and fibroblastic; one). All ADC
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Fig. 2. A 58-year-old woman with a fibroblastic meningioma at left cerebellopontine angle. On T2WI (A), the periphery of the tumor shows hypointensity, and the inside of the tumor
shows hyperintensity. The tumor shows slight hypointensity to isointensity on TIWI (B). The tumor shows hyperintensity on DWI (C). The ROI was drawn around the tumor on ADC
map (D). The calculated ADCyyin, ADCinax, and ADCpnean Values were 0.45x10~3 mm?/s, 3.53x10~2 mm?/s, and 0.87x10~2 mm?/s, respectively. The ADCyy;, value was under the cut-
off value (0.64x10~> mm?/s). Total removal was performed and the consistency was classed as hard.

values showed no significant difference between these two location
groups (P=.55, .11, and .75, respectively).

4. Discussion

It has been reported that there is a significant correlation between
MR signal intensity and the consistency of meningiomas. Recently,
Hoover et al. and Sitthinamsuwan et al. found a strong relationship
between the signal intensity of T2WI and the consistency of
meningiomas [24,25]. Yamaguchi et al. reported that meningiomas
which showed hyperintensity on T2WI and proton density weighted
images were soft, and they postulated that the water content of
meningiomas is an important factor related to consistency [21].
Maiuri et al. reported that meningiomas with more hyperintensity
than the cortex on T2WI were usually soft, more vascular, and more
frequently were of the syncytial or angioblastic subtype, whereas
meningiomas with more hypointensity than the cortex on T2WI
tended to be hard and more frequently of the fibroblastic subtype [8].
These reports concluded that the amount of water or fibrous tissue
resulted in a soft or hard consistency, and hyperintensity or
hypointensity on T2WI, respectively [8,21,24,25].

However, this correlation has not been consistently demonstrated.
Carpeggiani et al. did not find any statistically significant correlation
between signal intensity and the consistency of meningioma,
although they agreed that hyperintense meningioma on T2WI was
unlikely to be fibroblastic or hard [12]. Besides, Kasoff et al. didn’t find
any relationship between MRI findings with the consistency and
water content of meningiomas [11].

Tumor cellularity and the amount of fibrous tissue are important
factors of tumor consistency. Meningioma cells are characterized by
interdigitations connected with junctional complexes and extracellu-
lar cisterns, and it is supposed that meningiomas with higher

cellularity have stronger cell adhesion [21]. Fibrous tissue and high
cellularity with a low nucleus-to-cytoplasm ratio reduce the signal
intensity on T2WI, whereas extracellular space with interstitial fluid
may increase the signal intensity on T2WI. Each of these mechanisms
can have a different contribution to signal intensity on T2WI and may
therefore limit the diagnostic utility in predicting the consistency. It
has been suggested that the ADC value inversely correlates with
tumor cellularity and the amount of fibrous tissue within heterogeneous
tumors [9,14,15,26]. Thus, it is supposed that tumors, including
meningiomas, with low ADC value have a hard consistency. In this
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Fig. 3. Box plots showing the consistency of the meningioma and the ADC,;, value.
ADCpyin value in the hard group was significantly lower (P<.001).
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Fig. 4. Graph shows the ROC curves of ADCy;,. The ROC curve calculated the best cut off
value as 0.64x10~2 mm?/s. For this cut-off value, sensitivity and specificity were
calculated 88% and 81%, respectively. The AUC was 0.9.

study, the minimum ADC values of hard group showed significantly
lower ADC values than those of soft group, which consistent with this
theory. Maximum ADC values and mean ADC values, on the other hand,
showed no significant difference between hard and soft groups though
mean ADC were reported to be related to some histologic subtypes [27].
It is because we divided meningiomas into soft or hard group according
to if they were completely resected by suction probe only. In this
classification, if a small component of meningioma could not be
removed by suction probe only, the meningioma was classified as
“hard” group even though most parts were easily removed. Though this
division is not directly associated with whole histologic feature, it is
useful to determine which surgical devices will be needed for complete
resection.

Recently, Hoover et al. reported that TIWI and T2WI predicted the
consistency of meningiomas, but DWI and ADC maps were not
correlated with tumor consistency [24]. They, however, performed
only qualitative analysis and did not measure ADC values of the
meningioma. In contrast, we performed a quantitative analysis using
ROIs. These ROIs were constructed by contouring the tumor with all
slices and avoiding cystic degeneration, flow void, bone, and
susceptibility artifacts. Thus, this method can better reflect the entire
tumor tissue.

As hemosiderin deposition was not confirmed in present study, it
is not common in meningioma unlike pituitary macroadenomas, in
which intratumoral hemorrhage often occurs and results in prevent-
ing calculating ADC values accurately [17]. Thus, intrinsic suscepti-
bility artifacts were less common in meningiomas, excepting the cases
with calcification.

