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The development of new therapies for ependymoma is
dramatically limited by the absence of optimal in vivo
and in vitro models. Successful ependymoma treatment
requires a profound understanding of the disease’s bio-
logical characteristics. This study focuses on the estab-
lishment and characterization of in vivo and in vitro
models of ependymoma to study the molecular pathways
necessary for growth and progression in ependymoma. In
addition, this study also emphasizes the use of these
models for therapeutic intervention of ependymomas.
We established optimal conditions for the long-term
growth of 2 tumor xenografts and cultures of 2 human
ependymoma cell lines. This study also describes the
establishment of in vivo models. Histopathologic features
of tumors from both intracranial and subcutaneous sites
in mice revealed perivascular pseudorosettes and ependy-
mal rosettes, which are typical morphologic features of
ependymoma similar to those observed in human speci-
mens. The in vitro models revealed glial fibrillary acidic
protein and vimentin expression, and ultrastructural
studies demonstrated numerous microvilli, caveolae,
and microfilaments commonly seen in human ependy-
moma. To study signaling pathway alterations in ependy-
moma, we profiled established ependymoma models with
Western blot analysis that demonstrated aberrant acti-
vation mainly of the phosphoinositide 3-kinase and epi-
dermal growth factor receptor signaling pathways.
Targeting phosphoinositide 3-kinase and epidermal
growth factor receptor signaling pathways with small
molecule inhibitors showed growth inhibitory effects.

These models can also be used to study the standard
therapies used for ependymomas, as shown by some of
the drugs used in this study. Therefore, the models devel-
oped will assist in the biological studies and preclinical
drug screening for ependymomas.
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E
pendymomas are rare gliomas of neuroectodermal
origin that exhibit degrees of ependymal differen-
tiation. They arise from ependymal cells in the

obliterated central canal of the spinal cord, filum termi-
nale, choroid plexus, or white matter adjacent to a
highly angulated ventricular surface.1 Ependymomas
account for only 4%–8% of glioma cases but are the
third most common central nervous system (CNS)
tumor of childhood after astrocytomas (including pilo-
cytic astrocytomas) and embryonal tumors (including
medulloblastomas). They account for 2.1% of all
primary brain tumors, regardless of patient age, for
6.4% of those in patients aged 1–14 years, and for
5% of those in patients aged 15–19 years.2 The World
Health Organization (WHO) classification of nervous
system tumors recognizes 4 major subgroups of ependy-
mal tumors: subependymoma (grade I), myxopapillary
ependymoma (grade I), ependymoma (grade II), and
anaplastic ependymoma (grade III).2 The last of these
seems to demonstrate more aggressive clinical behavior,
although its diagnosis is subjective, and its prognostic
significance remains controversial.3–8

From a clinical and biological perspective, intracranial
ependymomas of childhood are enigmatic and challenging
tumors to treat. Histologic features of anaplasia, such as
mitoses, microvascular proliferation, and necrosis, serve
as indicators of biological behavior in other gliomas; thus,
their significance remains unclear in ependymoma.
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Ependymomas are widely considered to be a “surgical
disease,” but a significant proportion of patients experience
relapse even after complete surgical removal of the tumor.
Pediatric ependymomas often arise infratentorially, filling
in the fourth ventricle and extending into the brain stem;9

thus, total removal of the tumor is rarely possible. In chil-
dren with intracranial ependymomas, the 5-year event-free
survival rate is ,50%.3–6,10 Although postoperative radi-
ation therapy may result in long-term survival, radiation
therapy-associated toxicities, such as retardation in physical
and mental development,11 prevent the wide application of
radiation therapy in young patients. In addition, the effec-
tiveness of postoperative chemotherapy is uncertain
because these tumors are chemoresistant.12

