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Abstract
Cancer stem cells (CSCs) are characterized by their self-renewing potential, and by their ability to
differentiate and phenocopy the original tumor in orthotopic xenografts. Long term propagation of
glioblastoma (GBM) cells in serum containing medium results in loss of the CSCs and outgrowth of
cells genetically and biologically divergent from the parental tumors. In contrast, the use of
neurosphere assay, a serum-free culture for selection and propagation of CNS-derived stem cells,
allows the selection of a subpopulation containing CSCs. Gliosarcoma (GS), a morphological variant
comprising approximately 2% of GBMs, present a biphasic growth pattern, composed of glial and
metaplastic mesenchymal components. To assess whether the neurosphere assay would allow the
amplification of a subpopulation of cells with “gliosarcoma stem cell” properties, capable of
propagating both components of this malignancy, we have generated neurospheres and serum
cultures from primary GS and GBM surgical specimens. Neurosphere cultures from GBM and GS
samples expressed neural stem cell markers Sox2, Msi1 and Nestin. In contrast to the GBM
neurosphere lines, the GS neurospheres were negative for the stem cell marker CD133. All
neurosphere lines generated high grade invasive orthotopic tumor xenografts, with histological
features strickingly similar to the parental tumors, demonstrating that these cultures indeed are
enriched in CSCs. Remarkably, low passage GS serum culture retained the expression of stem cell
markers, the ability to form neurospheres, and tumorigenicity. The GS experimental tumors
phenocopied the parental tumor, exhibiting biphasic glial and mesenchymal components,
constituting a clinically relevant model to investigate mesenchymal differentiation in GBMs.
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Introduction
Glioblastoma (GBM), classified as grade IV astrocytoma by the WHO, is the most aggressive
and frequent type of glial neoplasia. Glioblastomas are heterogeneous tumors and are refractive
to therapy. Recent global gene expression analysis defined a subtype of glioblastoma associated
with a poor prognosis characterized by aberrant expression of mesenchymal genes 1, 2. Another
example of a prominent mesenchymal phenotype in a central nervous system tumor is found
in a morphological variant of GBM, termed gliosarcoma (GS), comprising approximately 2%
of GBMs 3. GS presents a biphasic growth pattern, composed of glial and sarcomatous
components, typically identified by GFAP immunohistochemical labeling and reticulin
staining of the dense extracellular matrix, respectively 4. Gliosarcoma occurs de novo, as a
primary tumor, or develops after radiotherapy of glioblastomas 5, 6. Gliosarcoma is
indistinguishable from primary glioblastoma in relation to median patient age, cerebral
hemisphere location, standard treatment, and clinical outcomes 5, 7–9. The mesenchymal
component of GSs can present differentiation along fibroblastic, osteogenic, chondrogenic,
adipogenic, smooth and skeletal muscle lineages, according to morphological appearance and
expression of lineage specific markers 4. The sarcomatous component of gliosarcomas show
signs of malignant transformation, such as nuclear atypia, mitotic activity and necrosis 4.
Importantly, identical genetic abnormalities have been identified in both glial and
mesenchymal components, suggesting the occurrence of a metaplastic mesenchymal
differentiation from a common origin, during the progression of the astrocytic tumor 7, 10–13.
The molecular mechanisms directing the mesenchymal differentiation in glioblastomas,
whether in the mesenchymal subgroup of GBMs or in the biphasic GS subtype, and the
significance of this plasticity for tumor progression and growth are poorly understood.

The remarkable heterogeneity of GBMs is also observed in the range of differentiation states
of the neoplastic cells. Along with other solid and hematopoietic malignancies, it has been
hypothesized that a subpopulation of GBM tumor cells present cancer stem cell (CSC)
properties. These properties include the ability to self-renew and differentiate into cells
composing the bulk of the tumor, and are thus implicated in post-treatment recurrence 14. Long
term propagation of glioma cells in serum-containing medium results in loss of the CSC
population and outgrowth of cells genetically and biologically divergent from their parental
tumors 15. In contrast, culturing dissociated glioblastoma surgical specimens in a serum-free
culture medium developed for propagation of neural stem cell (NSC) as floating multicellular
spheroids, known as neurospheres 16, allows for the selection and expantion of a subpopulation
of cells enriched in CSCs carrying patient-specific molecular fingerprints 15, 17–19. These
CSC-enriched subpopulations are characterized by long term self-renewal in vitro, by the
expression of NSC markers, such as Sox2, Nestin and CD133, and by the ability to differentiate
into cells that form the bulk of the tumor, recapitulating the parental tumor in orthotopic
xenografts 17–19. Long term culture in serum containing medium leads to differentiation of
CSC accompanied by loss of NSC markers such as Sox2, Cd133 and Nestin 15. On the other
hand, the recovery of cells with CSC properties from long term serum cultured human 20 and
rat 21 GBM cell lines, as well as a rat gliosarcoma cell line 22, has been reported. Thus,
neurosphere cultures from GBM surgical specimens as a stable source of cells carrying patient-
specific molecular fingerprints have become an asset for pre-clinical studies. Here we
investigate how culture conditions for GBM and GS tumor cells affect the potential for
recapitulating the mesenchymal differentiation of the founder tumor in orthotopic xenografts.
Given the proper stimulus, adult mouse neural stem cells differentiate along mesenchymal lines
in vitro and in vivo 23. Likewise, modulation of mesenchymal differentiation of GBM stem
cells by the microenvironment would be expected. A recent study shows that GBM
neurospheres underwent chondroblastic and osteoblastic differentiation in subcutaneous tumor
xenografts, but not in orthotopic xenografts 24. Here we show mesenchymal differentiation in
immunocompromised rat brain by cultured GS cells, recapitulating the biphasic parental tumor
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phenotype. Furthermore, early passage GS1 serum cultured cells retained the expression of
NSC markers, the ability to form neurospheres when transferred to serum free medium, and
recapitulated the parental tumor in rats, in contrast to the GBM serum monolayers.

