
Volume 12 Number 6 June 2010 pp. 453–463 453
www.neoplasia.com
Invasive Glioblastoma Cells
Acquire Stemness and
Increased Akt Activation1,2
JenniferR.Molina*, YuhoHayashi*, CliftonStephens†

and Maria-Magdalena Georgescu*

*Department of Neuro-oncology, The University of Texas
MD Anderson Cancer Center, Houston, TX, USA;
†Department of Veterinary Medicine and Surgery,
The University of Texas MD Anderson Cancer Center,
Houston, TX, USA
Abstract
Glioblastoma multiforme (GBM) is the most frequent and most aggressive brain tumor in adults. The dismal prog-
nosis is due to postsurgery recurrences arising from escaped invasive tumor cells. The signaling pathways acti-
vated in invasive cells are under investigation, and models are currently designed in search for therapeutic targets.
We developed here an in vivo model of human invasive GBM in mouse brain from a GBM cell line with moderate
tumorigenicity that allowed simultaneous primary tumor growth and dispersal of tumor cells in the brain paren-
chyma. This strategy allowed for the first time the isolation and characterization of matched sets of tumor mass
(Core) and invasive (Inv) cells. Both cell populations, but more markedly Inv cells, acquired stem cell markers, neuro-
sphere renewal ability, and resistance to rapamycin-induced apoptosis relative to parental cells. The comparative
phenotypic analysis between Inv and Core cells showed significantly increased tumorigenicity in vivo and increased
invasion with decreased proliferation in vitro for Inv cells. Examination of a large array of signaling pathways revealed
extracellular signal–regulated kinase (Erk) down-modulation and Akt activation in Inv cells and an opposite profile
in Core cells. Akt activation correlated with the increased tumorigenicity, stemness, and invasiveness, whereas
Erk activation correlated with the proliferation of the cells. These results underscore complementary roles of the
Erk and Akt pathways for GBM proliferation and dispersal and raise important implications for a concurrent inhibi-
tory therapy.
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Introduction
Glioblastoma multiforme (GBM) is the most aggressive form of gli-
omas, accounting for approximately 50% of all glial tumor types.
GBMs are astrocytic-type tumors that may arise de novo in more than
90% of cases or secondary to the progression of lower-grade astro-
cytomas in less than 10% of cases [1]. GBMs are refractory to conven-
tional treatment approaches and have a median survival in the range of
12 to 15 months. Three features of this tumor make it resistant to
therapy: the presence of the blood-brain barrier that restricts drug
distribution to the brain, the heterogeneity of the tumor that consists
of cell populations with different drug sensitivities, and the propensity
of the tumor cells to infiltrate the normal brain leading to recurrences
[2]. Overall, the dismal prognosis of GBM patients is attributable
to drug-resistant relapsing foci arising from infiltrating tumor cells
spreading at a distance from the primary tumor core.
The most frequent genetic alteration in primary GBM is the 10q

chromosome deletion in 70% of cases, followed by alterations that ei-
ther deregulate the cell cycle by targeting the Rb and p53 pathways or
boost cell growth by epidermal growth factor receptor (EGFR) ampli-
fication, overexpression or expression of a constitutively active mutant
form [1,3]. EGFR signaling results in the downstream activation of
the extracellular signal–regulated kinase (Erk) and phosphatidylinositol
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3-OH kinase (PI3K)/Akt pathways. An extra layer of activation of
these pathways in GBM occurs through the inactivation of the up-
stream tumor suppressors of the pathways, NF1 and PTEN, respec-
tively [3,4].

Signaling through both Erk and PI3K/Akt has been implicated in
facilitating the GBM cell invasion triggered by cell attachment to ex-
tracellular matrix (ECM) [5]. However, the pathways that lead to en-
hanced invasiveness of GBM cells are not well characterized. It is
important to bear in mind not only that it is the interaction between
the GBM cells and the brain ECM microenvironment that triggers
the invasion of the GBM cells but also that GBM cells secrete ECM
components that could also modify their migration [6,7].

To uncover what pathways are important for the accelerated dis-
persal of the GBM cells into the brain parenchyma, we developed a
model of human invasive GBM cells in the brain parenchyma of im-
munodeficient mice. Isolation and characterization of sets of matched
tumor core cells and invasive cells slowly growing out within the
brain from the same pool of parental cells revealed acquisition of stem
cell properties and complementary proliferation and invasive pheno-
types of the cell populations. Further analysis uncovered a cross talk
between the PI3K and Erk pathways in GBM cells that underlies
the observed phenotypes.

Materials and Methods

Vectors, Transfections, and Infections
293T cells, U251-MG GBM cells, and normal human astrocytes

(NHAs; gift from T.J. Liu) were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% FBS. The complemen-
tary DNA for the enhanced green fluorescent protein (GFP) was in-
serted in the pCXp retroviral vector (puromycin selection), and the
complementary DNA for mCherry (gift from Roger Y. Tsien) was in-
serted in the pCXb vector (blasticidin selection). Transfections and ret-
roviral infections were performed as described [8]. U251-MG and
NHAs were infected with GFP- or mCherry-containing retroviruses,
respectively, and subjected to 14 days of drug selection to stably ex-
press the markers.