On DWI, abnormal signal change and spatial distortion often
occurs by the susceptibility artifacts derived by air, bone, and
hemorrhage, which could result in showing inadequate ADC values.
Though meningiomas occur in supratentorial region more commonly
than in skull base [4] where susceptibility artifacts often exist [28],
about two thirds of cases were located at skull base in the present
study. Because there was no significant difference in ADC values
between these two location groups, it is supposed that potential
susceptibility artifacts did not significantly affect the ADC values.

Present study has several limitations. The principle limitation of
our study is its relatively small number of patients. Second, because
there was a lack of direct histopathological correlation with ADC
values, we could not clarify which was the main factor accounting for
decreasing ADC values, high cellularity or rich fibrous tissue. Third, all
ROIs were drawn manually and were susceptible to bias. Two blinded

observers, however, drew ROIs by consensus, which should have
minimized it. Fourth, all DWI were performed by using EP sequences,
which often suffered by susceptibility artifacts at skull base. As
mentioned above, we drew ROIs avoiding artifacts, and ADC values
showed no significant difference between skull base lesion and
supratentorial lesion. Thus, it is supposed that there was little
influence that intrinsic susceptibility artifact affected ADC values in
this study. Further study using advanced DWI technique including
readout-segmented EP imaging [29], periodically rotated overlapping
parallel lines with enhanced reconstruction (PROPELLER) DWI [17],
and 3D turbo field echo with diffusion-sensitized driven-equilibrium
preparation [30], which has higher spatial resolution and fewer
susceptibility artifacts, might elucidate the relationship between ADC
values and meningioma consistency. Finally, we didn’t confirm
prospectively if minimum ADC value would really give surgeon useful
information in making decision of management. There is still an
overlap of the ADC values between two groups, and it could be
misleading in determining consistency. It might be more useful to
combine the results of signal intensity of other sequences including
T2WI, TIWI, and so on, and further studies are needed.

5. Conclusions

The present study suggests that the minimum ADC value can be a
promising tool to predict the consistency of intracranial meningiomas.
Meningiomas with low minimum ADC are considered to have a hard
consistency. It is very important and beneficial to predict the
meningioma consistency for surgical planning and selection of the
surgical devices, especially if the tumors are located in complex
regions. Because DWI is available in many institutes, the minimum
ADC may be a tool for predicting the consistency of meningiomas.
Furthermore, with inclusion of more study cases and analysis across
modalities, ADC values may help select cases for preoperative
embolization in future.
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Object. Glioblastoma is the most aggressive malignant brain tumor, and overall patient survival has not been
prolonged even by conventional therapies. Previously, the authors found that chemically synthesized glycans could
be anticancer agents against growth of a series of cancer cells. In this study, the authors examined the effects of gly-
cans on the growth of glioblastoma cells both in vitro and in vivo.

Methods. The authors investigated not only the occurrence of changes in the cell signaling molecules and ex-
pression levels of various proteins related to cell death, but also a mouse model involving the injection of glioblas-
toma cells following the administration of synthetic glycans.

Results. Synthetic glycans inhibited the growth of glioblastoma cells, induced the apoptosis of the cells with
cleaved poly (adenosine diphosphate-ribose) polymerase (PARP) expression and DNA fragmentation, and also
caused autophagy, as shown by the detection of autophagosome proteins and monodansylcadaverine staining. Fur-
thermore, tumor growth in the in vivo mouse model was significantly inhibited. A dramatic induction of programmed

cell death was found in glioblastoma cells after treatment with synthetic glycans.
Conclusions. These results suggest that synthetic glycans could be a promising novel anticancer agent for per-

forming chemotherapy against glioblastoma.

(http://thejns.org/doi/abs/10.3171/2014.1 JNS131534)

KEy Worps  °
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synthetic glycan

lignancy of the CNS, and patients with glioblas-
toma have an average life expectancy of 1 year
after the standard treatment of surgery followed by ra-
diation therapy.?** Recently, clinical studies have shown

G LIOBLASTOMA is the most aggressive and lethal ma-

Abbreviations used in this paper: Akt = protein kinase B;
AMPA = a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid;
CPI = cell proliferation inhibition; HP-B-CD = hydroxypropyl-
B-cyclodextrin; GalfChol = p-galactose § cholestanol; GChol =
GIcNAcpChol; GGChol = GIeNAcB1,3 GalpChol; GleNAcpI1,3
= N-acetyl-p-glucosamine (31,3; GluR1 = glutamate receptor I;
GluR4 = glutamate receptor 4; HO342 = Hoechst 33342; MDC =
monodansylcadaverine; mTOR = mammalian target of rapamycin;
PARP = poly (adenosine diphosphate-ribose) polymerase; PI3K =
phosphatidylinositol 3-kinase; Z-VAD-FMK = benzyloxycarbonyl-
Val-Ala-Asp(OMe)-fluoromethylketone.
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that chemotherapy in addition to radiation therapy could
increase patient survival up to 2 years.* The continuing
problems caused by glioblastoma and the failure of con-
ventional therapy for this advanced invasive brain tumor
indicate that novel strategies and anticancer drugs are
critically needed to improve the prognosis.