Materials and Methods
Primary tumor cell culture

Resected brain tumors were collected at Henry Ford Hospital (Detroit, MI) with written consent
from patients in accordance with institutional guidelines, and graded pathologically according
to the WHO criteria. Tumors were processed immediately after surgery, essentially as
described 17, 19. Briefly, tumors were cut to 1 mm3 pieces, washed 3 times in DMEM/F-12
serum free medium (Invitrogen Life Technologies, Carlsbad, CA) and dissociated in cell
dissociation buffer (Cognate Bioservices, Baltimore, MD). Digestion was stopped with 1
volume of DMEM/F-12 containing 0.7 mg/ml ovomucoid (Sigma-Aldrich, St. Louis, MO) and
the tissue was triturated mechanically with fire narrowed Pasteur pipettes and filtrated through
a 40 μm cell strainer (Becton Dickinson, Franklin Lakes, NJ). Red blood cells were removed
by density centrifugation in Lympholyte-M (Cedarlane Laboratories, Burlington, NC).
Nucleated cells were washed several times in DMEM/F-12. For regular monolayer cultures,
cells were cultured in DMEM supplemented with 10% FBS (HyClone Laboratories, Logan,
UT), 50 units/ml penicillin G sodium, 50 μg/ml streptomycin sulfate. For neurosphere cultures,
cells were plated in T-25 flasks at a density of 2 × 104 cells/ml in neurosphere medium (NM):
DMEM/F12 medium containing 2 mM L-glutamine and supplemented with N-2 (Gibco
Invitrogen Cell Culture, Grand Island, NY), 0.05% BSA, 25 μg/ml gentamicin, 50 units/ml
penicillin G sodium, 50 μg/ml streptomycin sulfate, 20 ng/ml EGF and 20 ng/ml bFGF
(PeproTech, Rocky Hills, NJ). After 1 to 3 weeks, multicellular floating neurospheres formed
and were dissociated in Mg2+-Ca2+-free PBS and replated in NM medium for the formation
of secondary spheroids. The glioblastoma neurospheres used for this work were all below
passage 10.

Neurosphere Assay for differentiated glioblastoma cells and 3D cell cultures
Neurosphere assay for differentiated GBM or GS monolayer cultures: dissociated tumors were
first cultured in 10% FBS DMEM and passaged upon confluency. After 3 to 20 passages, as
indicated, monolayer cells were harvested by Trypsin (Invitrogen) treatment, washed several
times in serum-free DMEM/F-12 medium and plated at a density of 2 × 104 cells/ml in
neurosphere medium (NM) in regular tissue cultured treated flasks. Neurosphere formation
was monitored for up to 4 weeks.

To evaluate the differentiation potential, GS1 neurospheres were incubated in NM medium
without EGF and bFGF for one week in a regular tissue culture treated flask. In parallel,
neurospheres were dissociated and plated in 10% FBS DMEM in ultra-low attachment plates
(Corning., Corning, NY), to preserve the 3D architecture, and incubated for 1 week under
standard conditions. After one week in regular NM, NM without growth factors or serum
medium, multicellular spheroids were harvested, fixed in formalin for 10 minutes and paraffin
embedded for immunohistochemistry (IHC).

Experimental orthotopic tumor
Following IACUC guidelines in an institutionally approved animal use protocol, dissociated
GBM neurosphere or serum cultured cells were inoculated intracranially in nude rats (RNU/
RNU) Animals were anesthetized and immobilized in a small animal stereotactic device (Kopf,
Cayunga, CA)., A Hamilton syringe containing the used to inject between 4× 104 to 4 × 105

cells, as indicated, through a hole 3 mm to the right of the bregma, at a depth of 2.5 mm, at a
rate of 0.5 μL/10 sec. The surgical zone was flushed with sterile saline and the hole sealed with
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bone wax and the skin over the injection site sutured. Animals were monitored daily and
sacrificed between 9 and 14 weeks post implantation.