Attempts to determine the optimum adjuvant treat-
ment have been hindered by the relatively low incidence
of the disease and the paucity of definitive clinical
trials.3 A lack of consensus regarding the prognostic
value of histologic grading and a poor understanding of
the disease’s biological characteristics have compounded
this situation further.3,7 Thus, more-effective treatment
regimens depend almost entirely on a better understand-
ing of the biological characteristics of these tumors. The
development of agents with novel antineoplastic action
is urgently needed, but progress is limited by the
absence of optimal in vivo and in vitro models. As an
approach to overcoming the limitations in childhood
cancer drug development, several groups in the pediatric
cancer community have systematically tested the validity
of preclinical human tumor xenograft models to identify
novel agents that may have clinical activity in childhood
cancers.13–17 There have been efforts toward develop-
ment of clinically relevant models of ependymoma, and
Yu et al18 recently have been successful in establishment
of an orthotopic ependymoma xenograft mouse model
from a fresh surgical specimen of a recurrent anaplastic
ependymoma. In addition Yu and colleagues also tested
whether xenograft tumor cells can be maintained in
vitro long term to establish a cell line. In this study, we
describe the establishmant of in vivo and in vitro
models of ependymoma from human ependymomas.
We determined the tumorogenicity and evaluated the
clinical relevance by histopathological features of both
intracranial and subcutaneous tumors. The cell lines gen-
erated were examined for the ependymal markers and
ultrastructural features of ependymoma. To determine
the molecular pathways necessary for tumor growth
and progression and to test novel therapeutic approaches
for ependymoma, signal profiles were obtained from in
vitro model systems. On the basis of the alterations
observed, we tested a few small molecule inhibitors of sig-
naling pathways using in vitro model systems in growth
assays.

Material and Methods

Tumor Samples

Two human xenograft tissue specimens were obtained
from St. Jude Children’s Hospital (Memphis, TN): an

anaplastic ependymoma from the posterior fossa of a
2-year-old girl (BT-44) and a focally anaplastic ependy-
moma from the posterior fossa of a 10-month-old boy
(BT-57). Tumor grade was determined by light
microscopy in accordance with the 2007 WHO classifi-
cation system.2

Subcutaneous and Intracranial Transplantations

All animal experiments were conducted in accordance
with protocols approved by The University of Texas
M. D. Anderson Cancer Center (Houston, TX)
Institutional Animal Care and Use Committee.
Heterotopic tumor propagation was performed by
implanting minced tissue into the flanks of 5–
6-week-old athymic nu/nu mice. Tumor growth was
monitored twice per week by palpation, and tumor
diameters were measured using vernier calipers. Tumor
volume was calculated on the basis of the assumption
that the tumors were ellipsoid. Established tumors
were resected and either fixed in 4% paraformaldehyde
or flash-frozen in liquid nitrogen for histological evalu-
ation and immunostaining or protein collection, respect-
ively. To develop an intracranial disease model, we
engrafted minced tumor tissue or a cell suspension of 1
million cells into the caudate nuclei of athymic mice
using a previously described guide-screw system.19

Animals were monitored daily until they developed
signs of neurological deficit or became moribund, at
which time they were euthanized and their brains
removed for histopathological analysis.

In vitro Models

In vitro models were created by directly cutting tumor
fragments into small pieces using a scalpel blade and
mechanical disruption by repetitive pipetting to make
the cell suspension. The cell suspension was suspended
in Dulbecco’s modified Eagle’s medium/F12
(Mediatech) containing 10% fetal bovine serum and
antibiotics (100 U of penicillin and 50 mg/mL strepto-
mycin) and plated on a poly-D-lysine-coated flask
(25 cm2; BD Biocoat; Becton Dickinson), which facili-
tated cell attachment. Cultures were maintained in a
5% CO2 and 95% humidified atmosphere. Additional
growth factors such as 10 ng/mL epidermal growth
factor (EGF; Millipore) and 10 ng/mL basic fibroblast
growth factor (Invitrogen) were added to accelerate
cell growth. Tumor propagation was performed by
intracranially and subcutaneously inoculating mice
with cells and/or with minced tumor tissues.