Glioblastoma cells are naturally resistant to cell
death,'®2 which has been considered to be attributable
to the activation of phosphatidylinositol 3-kinase (PI3K)
by growth factors and the subsequent hyperactivation of
its downstream targets, the serine/threonine kinases pro-
tein kinase B (Akt) and mammalian target of rapamycin
(mTOR). These targets are known to release a variety of

This article contains some figures that are displayed in color
online but in black-and-white in the print edition.




antiapoptotic signals, thereby promoting the proliferation
of the tumor cells.?533 Growing evidence is accumulat-
ing that glioblastoma cells exploit glutamate for their pro-
liferation and migration ability. The released glutamate
may stimulate glioblastoma cell growth and migration
through the autocrine and/or paracrine activation of glu-
tamate receptors.?’2! In addition, the expression of Rho
GTPase family members has been demonstrated in a wide
variety of malignancies®'>!#2* and in high-grade glioma
as a hallmark of cell migration and as a predictor of the
clinical prognosis.*’

Programmed cell death plays an important role dur-
ing tissue development and homeostasis. Aberrations in
this process result in the pathology of numerous disorders,
such as malignancy. Apoptosis is the most common form
of programmed cell death, but recently, alternative cell
death programs have received increased attention, with
autophagy proposed as an important nonapoptotic cell
death mechanism.>*

In our previous studies, using chemically synthesized
glycans consisting of sugar cholestanols with mono-, di-,
and trisaccharides attached to cholestanols, we showed
both strong inhibitory activity against the proliferation of
a series of mouse and human cancer cells from the di-
gestive system and antitumor effects in a mouse model
of peritoneal dissemination.®!*!> The sugar cholestanols
added to the cell culture were rapidly taken up via the
lipid rafts/microdomains on the cell surface.!” The uptake
of sugar cholestanols in mitochondria increased gradually
and was followed by the activation of apoptotic signals via
the caspase cascade, leading to apoptotic cell death.8!415
Furthermore, the examination of sugar cholestanols in a
mouse model of peritoneal dissemination showed a dra-
matic reduction of tumor growth and a prolonged survival
time of the mice.!* The sugar cholestanols described in
our previous studies, therefore, appeared to have clinical
potential as novel anticancer agents. However, the cell
death pathways in malignant glioma cells induced by the
same compounds remain an open question. In this study,
we investigated the programmed cell death induced by the
sugar cholestanols in glioblastoma cells and its anticancer
effect on growth in nude mice.

Methods
Cell Lines and Culture Condition

Human glioblastoma cell lines, CGNH-89 and
CGNH-NM, were established as described previously.!*2°
The morphology of CGNH cells is epithelial and adherent
type, and their doubling time is 24 hours. CGNH cells were
established through resection from the tumor at the right
frontal lobe of female patients according to the explant
method by Nichols et al.’® It has been demonstrated that
the CGNH cells have glioblastoma morphological charac-
teristics, and they grow very fast (highly cellular) and are
relatively monotonous, while some are multinucleated gi-
ant cells with slight nuclear pleomorphism, marked atypi-
cal nucleus, and brisk mitotic activity.'*?° The cells were
maintained at 37°C in DMEM (Nissui) supplemented with
10% fetal bovine serum (Invitrogen) and 3% L-glutamine
in a humidified atmosphere of 5% CO, in air. When they
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were confluent, the cells were exposed in 0.05% trypsin
and subcultured in the same growth medium.

Compounds

N-acetyl-p-glucosamine (GIcNAc) 1,3 p-galactose
(Gal) B cholestanol, or GGChol, and GIcNAc f choles-
tanol, or GChol, were synthesized and prepared'*!* as an
inclusion complexation with 20% of hydroxypropyl-f-cy-
clodextrin (HP-B-CD; BICO) and used for the experiment
as previously described.®!>

Antibodies and Chemical Reagents

Anti-GluR1 (glutamate receptor 1) and GluR4 (glu-
tamate receptor 4) were obtained from Chemicon. Anti—
RhoA, RhoC, Beclin-1, and LC3 were obtained from
Santa Cruz Biotech, Inc. Anti-pAkt at ser473, pmTOR at
ser2448, pS3 at ser46, Bcl-2 family, caspase family, and
poly (adenosine diphosphate-ribose) polymerase (PARP)
were obtained from Cell Signaling. 3-Methyladenine (3-
MA; Sigma), was used as an inhibitor of autophagy. 3-MA
(30 mg) was dissolved with 1 ml dH,O to make a 200
mM stock solution and kept at room temperature. Ben-
zyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone
(Z-VAD-FMK, or just Z-VAD; BD Biosciences), a general
caspase inhibitor, was used to inhibit apoptosis. Z-VAD
was dissolved in dimethylsulfoxide for a stock solution.
And 1 mM of 3-MA and 10 uM of Z-VAD were diluted
separately in DMEM to obtain the desired concentration.
The autofluorescent agent monodansylcadaverine (MDC;
Sigma) was introduced as a specific autophagolysosome
marker to analyze the autophagic process.*> The fluores-
cence of MDC has been reported to be a specific marker
for autophagic vacuoles.! Monodansylcadaverine was dis-
solved in methanol (10 mg/ml) and used to observe au-

tophagy.