Histology and Immunohistochemistry
Sections of formalin fixed, paraffin embedded human glioma surgical samples, tumor
xenografts, or multicellular spheroids were deparaffinized with xylene and rehydrated through
graded alcohol into in phosphate buffered saline. Antigens were unmasked by 10 min
incubation in boiling in citrate buffer. Primary antibodies used were: mouse anti-human Nestin
(Chemicon International/Millipore, Billerica, MA), mouse anti-human GFAP (Biocare
Medical, Concord, CA), CD133 (Miltenyi, Auburn CA), mouse anti-human Vimentin (clone
CM048) (Biocare Medical), mouse anti-human smooth muscle actin (α-SMA) clone HHF35
(DakoCytomation, Carpinteria, CA). After primary antibody incubation, slides were washed
several times with PBS and incubated with appropriate biotinylated secondary antibody
(Vector Laboratories, Burlingame, CA). After washes in PBS, sections are treated with
streptavidin-peroxidase complex and incubated in diaminobenzidine tetrachloride (DAB),
AEC+, or blue substrate-chromogen solutions (Dako Cytomation). Sections were
counterstained with Mayer’s hematoxylin or nuclear fast red and mounted using Vectamount
(Vector Laboratories). For antigen specificity control, pre-immune serum replaced the primary
antibody. Images of the labeled sections were captured with an Olympus IX50 microscope,
equipped with an SPOT Insight 4 camera. Reticulin was stained with an automated reticulin
stain kit (Dako Cytomation). Images of the labeled sections were captured with an Olympus
IX50 microscope, equipped with an SPOT Insight 4 camera.

RNA preparation, RT-PCR and quantitative real-time PCR analysis
Total RNA was isolated from cultured cells using RNeasy Miniprep kit (Qiagen, Valencia,
CA). cDNA was prepared from 1 μg DNAseI-treated RNA using Superscript III and oligo dT
(Invitrogen Life Technologies). Relative quantification of gene expression was performed by
real time PCR with SybrGreen and ABIPrism 7000 sequence detection system (Applied
Biosystems, Foster City, CA), according to the manufacturer instructions. PCR conditions
were: 10 min at 95°C followed by 40 cycles of 15s at 95 °C and 1 min at 60 °C. Dissociation
curves and agarose gel electrophoresis were used to verify primer specificity. β-actin was used
as internal reference and relative mRNA levels were quantified by the 2(−ΔΔCt) method 25.
Primer sets used were: CD105 sense 5′-ACAAGTCTTGCAGAAACAGTCC-3′, antisense 5′-
GACCTGGCTAGTGGTATATGTCA; Sox2 sense 5′-TGGACAGTTACGCGCACAT-3′,
anti-sense 5′-CGAGTAGGACATGCTGTAGGT3′; Msi1 sense 5′-
TTCGGGTTTGTCACGTTTGAG-3′, anti-sense 5′-GGCCTGTATAACTCCGGCTG-3′;
nestin sense 5′-ATCGCTCAGGTCCTGGAAGG-3′, anti-sense 5′-
AAGCTGAGGGAAGTCTTGGAG-3′; β-actin sense 5′-
CCGACAGGATGCAGAAGGAG-3′, anti-sense 5′-CATCTGCTGGAAGGTGGACA-3′.

Protein sample preparation and Western blot analysis
Tumor tissue: fresh tumor samples were snap frozen in liquid nitrogen. Frozen tissue was
minced before being transferred to lysis buffer. The GS1 patient presented local progressive
disease 88 days after the first surgery, with a pathology essentially identical to the primary
tumor. Tissue from this recurrence (GS1R) was used for the Western Blot analysis, due to
limited availability of the primary tumor.

Cell lysates: cell monolayers will be washed 3 times with phosphate-buffered saline and lysed
with cell lysis buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.5% Triton
X-100, 0.5 mM EDTA, 0.1% SDS, 50 mM Tris-HCl, pH 7.6), containing protease and
phosphatase inhibitor cocktails (Calbiochem, San Diego, CA) supplemented with 17.4 μg/ml
PMSF (Sigma-Aldrich). Proteins in the lysates were quantified by a modified Bradford Protein
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Assay (Bio-Rad Laboratories, Hercules, CA), denatured in SDS-gel loading buffer and frozen
at −80°C.

Immunoblot Analysis: Thirty micrograms of total protein from cell lysates were separated by
SDS-PAGE. Proteins were electrophoretically transferred to nitrocellulose membranes
(Invitrogen Life Technologies) and probed with the following antibodies: Sox2 (Chemicon),
anti-human specific Nestin (Chemicon), anti-human specific GFAP (Biocare Medical), CD133
(Cell Signalling), β-actin (Sigma), followed by secondary peroxidase conjugated antibodies
(Jackson ImmunoResearch Laboratories). Protein bands were visualized using SuperSignal
West Pico Chemoluminescent Substrate (Pierce, Rockford, IL).

In vivo MRI imaging studies
Animals underwent in vivo magnetic resonance imaging (MRI) at different time points after
implantation of either cells grown as neurospheres or cells grown in monolayer. MRI was
obtained with a 3 Tesla clinical system (Signa Excite, GE health) using 50 mm diameter × 108
mm RF rung length small animal imaging coil (Litzcage small animal imaging system, Doty
Scientific Inc, Columbia, SC). Animals were anesthetized, positioned using a triplanar FLASH
sequence, and MR studies were performed using three dimensional (3D) FIESTA sequence
before and after gadolinium based contrast enhancement. The following parameters were used
to acquire MRI: 3D FIESTA-c MR images were obtained with TR=12 msec, TE=2.8 msec,
40° flip angle, 60×50 FOV, 320×256 matrix, 32–40 slices with a slice thickness of 0.5 mm and
NEX = 4. To delineate the margin of the tumor properly, gadolinium contrast agent was injected
intravenously and post-contrast 3D FIESTA images were also acquired using above mentioned
image parameters.