Tissue Processing and Immunohistochemistry

For histopathologic studies, tissue sections were stained
with hematoxylin and eosin. In brief, tumor sections
were deparaffinized and rehydrated using xylene and
gradient ethanol. The slides were stained with hematox-
ylin and eosin and mounted using Permount (Fisher
Scientific).
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Immunohistochemical analysis was performed to
determine proliferative marker Ki-67 expression in
both intracranial and subcutaneous xenograft samples.
Paraffin-embedded tumor tissue sections were deparaffi-
nized with xylene and rehydrated. Antigenic retrieval
was performed by submerging the sample in 1× target
solution (S1699; Dako) and steaming it at 958C for
20 min. The sections were then treated with 3% hydro-
gen peroxide in methanol to quench endogenous peroxi-
dase activity, followed by incubation with 1% goat
serum to block nonspecific binding. The sections were
then stained with anti-Ki-67 antibody (Santa Cruz
Biotechnology)20 overnight at 48C. The tissue sections
were incubated with the biotinylated anti-rabbit second-
ary antibody followed by further incubation with
streptavidin-horseradish-peroxidase complex. They
were then immersed in 3,3′-diaminobenzidine solution
(Sigma Fast, D4418; Sigma-Aldrich) and mounted
using Permount. For the negative control, the primary
antibody was replaced by the nonimmune rabbit immu-
noglobulin of the same isotype. The distribution of
Ki-67 was scored as negative (if ,10% of cells yielded
positive results) or positive (if ≥10% of cells yielded
positive results).

Immunofluorescence Assay

Cells were seeded at a concentration of 2 × 105 cells per
well in 6-well plates with coverslips inside and left over-
night. The following day, the cells were washed with
phosphate-buffered saline (PBS) once before being
fixed with 4% formaldehyde in PBS for 20 min. After
another PBS wash, the cells were permeabilized with
0.1% Triton X-100 in PBS for 5 min and then blocked
with 5% bovine serum albumin-0.1% Tween 20-PBS
for 1 h. Cells were then incubated with mouse primary
antibodies against glial fibrillary acidic protein (GFAP;
anti-GFAP; Dako) and vimentin (anti-vimentin;
Biomeda21) for 1 h. After 2 washes with PBS (containing
0.1% Tween 20), the cells were incubated with the sec-
ondary antibodies conjugated with fluorescein isothio-
cyanate or Texas red (red fluorescence) for 1 h.
Coverslips were mounted in Vecta-shield mounting
medium containing DAPI (Vector Labs), and labeled
cells were evaluated using fluorescent microscopy
(Zeiss Axiovert 200; Carl Zeiss MicroImaging), with
separate filters used for each fluorochrome. Images
were obtained using the software package XCAP-Lite,
version 2.1 (EPIX).

Transmission Electron Microscopy

Transmission electron microscopy was used to deter-
mine the ultrastructure of a single ependymoma cell.
Samples were fixed with a solution containing 3% glu-
taraldehyde plus 2% paraformaldehyde in 0.1 M caco-
dylate buffer (pH 7.3) for 1 h. The samples were then
washed and treated with 0.1% Millipore-filtered
cacodylate-buffered tannic acid, postfixed with 1% buf-
fered osmiumtetraoxide for 30 min, and stained en bloc

with 1% Millipore-filtered uranylacetate. The samples
were dehydrated in increasing concentrations of
ethanol, infiltrated, and embedded in LX-112 medium.
The samples were polymerized in a 708C oven for 2
days. Ultrathin sections were cut using a Leica Ultracut
microtome, stained with uranyl acetate and lead citrate
in a Leica EM stainer, and evaluated using a JEM
1010 transmission electron microscope (JEOL) at an
accelerating voltage of 80 kV. Digital images were
obtained using the AMT Imaging System (Advanced
Microscopy).

Western Blot Analysis

To identify the molecular signaling patterns altered in
ependymoma, we profiled 2 established in vitro models
using Western blot analysis. Total protein lysate was
analyzed using Western blotting, as described pre-
viously.22 In addition, lysis buffer was used to lyse
mice xenografts by homogenization. Tumor lysates
and cell lines lysates were probed with the following
primary antibodies: phosphorylated or total Akt,
P70S6, S6, PTEN, EGFR, Erb-2, Erb-3, and STAT-3
(Cell Signaling Technology). Blots were reprobed with
a monoclonal antibody for b-actin (EMD Biosciences)
as a control for protein loading.