Cell Proliferation Inhibition and Nuclear Fragmentation
Assays

Cell proliferation inhibition with each compound was
conducted in the presence of serially diluted compounds
as described previously.®> DNA binding dyes, Hoechst
33342 (HO342), in addition to propropidium iodidedium
iodide fluorescence, were used for determination of apop-
tosis.” Cells were exposed to HO342 (10 uM) and prop-
idium iodide (10 uM), and each fluorescence intensity was
examined using a fluorescence microscope with ultravio-
let excitation at 340-380 nm. The apoptotic index (AI)
was calculated as follows:

Al = apoptotic cell number + (apoptotic cell number +
necrotic cell number + viable cell number) x 100%

Protein Extraction and Western Blot Analysis

All cells were harvested at approximately 80% conflu-
ent growth. Protein concentrations of the cell lysate were
determined with a bicinchoninic acid protein assay kit
(Pierce) using bovine serum albumin as a standard. Each
sample (50 ng protein/line) was run on a 5%-20% Rea-
dyGel (Bio-Rad) and the gel was then electrotransferred
to a hybond-enhanced chemiluminescence nitrocellulose
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membrane (Amersham Pharmacia Biotech). Changes in
expression levels of corresponding (apoptosis and autoph-
agy) proteins after treatment with sugar cholestanol were
analyzed by Western blotting; 3-actin was used as a load-
ing control. Bands on the membrane were detected using
an enhanced chemiluminescence detection system, and
horizontal scanning densitometry was performed using
Photoshop software (version 3.0, Adobe), and analyzed by
Quantity One software (BioRad).

Analysis of Autophagy

The analysis of autophagy was performed with the
aid of MDC and counted as previously described.®> Au-
tophagic vacuoles were labeled with MDC, and the fluo-
rescent images were obtained with an epifluorescence
microscope (BX-50, Olympus). The quantification of
intracellular MDC accumulation was measured by fluo-
rometry. Cells (2 x 10%) were incubated with 0.05 mM
MDC in phosphate-buffered saline at 37°C for 10 min-
utes and collected in 10 mM Tris-HCI, pH 8.0, containing
0.1% Triton X-100. Fluorescence was measured at a 380-
nm excitation wavelength with a 530-nm emission filter,
using an MTP-600 microplate reader (Corona Electric).
Monodansylcadaverine expression was measured using a
relative unit to show the ratio of the amount on intensity
from fluorescence imaging.

Antitumor Effect of Sugar Cholestanols on Nude Mice
Injected With CGNH-89 Cells

The effect of sugar cholestanols on CGNH-89 cell
growth was evaluated quantitatively in a subcutaneous tu-
mor. Cell suspensions (2 x 107 cells/200 ul) were injected
subcutaneously in the flanks of 5- to 6-week-old nude
mice (Clea Laboratories). One hundred microliters of 2
umol of GChol dissolved in HP-B-CD was administered
intratumoraly 3 times (at 14, 15, and 16 days) after tumor
inoculation with a 27-gauge needle. The same treatment
of HP-3-CD without GChol was conducted as control. Tu-
mor volume was calculated as follows: (length x width?)/2.

At the end of each experiment, tumor tissues were
subjected to histological analysis. Five mice were used
for each group, and the experiment was approved by the
Animal Care and Experimentation Committee of Gunma
University. Experiments using patient tissues from glio-
blastoma cells were approved by the Ethical Committee
of Gunma University.

Statistical Analysis

Statistical analysis was performed using StatView
software (version 5.0, SAS Institute). Differences were
considered significant when p was < 0.05.

Results

Cell Proliferation Inhibition of Glioblastoma Cells by
Sugar Cholestanols

The effects of sugar cholestanols on the viability of
glioblastoma cells were evaluated at various concentra-
tions. Sugar cholestanols such as GGChol and GChol
showed considerable inhibiting activities against the pro-
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liferation of glioblastoma cells in a dose-dependent man-
ner (Fig. 1). However, BChol itself, without the sugar moi-
ety, showed very low activity only at a high concentration
in CGNH cells (data not shown). The minimum concen-
trations of sugar cholestanols producing 50% cell prolif-
eration inhibition (CPIy,) were determined in the glioblas-
toma cells, and no clear differences were observed (Table
1). The sugar cholestanols clearly induced cell death in
glioblastoma cells.

Nuclear Fragmentation

Nuclear fragmentation was clearly observed in CGNH
cells treated with GGChol but not in the control cells (Fig.
2 left). Staining of the glioblastoma cells (CGNH-89 and
CGNH-NM) with HO342 and propidium iodide indicated
that GGChol induced nuclear fragmentation (a hallmark
of apoptosis) in approximately 17% and 23% of the total
cells, respectively, and were counted as apoptotic (Fig. 2
right).