Molecular characterization
TP53 mutations. cDNA was obtained from total RNA extracted from tumor samples,
neurosphere cultures and xenograft tumor, as described above. The p53 region corresponding
to nucleotides 678–1176 (exons 5–8) of the human TP53 mRNA (NM_000546) was amplified
by PCR and sequenced (DNA Sequencing Facility, Wayne State University, Detroit MI), using
DNA oligo sequences for amplification and sequencing described elsewhere 26.

Loss of heterozygosity. Allelic deletions in the PTEN region of chromosome 10 were detected
using the microsatellite markers D10S215, D10S574, D10S187 and D10S217, essentially as
described 27.

Results
Plasticity of gliosarcoma serum cultured cells

Serum cultured glioma cells undergo a phenotypic alteration over time termed “mesenchymal
drift”, the tendency to lose glial and acquire mesenchymal characteristics 28, 29. Culturing
GBM surgical specimens in serum-free neurosphere medium (NM), on the other hand, allows
the amplification of a cell subpopulation with neural stem/progenitor cell characteristics,
namely long-term self-renewal ability, and the potential differentiate and to recapitulate the
original tumor in orthotopic xenografts 15. Because the GBM variant gliosarcoma presents a
metaplastic mesenchymal differentiation morphologically distinct from the astrocytic
component, we tested how culture conditions would affect the amplification of cells with
gliosarcoma stem cell characteristics, capable of recapitulating the biphasic nature of the tumor
in vivo. Surgical GBM and GS tumor specimens were cultured immediately after surgical
resection in NM supplemented with EGF and bFGF, or in medium supplemented with 10%
FBS. First, we tested the recovery of cells with progenitor/stem cell characteristics from early
passage serum cultures derived from 12 primary GBM and one GS surgical specimens, using
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the neurosphere assay and monitoring neurosphere formation for several weeks (as detailed in
Materials and Methods). Whether a cell subpopulation capable of dedifferentiating to a
progenitor/stem cell phenotype in vitro can be recovered from serum cultured human
glioblastoma cells is an unsettled matter 15, 20. Passage 3 gliosarcoma (GS1) cells readily
formed self-adherent multicellular spheroids when transferred from 10% FBS growth medium
into serum-free NM (“GS1 P3”, Fig. 1A). The property of yielding neurospheres in vitro was
lost after 15 passages (“GS1 P16”, Fig. 1A). None of the serum cultured GBM samples tested
exhibited the neural stem cell growth phenotype in the neurosphere assay, even when kept in
NM for 4 weeks, as shown for GBM2 (Fig. 1A), in agreement with previous reports 15. The
GS1 neurospheres were dissociated and re-plated for de novo neurosphere formation and
passaged for over 18 months (not shown), an indication of long term self-renewal potential.
Because the property of dedifferentiating into long term self-renewing neurospheres was
exclusive of low passage GS1-FBS, the neural stem cell markers expression in this population
was compared against the higher GS1 – FBS passages and low GBM2-FBS-P3 passage, which
did not dedifferentiate in vitro (Fig. 1A). GBM2 and GBM3 neurospheres were obtained from
the dissociated tumor biopsies. All tumor neurospheres lines in this study were below passage
10, although self-renewal, tumorigenicity and NSC gene expression in higher passages cells
maintained in NM remained stable (not shown), in agreement with previous work [15]. The
NSC markers Sox2, Musashi1 and Nestin mRNA levels, determined by quantitative RT-PCR
(qRTPCR), were downregulated in GBM2-FBS P3 cells in comparison to GBM2 neurospheres
(Figure 1B). In contrast, the mesenchymal marker endoglin (CD105), expressed in a subgroup
of GBMs30, is upregulated in GBM2 FBS – P3 in relation to the neurospheres (Fig. 1B). These
results are in agreement with previously reported loss of stem cell marker expression in GBM
cells cultured in the presence of serum 15. Conversely, GS1 FBS-P3 retained the expression of
Sox2, Msi1 and Nestin (Fig. 1B), suggesting that the ability to grow as neuroprogenitor cells
in NM described above (Fig 1A) is accompanied by the maintenance of the expression of neural
stem cell markers, typically downregulated differentiated serum cultured GBM cells.
Accordingly, the decreased developmental plasticity observed in higher passages serum
cultured GS1 cells (Fig. 1A) was accompanied by transcriptional downregulation of the NSC
markers Sox2, Musashi-1 (Msi1) and Nestin, while the mesenchymal marker CD105 was
upregulated (P16 and P20, Fig. 1B).