Cell Proliferation Assay

On the basis of the alteration of the signaling pathway,
we treated cells with PX866, NVP-BEZ235
(phosphoinositide-3 kinase [PI3K] inhibitors) and erloti-
nib (EGFR inhibitor) for 72 h. In addition, standard che-
motherapies using temozolomide and carboplatin were
also used in cell growth assays. Growth inhibition was
determined using the CellTiter-Blue (Promega) viability
assay. The half-maximal inhibitor concentration (IC50)
value was calculated as the mean drug concentration
required to inhibit cell proliferation by 50% compared
with vehicle controls.23

Results

Establishment of in vivo Ependymoma Model in Nude
Mice

To generate intracranial and subcutaneous models of
ependymoma, 2 human xenografts, BT-44 and BT-57,
were used. For the subcutaneous model, we injected
either a single-cell suspension generated from mechan-
ical disruption or minced tumor into the right and left
flanks of nu/nu mice. Mice were observed for tumor
growth over a period of time, and both BT-44 and
BT-57 formed tumors in vivo. Tumors were measured
twice per week and growth curves were generated
measuring tumor volume versus days. The subcutaneous
tumor growth rate for the cell lines were similar, and
both BT-44 and BT-57 models revealed exponential
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growth of the tumor mass and formed significant tumors
over a period of 40–50 days (Fig. 1).

For the intracranial model, human xenograft tissue
specimens were minced into a single-cell suspension
and injected into the caudate nucleus of athymic mice
using a previously described guide-screw system.22 All
of the mice injected with tumor cells developed signs
of neurological deficit or became moribund within
100–150 days after the injection. At that time point,
animals were killed, and animal brains after sectioning
were invariably enlarged and revealed huge tumor
mass. Histpathological examination of the tumor
revealed the typical phenotype of ependymoma, which
displayed pseudorosette formation (Fig. 2A and 2B).
These pseudorosettes revealed perivascular growth,
and high cellularity confirmed typical ependymoma for-
mation in vivo. In addition, the histopathological exam-
inatiom of the xenografts clearly showed grade 111
anaplastic ependymoma tumors with abundant
mitosis. The immunohistochemical studies revealed a
high proliferative rate of the tumors, as shown by high
staining for the mitotic marker Ki-67. The
paraffin-embedded sections of mouse brain tissue
revealed intracranial tumors and tumor invasion into
the brain parenchyma. Figure 2C shows the growth
pattern in the BT-57 tumor; similar results were
observed for the BT-44 tumor (results not shown). We
did observe higher Ki-67 expression on intracranial
tumors than in subcutaneous tumors, and a higher
Ki-67 index in intracranial tumors than in subcutaneous
tumors suggested that changes in tumor microenviron-
mental factors influence tumor growth, affecting
growth rates differently depending on tumor location.

To achieve the goal of maintaining the tumor model,
we used subtransplantation of xenograft tumors by har-
vesting the tumor cells from both subcutaneous and
intracranial tumors and reinjecting them back in to the
mice to develop the tumors again. The

subtransplantation procedure developed the tumors
that displayed pseudorosette formation—a typical
feature of ependymoma (Fig. 2D). The subtransplanted
tumors had the same growth pattern as that of the
initial passage, showing that repeated transplantations
do not change the growth pattern of the tumor.

Establishment of in vitro Ependymoma Models

Two in vitro ependymoma models, BT-44 and BT-57,
were established (Fig. 3A) using human xenografts.
The morphologic characteristics of ependymoma cells
varied, but most of the cells were spindle-like; others
were round or oval, some were round to oval, and
some were irregular. These cells could be passaged seri-
ally for 15–20 passages before the cells underwent
senescence.

To characterize the established models for ependymal
features, we performed immunofluorescence staining
using anti-GFAP and vimentin antibodies. GFAP is an
intermediate filament protein specific for astrocytes in
the CNS and is expressed by other cell types, as well as
in CNS ependymal cells. Both models (BT-44 and
BT-57) stained positive for GFAP and vimentin in the
cytoplasm (Fig. 3B). We also performed an ultrastruc-
ture study using electron microscopy, revealing identical
structures in cultured models, including numerous
microvilli on the plasma membranes and numerous
caveolae, which are synthesized in the Golgi apparatus
and dispersed in the cytoplasm. Numerous microfila-
ments, the ultrastructural feature of ependymoma cells,
mitochondria, and microtubules, were widely distribu-
ted in the cytoplasm (Fig. 3C). The endoplasmic reticula
were granular (which reflects the synthetic activity of
tumor cells), filled with homogeneous material and clus-
ters of free ribosomes, and widely distributed in the cyto-
plasm. The nuclei had a regular oval shape and
contained evenly dispersed chromatin; they were
located in the center of the cells and occupied a large
portion of the cell volume.