Western Blot Analysis of Caspase Cascade and PARP
Activation

Caspase signaling pathways consisting of a death re-
ceptor—dependent extrinsic pathway and death receptor—
independent intrinsic pathway were examined in the glio-
blastoma cells treated with GGChol. The expression levels
of active caspase-8 for the extrinsic pathway, caspase-9
for the intrinsic pathway, and caspase-3 were found to in-
crease in the CGNH-89 and CGNH-NM cells in a time-
dependent manner (Fig. 3). The expression levels of PARP,
one of the best biomarkers of apoptosis, were analyzed in
CGNH cells during the 24 hours after the treatment with
GGChol. The N-terminal fragment of PARP, possessing
an 89-kDa peptide cleaved from the full-sized PARP (116
kDa), was detected as early as 2 hours in the CGNH cells
after the treatment with sugar cholestanols (Fig. 3). These
results suggested that GGChol induced apoptotic cell
death through both extrinsic and intrinsic pathways.

Analysis of Autophagy, Apoptosis, and the Inhibition of
Both

We examined the changes in autophagy activ-
ity in both CGNH-89 and CGNH-NM cells treated with
GGChol. The treatment of both cell types with GGChol
induced not only apoptosis but also an autophagic re-
sponse (Fig. 4). In both cell types, the number of distinct
dot-like structures distributed within the cytoplasm or lo-
calized in the perinuclear regions was higher than in the
control (Fig. 4A and B, left). The level of MDC incorpo-
rated into the CGNH-89 and CGNH-NM cells was in-
creased 1.4- and 1.5-fold, respectively, after being treated
with GGChol compared with that in the untreated cells
(Fig. 4A and B, right). The cell viability of glioblastoma
cells was reduced in the presence of GGChol up to 60%
but was restored after the addition of 3-MA and Z-VAD
to the culture medium (Fig. 4C). Our results showed that
3-MA and Z-VAD can block autophagy and apoptosis
from 17%—-20% and 38%—41%, respectively. The combi-
nation of inhibitors against both autophagy and apoptosis
can fully block the cell death induced by GGChol (45%—
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Fic. 1. Line graphs showing the effect of sugar cholestanols on the viability of glioblastoma cells. The CGNH-89 and CGNH-
NM cells were treated with various concentrations of sugar cholestanols for 24 hours.

48% increase). When 3-MA and Z-VAD were added at
the same time to the cell culture, the cell viability in the
GGChol-treated cells was as high as that of the untreated
control cells. However, no effect was observed when either
agent was added individually to the cell culture (Fig. 4C).

Western Blot Analysis of the Bcl-2 Family

The expression levels of Bcl-2 family members,
consisting of both proapoptosis and antiapoptosis fac-
tors, were then analyzed in the CGNH cells treated with
GGChols. A slightly increased expression of Bax (pro-
apoptosis) was detected in the CGNH-89 and CGNH-NM
cells in a time-dependent manner, and a slightly decreased
expression of Bcl-xL (antiapoptosis) was detected in the
same cells (Fig. 5). We also evaluated the expression level
of p53 (ser46), one of the initiators that activates Bax and/
or downregulates Bcl-xL. Our results showed that glio-
blastoma cells treated with GGChol increased the expres-
sion of p53 (ser46) in a time-dependent manner (Fig. 5).

Western Blot Analysis of Autophagy

Using Western blot analysis and MDC staining, we
found that GGChol increased the expression of apoptosis-
related proteins and slightly increased the expression of
LC3-II and Beclin-1 (Fig. 5). All these results suggest that
sugar cholestanols induced both apoptosis and autophagic
cell death in glioblastoma cells.

Western Blot Analysis of Survival Pathways

The expression of survival signaling proteins was

TABLE 1: Minimum amounts of each compound producing 50%
cell proliferation inhibition of various cells*

CPlg, (uM)
Compounds CGNH-89 CGNH-NM
GGChol 14.8 15.6
GChol 15.6 17.2
cholestanol >1000 >1000

* The 3(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT)
assay was conducted after 24 hours of incubation under the presence of
each compound diluted from 500 uM to 0.98 uM (in a gradual manner).

4

evaluated in glioblastoma cells in response to sugar cho-
lestanols. The treatment of both CGNH cell types with
GGChol indicated inhibition of Akt activation and expres-
sion of both phosphorylated Akt (ser473) and phosphor-
ylated mTOR (ser2448), the downstream targets of Akt
in glioblastoma cells (Fig. 6A). The expression levels of
the upstream molecules related to Akt/mTOR were also
analyzed in CGNH cells treated with GGChol, and the
decreased expression of both GluR1 and GluR4 was de-
tected in CGNH cells treated with GGChol in a time-de-
pendent manner (Fig. 6A). However, the expression levels
of RhoA and RhoC in CGNH cells treated with GGChol
were revealed to be suppressed in a time-dependent man-
ner (Fig. 6B).