Sox2 protein was expressed in the GBM2 and GBM3 tumor samples and neurosphere cultures,
and was not detected in the differentiated serum cultured monolayer cells (Fig. 2A).
Conversely, Sox2 protein expression was observed in GS1 FBS-P3 cells, but downregulated
in GS1 FBS-P20 (Fig. 2A), in agreement with the results above (Fig. 1B). The neural and
hematopoietic stem/progenitor cell marker CD133, has been used to sort a subpopulation of
GBM cells with CSC properties 19. Recently, it has been shown that CD133 expression is not
a required property defining GBM CSC 31. CD133 was expressed in the tumor specimens and
neurosphere cultures from GBM2 and GBM3, while no expression was observed for the
differentiated cells (Fig. 2A). No CD133 expression was detected for GS1 neurosphere or
serum cultures (Fig 2A). It has been reported that CD133 negative glioblastoma cells can give
rise to CD133 positive cells in orthotopic xenografts 32. The orthotopic xenografts generated
by the CD133 negative GS1 neurospheres did not contain CD133 positive cells (Fig. 2B). In
contrast, CD133 positive GBM3 neurospheres gave rise to xenografts containing CD133
positive cells (Fig. 2B). Thus, CD133 expression in the tumor xenografts correlated with the
CD133 status in the patient biopsy.

Glioblastoma and gliosarcoma neurospheres form high grade tumors in rats
A defining property of cancer stem cells (CSCs) is the ability to phenocopy the original tumor
in orthotopic xenografts. We tested whether the in vivo tumorigenic potential of the GS1
neurospheres, obtained from dedifferentiation of passage 3 monolayer cells (Fig. 1A) would
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be comparable to the GBM2 and GBM3 neurospheres lines, derived directly from dissociated
tumor biopsies. Neurosphere cells were dissociated and implanted into the brains of
immunodeficient rats. Tumors were established in 100% of animals implanted with the three
neurosphere lines (Table 1). Animals were sacrificed 14 weeks post implantation and coronal
brain sections were stained with eosin and hematoxylin. All three neurosphere lines initiated
high grade invasive tumors (Fig. 3). Histological comparison with corresponding founder
tumor biopsies revealed a remarkable similarity regarding cellular density and morphology
(Fig. 3A–B, D–E, G–H). Pseudopalisading necrosis was observed in the GS1 patient biopsy
(Fig. 3A) and xenografts (Fig. 3B). Clinical information is shown in Fig. 3J. Genetic
abnormalities frequently associated with GBM, such as TP53 mutations and chromosome 10q
losses were evaluated in the parental tumors, tumor neurospheres and derived xenografts. LOH
on chromosome 10q was observed for all parental tumors, neurospheres and xenografts (Fig.
3J). Phosphatase and tensin homologue (PTEN) protein was not detected in any of the
glioblastoma or gliosarcoma neurosphere lines (not shown). TP53 mutational status in the
tumor neurospheres and derived xenografts was identical to the founder tumor (Fig. 3J). These
results confirm the neoplastic origin of the neurosphere cultures and the preservation of the
genetic abnormalities.

GS1 neurospheres undergo astrocytic differentiation in vitro
Neural stem cells cultured in medium supplemented with FBS, or upon withdrawal of growth
factors from the neurosphere medium, differentiate into GFAP expressing astrocytes 16, 33.
To characterize the GS1 neurosphere differentiation potential in vitro, neurospheres with 30
to 50 μm diameter were divided into three groups in quadruplicates and cultured for 1 week in
NM, in NM without growth factors, or in 10% FBS. Serum cultured cells were maintained in
ultra-low attachment plates to preserve the 3D architecture, which is known to affect cell
signaling and gene expression 34. Spheroids were collected and the expression of markers for
cell proliferation (Ki-67), stem/progenitor cells (Nestin), and astrocytes (GFAP), were
analyzed by immunocytochemistry (Fig. 4A). Ki-67 and GFAP positive cells were counted in
four 400 × images, and results are expressed as percentage of total cells (Fig 4A). GS1
neurospheres cultured in NM medium were highly proliferative, exhibited widespread
expression of nestin, and no expression of the astrocytic marker GFAP (Fig. 4A). The
percentage of GFAP expressing cells significantly increased and the percentage of proliferating
cells decreased upon growth factor withdrawal or in the presence of serum (fig. 4A). The
intermediate filament protein Nestin is expressed in neural stem and precursor cells 35, as well
as in a subpopulation of mesenchymal stem cells 36. Widespread Nestin expression was
observed in GS1 neurospheres, and expression was retained upon growth factor withdrawal,
or in the serum cultured spheroids, albeit at a lower intensity (Fig. 4A). In vivo expression
pattern of Nestin, along with the cell proliferation marker Ki-67, was assessed by
immunohistochemistry in xenograft tumors 9 weeks after GS1 neurosphere implantation, using
human specific antibodies. Ubiquitous expression of Nestin and Ki-67 was observed in the
tumor core and in invasive cells (Fig. 4B). Few cells positive for α-SMA and sporadic reticulin
staining were observed in the GS1 neurospheres cultured for 1 week under the same
differentiation conditions (Supplementary Fig. 1), suggesting in vitro mesenchymal
differentiation potential. Vimentin expression was observed for neurospheres growing in NM
and under differentiation conditions (Supplementary Fig. 1).