Molecular Signaling Alterations in Ependymoma

To determine molecular signaling alterations in ependy-
moma, we profiled the 2 established models using
Western blot analysis and probed them with various sig-
naling pathway antibodies. Here, we aim to characterize
the molecular signaling pattern altered in established
ependymoma models and to target the altered signaling
pathways with small molecule inhibitors. Our analysis
indicated that ependymoma models derived from individ-
ual tumors exhibited divergent patterns of signaling
pathway activation. Results indicated development of
alterations of PI3K/Akt and EGFR pathways shown by
activated Akt, S6K1, pS6, and EGFR levels in the ependy-
moma cell lines (Fig. 4A). We therefore tested the
growth-inhibitory effect of PI3 Kinase inhibitors
(NVP-BEZ235 and PX866) and an EGFR inhibitor (erlo-
tinib) on ependymoma models using a CellTiter-Blue
(CTB) growth assay (Fig. 5A). Treatment of BT-44 and

Fig. 1. Establishment of a subcutaneous ependymoma model.

Tumor volumes were measured twice per week during the course

of the experiment. After 40–50 days, exponential growth of the

tumor mass was observed in the subcutaneous model.
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BT-57 cell lines with different signaling inhibitors for 72 h
resulted in dose-dependent growth inhibition although
the magnitude of the growth inhibition varied with IC50

values in the low millimolar range (2–4 mM) for
PX866 and nanomolar (5–10 nM) range for
NVP-BEZ235. The IC50 for the EGFR inhibitor erlotinib
was �10 mM for both models. Although we did observe
an increase in PI3K-mediated signaling in these models,

the sensitivity toward PI3K inhibition indicates that cells
with activated PI3K may respond better to these signaling
inhibitors. Therefore, these findings suggest that targeted
therapy may be an effective strategy for ependymoma.

In addition, we also determined the effects of stan-
dard chemotherapeutic drugs (eg, temozolomide and
carboplatin) on ependymoma cell proliferation. The pro-
liferation of BT-44 and BT-57 cells was decreased in a

Fig. 2. Ependymoma marker detection in an in vivo model. (A) Subcutaneous xenograft models (top, BT-44; bottom, BT-57) revealed

pseudorosette formation, a typical histological feature, as determined by hematoxylin and eosin staining. (B) Pseudorosettes were visible

in intracranial tumors. (C) In vivo models were highly proliferative. Relatively high Ki-67 expression was observed in subcutaneous

models (BT-57), and high expression was seen in intracranial tumors and tumors that had invaded into the brain parenchyma (BT-57).

(D) Ependymoma xenografts in mouse brain. Hematoxylin and eosin staining showed maintainance of tumor phenotype after 4 repeated

transplantations.
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Fig. 3. Morphologic features of in vitro models. (A) Cells grown in vitro were evaluated to determine their morphologic features. Both BT-44

and BT-57 tumors had spindle-shaped cells. (B) BT-44 and BT-57 tumors showed positive staining results for glial fibrillary acidic protein

(GFAP) and vimentin (top, BT-44; bottom, BT-57). (1) GFAP (red) or vimentin (green) staining. (2) DAPI staining. (3) A merged image

of GFAP or vimentin and DAPI staining. (C) Ultrastructural features of ependymoma cells in culture. BT-44 and BT-57 tumors included

numerous surface microvilli, many caveolae in the cytoplasm, and microfilaments (top, BT-44; bottom, BT-57). Direct magnification: 25 000.
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concentration-dependent manner in association with
treatment with these drugs (Fig. 5A). Temozolomide
(0.4 mM) and carboplatin (30 mg/mL) were sufficient
to significantly decrease ependymoma cell proliferation,
as measured by the CTB assay in all cell lines studied.