Antitumor Effect of Sugar Cholestanols in a Mouse Model

Nude mice were subcutaneously inoculated with
CGNH-89 cells and tumors formed within 2 weeks in all
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<
Control GGChol 2 20
£
E
S0
=
<
[1]
Control  GGChol
30
CGNH-NM ~ CGNH-NM
=
Control GGChol 2 204
|
=
g
S 104
=
-
'].
Control  GGChol

Fie. 2. Left: Induction of apoptotic cell death in CGNH-89 (A) and
CGNH-NM (B) cells after treatment with GGChol. The cells were ana-
lyzed by the HO342 combined with propidium iodide assay. Original
magnification x200.  Right: The apoptosis index (mean + SEM) was
calculated in each cell line. All results were from 3 independent experi-
ments.
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Fie. 3. Western blot analysis of glioblastoma cells treated with GGChol. The cells were treated with 30 uM of GGChol for
24 hours, and the values given below the caspase-8, -9, -3, and PARP figures indicate the calculation of the active form band
(41-43 kDa, 35-37 kDa, 17-19 kDa, and 89 kDa, respectively) after normalization of its expression to that of 3-actin, shown as
a percentage compared with the control. Asterisk = significant increase for the active form of cleaved PARP (89 kDa) measured

using densitometric analysis.

mice. Tumor formation was significantly suppressed (p <
0.05) in the mice treated with GChol in HP-B-CD intra-
tumorally 3 times at 14, 15, and 16 days after inoculation
of tumor cells. However, no significant suppression was
observed in the mice treated only with HP-3-CD (Fig. 7).
The histological analysis of GChol-treated mice revealed
the presence of high degrees of tumor anaplasia including
nuclear and cytoplasmic pleomorphism, tumor necrosis,
and vascular proliferation. However, in the control mice,
large numbers of mitotic cells were observed (data not
shown), as hallmarks of the glioblastoma cells.

Discussion

Temozolomide is commonly used in the treatment of
primary or recurrent high-grade gliomas, including ana-
plastic astrocytoma and glioblastoma.>* To date, the prog-
nosis of patients with malignant gliomas has been poor.*
It is clear that tumor cells with drug-resistant ability will
not respond to chemotherapy treatment. The mechanism
by which temozolomide mediates cell death in malignant
tumor cells has been characterized, and it was shown to
induce autophagy, not apoptosis, in glioblastoma.? In the
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cancer field, autophagy is a new concept for the defense
mechanisms of malignant cells,®4° and they are elimi-
nated, in some cases, due to the induction of a nonapop-
totic mechanism, also known as autophagic cell death.?
However, the triggers for the induction of autophagy and
apoptosis and their roles remain unclear.

In our previous studies, novel glycans consisting of a
series of sugar cholestanols were chemically synthesized
and evaluated as anticancer drugs in both in vitro and in
vivo experiments.®!*15 In this study, the expression levels
of a series of molecules related to programmed cell death
(apoptosis and autophagy) were investigated in glioblas-
toma cells treated with the same sugar cholestanols. We
used CGNH-type glioblastoma cells, cell lines showing
epithelial morphology and adhesive capacity. These cell
lines possess glial fibrillary acidic protein, vimentin,
A2BS5, O4, and myelin basic protein.** The mRNAs for
the glutamate-AMPA receptors (GluR1 and GluR4) were
analyzed in CGNH cells using reverse transcriptase—
polymerase chain reaction; the cells expressed GluR1 and
GluR4.2° As previously described, these cell lines have the
same profile as that of the primary glioblastoma cells de
novo.
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Fic. 4. Fluorescence microscope images showing induction of autophagic cell death in CGNH-89 (A) and CGNH-NM (B)
cells. Original magnification x200. Bar graph (C) demonstrates cell viability in the glioblastoma cells treated with GGChol mea-
sured in the presence of antiapoptosis and antiautophagy reagents. Monodansylcadaverine incorporation was quantified and
presented as the fold increase + SEM compared with the control (bar graph, upper right). The figures and values are from 3

independent experiments.

In glioblastoma cells treated with sugar cholestanols,
the activation of the initiator caspases (extrinsic caspase-8
and intrinsic caspase-9) followed by the activation of the
executor caspase (caspase-3) occurred in the glioblastoma
cells after treatment with sugar cholestanols. According-
ly, the activation of the cascade involving such caspases
induced PARP cleavage, resulting in nuclear fragmenta-
tion. Furthermore, the induction of the apoptosis signaling
pathway in glioblastoma cells treated with sugar cholesta-
nols appeared to suppress the expression of Bcl-xL and to
enhance the expression of Bax in antiapoptotic and pro-
apoptotic manners, respectively. Therefore, the induction
of apoptosis appeared to be caused by the disruption of a

6

balance between these anti- and proapoptotic molecules,
as described previously.!4!5