Serum cultured gliosarcoma cells are tumorigenic
It has been shown that patient derived serum-cultured glioblastoma cells are not tumorigenic
at early passages 15. We compared the tumorigenic potential of neurosphere and serum
monolayer cells to assess if the expression of NSC markers in the low passage GS1 serum
cultures, along with the ability to form neurospheres when transferred to NM (Fig. 1A),
correlates with tumorigenicity in vivo. The take rate for nude rats implanted with 2 – 4 × 105
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GS1, GBM2 and GBM3 neurosphere cells was 100% (Table 1). The take rate remained 100%
when the number of neurosphere cells implanted was reduced to 4 × 104 (Table 1). Low passage
GBM2 serum cultured cells were not tumorigenic (Table 1), as expected from previous reports
15. In contrast, 100% take rate was observed for GS1 early passage serum cultured cells, when
4 × 105 or 4 × 104 cells were implanted (Table 1). Histological comparison of representative
xenografts derived from 4 × 105 early passage serum (FBS P3) or neurosphere (NP) GS1 cells
are shown in Figure 5A. At 9 weeks post implantation, the neurosphere tumors are more
disperse diffusely along the white matter tract, followed by rapid growth resulting in a high
grade tumor with necrotic areas at 11 weeks (Fig. 5A). By comparison, the FBS P3 tumors are
larger and more circumscribed at 9 weeks, but also grow into a large necrotic tumor (Fig. 5A).
Lee et al has observed that GBM cells cultured in serum undergo genomic rearrangements after
passage 10, regaining the ability to form tumor xenografts, although such tumors are genetically
and morphologically dissimilar to the original tumor, in contrast to xenografts generated from
neurospheres15. Rats implanted with passage 20 serum cultured GS1 cells also developed
tumors (Fig. 5A). To evaluate the GS1 CSCs long term self-renewal in vivo, we compared the
tumorigenicity of neurospheres derived from excised xenograft tumors (GS1-XP1) with the
original GS1 neurospheres cells. Nude rats were implanted with 4 × 104 GS1-XP1 or GS1
cells, 4 animals each, and sacrificed after 11 weeks. All animals developed tumors which were
analyzed by histology, and found to be remarkably similar between the two groups (Fig. 5B).
Tumor growth monitoring by MRI showed that rats implanted with GS1 FBS-P3 cells
developed a detectable tumors earlier, while a longer lag time followed by a rapid growth was
observed for NP tumors (Fig. 5C), consistent with the histological observations (Fig. 5A).

Gliosarcoma phenotype in xenografts generated by neurospheres and low passage serum
cultures

To probe if the GS1 cultured cells would retain their gliosarcoma multi-lineage differentiation
potential in vivo, we compared the expression of glial and mesenchymal components of
xenografts derived from neurosphere and serum GS1 cultured cells with the parental tumor by
reticulin staining and IHC. Representative images of at least 3 samples per group for the GS1
biopsy (Fig. 6A–E), GS1 NP xenografts (Fig. 6F–G), GS1 FBS-P3 xenografts (Fig. 6H–L),
GS1 FBS-P20 xenografts (Fig. 6P–T), and GBM3 NP xenografts (Fig. 6U–Y), are shown. The
astrocytic and the sarcomatous components of a gliosarcoma can be geographically distinct or
intermingled, and are typically identified by GFAP and reticulin staining, respectively 4. Both
the sarcomatous component and GFAP positive cells observed in the GS1 biopsy (Fig. 6A,B)
were present in the GS1 NP xenografts (Fig. 6F,G). The xenografts derived from GS1 FBS P3
cells presented extensive areas positive for reticulin staining and GFAP expression pattern
similar to the patient biopsy (Fig. 6K,L). The GS1 parental tumor and all GS1 xenografts were
positive for the intermediate filament Vimentin, found in both mesenchymal and neural
progenitor cells 33 (Fig. 6D, I N,S). Nestin was widely expressed in the GS1 NP xenografts
(Fig. 6H and Fig. 4B), and expressed in discrete regions of the GS1 FBS P3 xenografts (Fig.
6M), in a pattern similar to the GS1 patient biopsy (Fig. 6C). Reticulin and GFAP weakly
positive regions were still observed in the GS1 FBS P20 xenografts (Fig. 6P,Q). Vimentin
expression was maintained in GS1FBS P20 tumors (Fig. 6S,T), while nestin was down
regulated in the FBS P20 xenografts (Fig. 6R), in agreement with the downregulation of the
nestin transcript in vitro in higher passages (Fig. 1B). Glioblastomas frequently present gain
of additional mesenchymal lineage markers. To further characterize the sarcomatous
component of GS1 biopsy and xenografts, muscle, epithelial and neuroectodermal markers
were analyzed by immunohistochemistry. Expression of α-SMA was observed in the patient
biopsy and in discrete regions of all GS1 xenografts (Fig. 6E,J,O,T). Smooth muscle
differentiation in gliosarcoma has been previously reported 5, 37. The GS1 specimen and
xenografts were negative for the epithelial markers epithelial membrane antigen (EMA) and
cytokeratin, and the neuroectodermal marker synaptophysin (not shown). The GBM3
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xenograft was positive for GFAP and nestin (Fig. 6V,W), negative for the mesenchymal
markers reticulin (Fig. 6U) and α-SMA (Fig. 6Y), and weakly positive for Vimentin (Fig. 6X).
The lack of reticulin staining and α-SMA positive neoplastic cells shown for GBM3 is
representative of observations for xenografts derived from 4 other primary GBM neurosphere
lines, while variable levels of Vimentin expression was observed for all GBM xenografts and
biopsies tested (not sown). These results demonstrate that GS cells cultured in neurosphere
medium can recapitulate not only the astrocytic component of the tumor, but also the
mesenchymal differentiation in vivo. The differentiated low passage GS1 serum cultured cells
also retained the expression of neural stem cell markers and phenocopied the parental tumor
in rats.