NVP-BEZ-235: a PI3 K Inhibitor Blocks Activation
of PI3K-Mediated Signaling in Ependymoma

In this study, we evaluated the effects of NVP-BEZ-235
on PI3K signaling in ependymoma cells in vitro.
Treatment of BT-44 and BT-57 cells with NVP-
BEZ-235 blocked both the basal and EGF-induced phos-
phorylation of Akt at concentrations as low as 5–10 nM
(Fig. 5B). NVP-BEZ235 also reduced the activation of
intracellular Akt downstream targets, including pS6.
However, NVP-BEZ235 did not inhibit basal and
EGF-induced MAPK activation, suggesting that
NVP-BEZ235 selectively blocks the PI3K/Akt pathway
in ependymoma cell lines.

Erlontinib: a EGFR Inhibitor Inhibits EGFR-Mediated
Signaling in Ependymoma

As shown in Fig. 5C, increasing doses of erlontinib
resulted in reduction in the levels of phosphorylated
EGFR, whereas the amount of total EGFR did not
change significantly with drug treatment. EGFR pro-
motes cellular proliferation and resistance to apoptotic
stimuli through intracellular mediators, including ERK

and Akt. Akt phosphorylation levels induced in response
to EGF treatment were decreased in association with
treatment with erlontinib (Fig. 5C). ERK phosphoryl-
ation was less clearly induced by EGF treatment and
only decreased by erlontinib at the highest doses,
suggesting that ERK activation may not depend on
EGFR in these ependymoma models.

Discussion

Ependymomas are tumors that arise in the CNS. Little is
known about the aberrant cellular and molecular pro-
cesses that generate these tumors, and this lack of knowl-
edge has hampered efforts to reduce the significant
mortality and morbidity rates of the disease. Thus, a
disease model is needed to understand ependymoma’s
biological characteristics.

Few experimental models of ependymoma have been
described in contrast to other brain tumors. Thus far, to
our knowledge, only 2 ependymoma cell lines have been
developed. In one study, cells were cultured up to
4 passages;24 and in the other study, a relatively compli-
cated coculture of an ependymoma cell line was estab-
lished.25 In addition, the National Cancer Institute
supported Pediatric Preclinical Testing Program has sys-
tematically evaluated new agents against molecularly
characterized childhood solid tumors and has used the
BT-44 xenograft line in various drug testings.13–17

Recently, Yu et al18 described the establishment of a
clinically relevant mouse model of ependymoma and a

Fig. 4. Expression profile of ependymoma cells and tumor tissues. (A) BT-44 and BT-57 protein extracts were evaluated using Western blot

analysis and different signaling antibodies, as described in Materials and Methods. For all the antibodies cells were grown in growth media as

described in Materials and Methods, however to detect pEGFR, cells were starved for 24 h and stimulated with 100 ng/mL EGF for 30 min to

look for EGFR activation.
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permanent cell line that was passaged ≥70 times. In the
present study, we successfully established 2 in vitro and
2 in vivo ependymoma xenografts (BT-44 and BT-57)

derived from primary tumors. Establishing an in vitro
model is more challenging than establishing an in vivo
model, particularly in separating cells, controlling for

Fig. 5. Inhibitor treatment inhibited ependymoma cell proliferation. (A) Ependymoma cells in 96-well plates were treated with increasing

concentrations of different inhibitors for 72 h and subjected to a CTB assay, as described in Materials and Methods. The plot depicts the

percentage growth of treated cells compared with the growth of vehicle-treated control cells. Each culture was performed in triplicate. The results

shown are the arithmetic mean+ the standard deviation from a single experiment. (B) Effect of NVP-BEZ235 and erlotinib on signal transduction

pathways. Western blot analysis of BT-44 and BT-57 ependymoma models were performed as follows: Cells were serum-starved for 24 h and

treated with different concentrations of NVP-BEZ235 and erlotinib, as described in Materials and Methods. Cells were either left starved or

stimulated with epidermal growth factor (100 ng/mL) for 10 min before harvest. The results show that NVP-BEZ235 and erlotinib both inhibited