One of the most important survival-signaling path-
ways is mediated by PI3K and its downstream targets,
such as Akt and mTOR.? Recently, Akt was reported to
play an important role in determining the chemosensitiv-
ity of many types of cells.”!1>3 The induction of autoph-
agy requires the activation of Beclin-1 and its interact-
ing partner, Class III PI3K, resulting in the generation of
phosphatidylinositol-3'phosphates. This induction is nega-
tively regulated by Class I PI3K via the Akt/mTOR path-
way.*4446 In contrast, Beclin-1, a mammalian homolog of
the yeast autophagy-related gene Atg6, was observed to be
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Fie. 5. Western blot analysis in the glioblastoma cells treated with GGChol. Changes in the expression of the autophagy ac-
tivation, Bcl-2 family members, p53 (ser46) in the CGNH-89 and CGNH-NM cells are shown. The cells were treated with 30 uM
of GGChol for 24 hours, and values given below each figure indicate the calculation of each band, and the LC3 active form band
(16 kDa), after normalization of their expression to that of 3-actin, shown as a percentage compared with the control. There was
a significant increase in the active form of LC3 (16 kDa) measured using densitometric analysis.

deleted in breast and prostate cancer cells, and its expres-
sion was shown to induce autophagy and inhibit tumori-
genicity in MCF-7 breast cancer cells.?” Furthermore, the
microtubule associated protein 1 light chain 3, designated
as LC3, exists in 2 forms, which are LC3-I and LC3-II,
located in the cytosol and autophagosomal membranes,
respectively. LC3 is the first protein that was reported to
specifically localize to autophagosome membranes and
was later designated as LC3-II (16 kDa), the inner limit-
ing membrane of the autophagosome. During the process
of autophagy, cleaved LC3-I conjugates with phosphati-
dylethanolamine to form LC3-II, which is an important
step for autophagosome formation.? Immunofluorescence
staining of endogenous LC3 can detect autophagy (Fig.
4). The expression of Beclin-1 in glioblastoma cells was
slightly increased after treatment with sugar cholestanols
along with the decreased expression of the members of the
Akt/mTOR pathway. In addition, LC3-II expression was
increased, and this hallmark could be used to estimate the
abundance of autophagosomes before they are destroyed
via fusion with lysosomes.

Recently, p53 has also been revealed to activate au-
tophagy.?? Several groups have reported the localization
of p53 to the outer layer of the mitochondrial membrane
and the activation of apoptosis through direct binding to
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the Bcl-2 family members Bax, Bak, or Bcl-xL.>3° The
overexpression of p53 was also reported to increase Bax
expression in several cell types following the induction of
apoptosis.*'* The binding of p53 to p53AIP1, which ap-
pears to be important for the apoptotic response, is selec-
tively enhanced by the phosphorylation of ser46.3” We also
observed that, in fact, p53 at ser46 was increased in glio-
blastoma cells after treatment with sugar cholestanols. In
addition, the stimulation of cell death controlled by apop-
tosis and/or at least partially by autophagy was observed
in glioblastoma cells treated with sugar cholestanols and
cotreated with inhibitors of caspases and autophagy.
Therefore, we provided evidence that sugar cholestanols
induced apoptosis and autophagic cell death in the same
glioblastoma cells. The occurrence of cell death induced
by apoptosis was also observed in colorectal cancer cells
treated with the same sugar cholestanols (S. Yazawa et al.,
unpublished observation, 2008).

The mechanism of drug-induced cell death has been
accepted to be governed not only by the upregulation of
proapoptotic, proautophagic factors or tumor suppressors,
but also by the modulation of the survival-signaling path-
ways.!! As we previously showed, CGNH cells express
Ca?-permeable AMPA receptors assembled mainly from
the GluR1 and/or GluR4 subunits, which contribute to the
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invasive and aggressive behavior of glioblastoma.?® Cell
growth appeared to be suppressed in cancer cells treated
with the sugar cholestanols, particularly through the acti-
vation of the Akt/mTOR pathway (A. Faried et al., unpub-
lished observation, 2009). As reported previously, there is
an important survival-signaling pathway that is mediated
by the Akt/mTOR pathway?® and its upstream target, the
AMPA receptors.?!

Our results demonstrated that the sugar cholestanols
inhibit the activation of the Akt/mTOR pathway, as shown
by the downregulation of phosphorylated Akt at serd73
and phosphorylated mTOR at ser2448. Therefore, we
analyzed the expression of the glutamate-AMPA recep-
tors as an upstream target of Akt/mTOR in glioblastoma
cells. As expected, we found that the sugar cholestanols
inhibited the activation of the glutamate-AMPA receptors,
GluR1 and GluR4, in both glioblastoma cell types tested.
Taken together, our results suggest that the activation of
the glutamate-AMPA receptors—Akt/mTOR pathway was
downregulated after treatment with sugar cholestanols.

Ca*-permeable AMPA receptors and Rho GTPase

family members facilitate the migration ability of human
glioblastomas.?*#” In addition, we also evaluated the ex-
pression of Rho GTPases (RhoA and RhoC) because they
were reported to be related to the degree of malignancy
in glioblastoma.?®# Furthermore, the inhibition of Rho
GTPase signaling has been reported to decrease glioblas-
toma cell migration.”® In this study, we showed that the
expression of both RhoA and RhoC was decreased after
treatment with the sugar cholestanols in a time-dependent
manner. Overall, our results showed that different pro-
cesses of cell death were induced by the sugar choles-
tanols and that the survival, proliferation, or metastatic
properties of glioblastoma cells were affected by some
other oncogenic factors (Fig. 8).