Discussion
Cell culture medium containing fetal bovine serum (FBS) causes irreversible differentiation
of neural stem cells (NSCs) 16. Likewise, it has been shown that serum cultured primary glioma
cells undergo changes that cannot be subsequently reversed following transition to neurosphere
medium, for example loss of NSC markers Sox2, Cd133 and Nestin 15. On the other hand, the
recovery of cells with CSC properties from long term serum cultured human GBM cell lines
20 and rat gliosarcoma 9L cells has been reported 22. Here we report that low passage GS1
serum cultured cells retained the expression of NSC markers, the neural stem/progenitor cell
property of growing as floating multicellular spheroids in NM, and the ability to recapitulate
the parental tumor in experimental models. The latter are attributes defining CSCs. In contrast,
no CSCs were recovered from the low passage GBM serum cultures tested. It has been
suggested that in vitro neurosphere formation correlates with clinical outcome for gliomas
38. The tumor neurospheres used for this study were obtained from patients that presented a
wide range of progression-free survival, 88, 196 and 648 days for GS1, GBM2 and GBM3,
respectively (Fig. 3J). Whether the poor clinical outcome for the GS1 case is associated with
the increased plasticity observed in low passage serum culture remains to be verified by the
study of a larger number of samples.

The neural stem cell markers Sox2, Msi1 and nestin are expressed in high grade gliomas 39,
and their expression was preserved in the GBM and GS neurosphere cultures reported here.
CD133, a hematopoietic and neural stem cell marker, is also expressed in high grade gliomas
39, and has been proposed as a marker for GBM CSC 40. In contrast to the GBM neurosphere
lines, the GS1 was CD133 negative. Recently it has been shown that GBM CSCs negative for
CD133 are tumorigenic 31, 41. Our results support the concept that although frequently
expressed in GBM neurospheres, CD133 expression is not a requirement to define CSCs.
Sox-2, a master regulator of embryonic stem cells and neurogenesis 42, is upregulated in
glioblastomas in comparison to non-tumor brain tissues 30, 43. It also has functions in the
proliferation of glioblastoma CSC population and tumorigenesis 44. We speculate that Sox2
expression in low passage serum GS1 may have a role in the singular plasticity and
tumorigenicity observed for this cell population.

The most frequent genetic alterations in gliosarcomas are gains on chromosome 7 and losses
on chromosome 10, which include the PTEN locus 13. Similarly, these genetic alterations also
characterize GBMs belonging to the mesenchymal subgroup, according to molecular profiling
of glioblastomas 1. The GS1 tumor belongs to the mesenchymal subgroup, characterized by
poor prognosis (Ken Adalpe, personal communication). Whether all gliosarcomas belong to
the mesenchymal subgroup is currently unknown. In vitro transdifferentiation potential of
neural stem cells along mesenchymal lineages has been observed 45. The ability of established
serum cultured glioblastoma cell lines to transdifferentiate along mesenchymal lineages in
vitro30, and the “mesenchymal drift” observed as a result of long term serum culture of
glioblastomas 28, 29, have long been known, and are generally considered a consequence of
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genetic aberrations acquired under these conditions 15. Recently, it has been reported that GBM
neurospheres can differentiate along mesenchymal lineages in vitro when the proper stimuli
are present 24. Glioblastomas with chondroblastic and osteoblastic differentiation was observed
in subcutaneous tumor xenografts from two glioblastoma CSC/neurosphere lines, but not in
orthotopic xenografts 24. Here we show that high grade invasive experimental tumors were
initiated by all glioblastoma neurosphere lines, as expected from a population containing CSCs.
Furthermore, our results indicate that GS1 neurospheres and low passage serum cultures
exhibited “gliosarcoma stem cell” properties, as metaplastic mesenchymal differentiation in
orthotopic tumors was observed specifically for the GS1 cells, and not for the GBM
neurospheres.