phosphorylation of Akt at Ser-473 without modifying levels of total Akt protein (T-Akt). Equal loading was confirmed by immunoblotting with

anti-actin antibody. Data shown are a representative immunoblot of three independent experiments.
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microenvironment alterations, and adequate nutritional
requirements. To overcome these hindrances, we used
poly-D lysine–coated flasks, which resulted in the best
attachment conditions for suspended cells, and we
used additional growth factors (eg, EGF and basic fibro-
blast growth factor) to accelerate cell growth. GFAP is
an intermediate filament protein that is thought to be
specific for astrocytes in the CNS.26–28 It is also
expressed by other cell types in CNS ependymal cells.
Vimentin, which makes up the cytoskeleton, is another
member of the intermediate filament family of pro-
teins.27 GFAP and vimentin were both expressed in our
ependymoma cell lines and could be useful as markers
of ependymoma. Electron microscopy revealed the ultra-
structural characteristics of ependymoma, such as inter-
mediate microfilaments and numerous surface microvilli
and caveolae. All of these characteristics demonstrated
our success in establishing 2 in vitro and 2 in vivo
models of ependymoma (BT-44 and BT-57).

The in vivo subcutaneous model showed exponen-
tial growth of tumor mass, and intracranial tumors
in nude mice invaded in brain parenchyma. The most
typical histologic feature of ependymoma, pseudoro-
settes,2 was found in all tumor samples; pseudorosettes
are a pathologic diagnostic marker of ependymoma,
according to the WHO classification system. Ki-67
protein expression in proliferating cells29 has pre-
viously been reported as a prognostic factor in pedi-
atric ependymoma.30,31 In the present study, a Ki-67
index (.10%) indicated a medium proliferation rate
in intracranial xenografts. Subcutaneous tumors had
lower Ki-67 expression than did intracranial tumors,
demonstrating a lower proliferation rate. It is highly
possible that changes in the tumor growth microenvir-
onment attenuate tumor growth.

Surgery has an established role in the treatment
and clinical outcome of ependymoma, but the value
of adjuvant chemotherapy and radiotherapy is less
clear.11,32–36 Tumorigenic signal pathways may serve
as cellular targets for novel therapeutic approaches.
However, the biological characteristics of ependymo-
mas are largely unknown, mainly because they are
heterogeneous: patients can be categorized into a
wide range of subgroups on the basis of the tumor’s
histological characteristics and localization, resulting
in relatively small series of patients. An important
recent finding is that gene expression signatures of
ependymomas from different locations of the CNS
are correlated with those of the corresponding
region of the normal developing CNS.37 The differen-
tially expressed genes are predominantly involved in
regulating neural precursor cell proliferation and
differentiation. Several studies have evaluated the
receptor tyrosine kinase I family in ependymoma.
Coexpression of ERBB2/ERBB4, in association with

Ki-67 expression and the degree of surgical resection
required, were found to be associated with more
aggressive disease behavior.29 In another study, high
EGFR protein expression in intracranial ependymo-
mas was correlated with poor prognosis in a univari-
ate analysis, whereas multivariate analysis revealed
that EGFR overexpression was the only significant
factor in grade II tumors.38 BT-44 xenografts have
been earlier used by various investigators for various
preclinical tests, and recently, Carol et al39 used an
Akt inhibitor GSK690693 to evaluate the anti-tumor
activity of this agent. We also tested the altered mol-
ecular signaling patterns in ependymoma models and
found aberrant activation of the PI3K, ERK, and
EGFR signaling pathways. Recently, more and more
research has focused on the stem cell–like character-
istics of ependymoma.40–42 In 2005, Poppleton and
Gilbertson40 reported that radial glia cells are candi-
date stem cells of ependymoma. The Notch cell sig-
naling pathway and the HOX family of
transcription factors are involved in the stem cell phe-
notype in ependymoma. Sanai et al43 found that in
the adult human brain, neural stem cells were GFAP
positive. These findings support the use of treatment
strategies that focus on eradicating ependymoma
cancer stem cells.

In conclusion, the human ependymoma models
established in our study could be useful for under-
standing the key molecular pathways identified in pro-
teomic analyses and to screen targeted therapeutic
strategies.
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