Our in vivo experiment using nude mice showed
that the sugar cholestanols suppressed tumor growth of
CGNH-89 cells that were injected into subcutaneous tis-
sue, possessing the features of human glioblastomas in
terms of histological tissue organization. This experiment
may provide a reliable in vivo model for studying the re-
sponse of human glioblastomas to our potential synthetic
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glycans (sugar cholestanols). The sugar cholestanol injec-
tions reduced the incidence of intratumoral bleeding in
the treated mice compared with the untreated mice, ac-
companied by the suppression of tumor growth and induc-
tion of apoptosis. These results indicate that programmed
cell death controlled by apoptosis and/or at least partially
by autophagy in CGNH cells was stimulated by treatment
with our novel synthetic glycans (sugar cholestanols). It re-
mains to be seen whether the sugar cholestanols could be
applicable to an in vivo experiment using an intracranial
glioma model to investigate their usefulness in chemo-
therapy against the expected blood-brain barrier.

Conclusions

The activation of programmed cell death in human
malignant brain tumor cells induced by treatment with the
sugar cholestanols may be involved in not only apoptosis,
as we previously demonstrated in several tumor cell lines,
but also autophagy, which was demonstrated here for the
first time. The sugar cholestanols represent potential phar-
maceutical agents against glioblastoma cells.
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ABSTRACT

Glioblastoma multiforme is the most malignant tumor occurring in the central
nervous system and is incurable by current therapeutic strategies. The serine/threonine-
specific protein kinase, Akt, is frequently dysregulated and affects cell survival and
proliferation in many human cancers, including glioblastoma. Inhibition of Akt
phosphorylation has demonstrated therapeutic potential against glioblastoma. Many
inhibitors of the PI3K-Akt signaling pathway and «-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA)-Akt signaling pathway are in clinical use and have
demonstrated preliminary activity against various tumor types. This review describes
the limitations of therapy against glioblastoma targeting single dysregulated pathways
because of the presence of diverse signaling pathways that regulate the coactivation of
multiple tyrosine kinases in most malignant gliomas, and the requirement for combined
approaches targeting the multiple Akt-mediated signaling pathways based on the
findings of clinical trials and earlier investigations. Ryukyu Med. J., 33 (1~3) 1~8,
2014

Key words: AMPA, Akt, glioblastoma, PI3K, platelet-derived growth factor
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Fig. 1 Schematic representation of the Akt signaling pathway and iis main

components

EGF, epidermal growth factor; PDGF, platelet-derived growth factor; RTK,
receptor tyrosine kinase; RAS, rat sarcoma oncogene; RAF, murine sarcoma
viral oncogene; MEK, mitogen-activated protein; ERK, extracellular signal-
related kinase; mTORC1, mammalian target of rapamycin complex 1; PI3K,
phosphatidylinositol 3-kinase; PIP2, phosphatidylinositel 4,5-bisphosphate;
PIP3, phosphatidylinositol 3,4,5-trisphosphate; PDK1, 3-phosphoinositide
dependent protein kinase-1; PTEN, phosphatase and tensin homolog; TSC-
1/2, tuberous sclerosis complex-1/2; Rheb, RAS homologue enriched in brain;
S6K, S6 kinase; AMPA, ¢ -amino-3-hydroxy-5-methyl-4-isoxazolepropionate;
shh, sonic hedgehog; Smo, smoothened.
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Fig. 2 Effect of combination therapy targeting the AMPA-Akt signaling pathway and PI3K-Akt signaling
pathway in vitro
Human glioblastoma cells were treated with PBS (control; left column), or calcium-permeable AMPA
receptor antagonist (YM872 at 20 nM) and PDGF receptor antagonist (AG1296 at 20 pM) (right column).
Immunofluorescence staining is shown for phosphorylated Akt in green, for Ki-67 in blue, and for propidium
iodine in red.

Fig. 3 Effect of combination therapy targeting the AMPA-Akt signaling pathway and PI3K-Akt signaling

pathway in vivo
a—d: Glioblastoma cell suspensions were injected subcutaneously into the flank of nude mice. Inhibition of tumor

growth was observed after daily intraperitoneal injection of PBS (control; a), calcium-permeable AMPA receptor
antagonist (YM872 at 25 mg/kg; b), PDGF receptor antagonist (AG1296 at 1.25 mg/kg; c), or the combination of
both antagonists (d) for 2 weeks.
e-h: Photomicrographs of sections of tumor tissue taken 36 days after inoculation, treated with PBS (e), 25 mg/kg
YM872 (f), 1.25 mg/kg AG1296 (g), and the combination of both agents (h). Extensive necrosis in the tumor tissuo
was found after treatment with YM872, AG1296, and the combination of both agents. Hematoxylin and eosin
stain, original magnification: X 200.
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