Analysis of additional GS samples will be necessary to clarify whether the in vitro phenotypic
plasticity and in vivo recapitulation of the the biphasic tumor observed for the GS1 model are
general characteristics of this glioblastoma variant. Mechanisms leading to mesenchymal
differentiation in gliosarcomas, its pathological significance, or whether the same mechanisms
are responsible for the mesenchymal phenotype observed for a subgroup of GBMs 1 are not
currently understood. The human gliosarcoma model presented here will be useful in future
investigations addressing these important questions.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Neural stem cell properties of serum GS and GBM cultures. A) Neurosphere assay: low (P3)
or higher (P16) passages GS1 monolayer cells cultured in 10% FBS DMEM medium (“day
0”), were harvested and seeded in serum-free NM. Neurosphere formation was monitored for
4 weeks. Phase contrast images shown for day 1 and day 14 are representative of 3 independent
experiments. GBM2 P3 monolayer cells did not form neurospheres and this result is
representative of observations made for 12 GBM samples tested.. B) Neural stem (Sox2, Msi1
and Nestin) and mesenchymal (CD105) cell markers expression in GBM2 and GS1 serum
cultures of the indicated passage were compared by qRT-PCR. Values are expressed as fold
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increase in relation to mRNA levels in the corresponding neurosphere cultures. Results
represent mean ± SE, for n=3 samples.
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Figure 2.
Sox2 and CD133 protein expression in GS1 and GBM samples. A) Sox2 and CD133 protein
expression in tumors (T), derived neurospheres (NP) and serum cultures (FBS) was assessed
by immunoblot; β-actin was used as loading control. B) CD133 expression (blue) in GBM3
and GS1 xenografts was analyzed by IHC of coronal brain sections; nuclei was counterstained
with nuclear fast red. Scale, 20 μm.
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Figure 3.
Orthotopic xenografts generated by GS1 and GBM neurospheres phenocopy the parental
tumors. Tumor biopsy samples and rat brains implanted with the respective neurosphere
cultures were formalin fixed and paraffin embedded, sectioned and stained with H&E.
Representative images are shown for GS1 biopsy (A) and corresponding xenograft (B,C),
where arrows point to pseudopalisading necrosis. Representative images are also shown for
primary GBM samples GBM2 (D), and corresponding xenografts (E,F), and GBM3 (G) and
corresponding xenografts (H,I). “T” indicates tumor in the 10× magnification images (C,F,I).
Scale, 80 μm (A,B,D,E,G,H). J) Patient information and molecular analysis of the tumor
biopsies.
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Figure 4.
Differentiation of GS1 neurospheres in vitro and ubiquitous expression of nestin in vitro and
in vivo. A) GS1 neurospheres cultured in neurosphere medium (NM), for 7 days in the absence
of growth factors (NM w/o GF), or for 7 days in 10% FBS medium (FBS) were collected fixed
and embedded in paraffin. Representative images of 6 μm thick sections stained for the
astrocytic marker GFAP, the proliferation marker Ki-67 and Nestin are shown. Nuclei were
counterstained with hematoxylin. Ki-67 and GFAP positive cells were counted in four 400 ×
images and results are expressed as mean percentage of positive cells + SE. B) Representative
image showing Nestin and Ki-67 expression in the GS1 tumor xenograft core (C) and invasive
(I) cells, assessed by immunohistochemistry of coronal sections 9 weeks post implant of GS1
neurospheres (Magnification, 10× and 200×).
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Figure 5.
Orthotopic tumor growth and morphology in nude rats implanted with GS1 cells. A) Rats
implanted with equal number of GS1 cells from neurosphere cultures (NP), low passage serum
(FBS P3) and higher passage serum (FBS P20) were sacrificed at 9 and 11 weeks, and tumor
(T) was monitored by histology. B) Similar tumors were observed when 4 × 104 NP cells
derived from surgical specimens (GS1) or from a GS1 tumor xenograft (GS1-XP1) were
implanted in nude rats, demonstrating long term self-renewal of the GS1 CSCs by serial
transplantation. C) MRI images were obtained at the indicated time points for a rat implanted
with GS1 neurospheres (NP) and a rat implanted with low passage serum cultured GS1 cells
(FBS P3). Axial plane images are shown, arrow head indicates the injection site for the 7 weeks
NP rat and arrows point to the tumor in the other images.
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Figure 6.
Gliosarcoma phenotype is maintained in the GS1 xenografts. Expression of neural (GFAP and
Nestin), mesenchymal (reticulin and α-SMA) and a marker for both lineages (Vimentin) in
founder GS1 tumor (A-E), and in xenografts generated by neurosphere (NP, F-J), low passage
(FBS P3, K-O), and high passage (FBS P20, P-T) serum cultured cells. Reticulin staining (r)
was observed for all GS1 samples (A,F,K,P). GBM3 xenograft was included as a control (U-
Y), and did not stain for the mesenchymal markers (U,Y). Arrows in E,J, O and T point to
individual GS1 cells expressing α-SMA. Bar, 20 μm (C-E, H-J, M-O, R-T, W-Y) and 40 μm
(A,B,F,G,K,L,P,Q,U,V).
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Table 1

Percentage of rats developing tumors three months after intracranial implant

Neurospheres Serum monolayers

2 – 4 × 105 cells 4 × 104 cells 4 × 105 cells 4 × 104 cells

GS1 100% (11/11) 100% (4/4) 100% (8/8) 100% (4/4)

GBM2 100% (4/4) 100% (4/4) 0% (0/4) ND

GBM3 100% (3/3) 100% (6/6) ND * ND *

*
Dissociated tumor cells did not grow well in serum containing medium after passage 2
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