Orthotopic Intracranial Injections
For intracranial cell implantation of U251-GFP–labeled parental

cells into the right hemisphere at a point situated 2.5 mm anterior
and lateral from the bregma, the implantable guide-screw system was
used on 6-week-old severe combined immunodeficient (SCID) mice
( Jackson Laboratory, Bar Harbor, ME) [9]. A total of 2 × 106 GFP-
labeled U251-MG cells were washed and resuspended in 15 μl of
DMEM containing 0.7 μg/ml Matrigel (BD Biosciences, San Jose,
CA). The mice were anesthetized, and the cell suspension was slowly
injected into the bolt using a Hamilton syringe attached to the PDH
2000 Infusion machine (Harvard Apparatus, Holliston, MA). The
wound was clipped closed, sterilized with Betadine (Purdue Pharma,
Stanford, CT), and mice were followed up for brain tumor devel-
opment. Injections for the tumor mass (Core) and invasive (Inv)
cells were performed similarly by direct intracranial injection of 2 ×
106 cells.

Establishment of the Core and Inv Cell Lines
Once the mice developed strong neurological symptoms because

of brain tumor burden, they were killed in a CO2 chamber, and the
brains were immediately collected and were either fixed in formalin
for pathological analysis or placed into a sterile dish containing PBS
for further dissection and cell collection. Images of the whole brain
with U251-GFP cells in situ were obtained with a fluorescence Zeiss
Axiovert 200M microscope (Carl Zeiss MicroImaging, Thronwood,
NY) before cell collection. The right frontal lobe containing the in-
jection site and the tumor core was dissected from the rest of the
brain containing the invasive tumor cells. Both brain sections were
separately triturated with a scalpel, pelleted, resuspended in 0.25%
trypsin-EDTA, and rotated on a warm plate for 15 minutes. Cells were
centrifuged and resuspended in DMEM, 10% FBS, and 0.5 μg/ml
puromycin to ensure purity of the culture. The Inv and Core cells
were isolated and constantly grown on Matrigel (0.7 mg/ml)-coated
dishes. In these conditions, they maintained their differential prolifer-
ation phenotype for at least 6 to 10 passages in culture. Freshly isolated
cells were expanded in culture for two passages taking approximately
2 weeks, before early frozen stocks were prepared. For mouse reinjec-
tion, fresh cells at passage 2 were used. For the other experiments, in-
cluding proliferation, invasion, neurosphere formation, and Western
blot analysis, cells derived from the early stocks after one or two addi-
tional passages were used.

Histology and Immunostaining
Brains were embedded in paraffin, and 4-μm sections were processed

for hematoxylin and eosin (H&E) staining or immunohistochemistry
(IHC) as previously described [10,11]. For IHC, the primary anti-
bodies GFP, phospho-Erk (P-Erk), and phospho-Akt (S473) were
used at 1:300 dilution (see also below for antibody information).
Immunofluorescence analysis was performed as described [12]. Image
stacks were acquired with a Zeiss Axiovert 200M inverted micro-
scope and deconvolved with the AxioVision Rel 4.5 SP1 software (Carl
Zeiss MicroImaging).

Invasion Assays
To assess cell invasiveness, a new three-dimensional invasion assay

was used, which uses a method for levitated cell culturing where
cells grown in monolayer cultures at 80% confluence are treated with
1 μl of hydrogel per 1 cm2 of surface area [13,14]. As a represen-
tation of the normal brain parenchyma, we used NHAs stably ex-
pressing mCherry. NHA-mCherry and Inv-GFP or Core-GFP cells
pretreated with hydrogel were detached by treating with trypsin-
EDTA and placed into a new tissue culture Petri dish containing
DMEM–10% FBS. A top with an attached neodymium magnet cov-
ered the dish to induce levitation and formation of three-dimensional
spheres of gel-treated cells in 3 to 5 days. Once structures of similar
sizes were achieved, an NHA-mCherry sphere was placed in the same
dish with either an Inv-GFP or Core-GFP sphere, while the neo-
dymium magnet on the cover brought structures together. The
subsequent infiltration of the GBM-GFP cells among the NHA-
mCherry cells was recorded with a Zeiss Axiovert 200M inverted
microscope, and images were deconvolved with the AxioVision Rel
4.5 SP1 software. For the Matrigel invasion assay, 1 × 106 cells were
prepared in duplicate in 250 μl of serum-free DMEM. The cells
were placed in transwells with 8-μm pore size polycarbonate filters
(Corning Incorporated, Corning, NY), precoated with 100 μl of
0.7 mg/ml Matrigel (BD Biosciences). The lower wells were filled
with 750 μl of DMEM. The cells were incubated at 37°C for
24 hours, fixed with methanol, and stained with H&E. Nonmigra-
tory cells on the upper surface of the transwells were removed with a
cotton swab, and the migratory cells from the lower surface of the
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transwell were solubilized in 500 μl of 2% (wt./vol.) sodium dodecyl
sulfate solution. The intensity of the dye was quantified by measur-
ing the absorbance at 620 nm with a Beckman spectrophotometer
DU640 (Beckman Coulter, Brea, CA).

Proliferation and Apoptosis
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT; Sigma-Aldrich, St Louis, MO) assay was used to measure pro-
liferation, as described [15]. For the apoptosis assay, 5000 cells were
plated on eight-chamber slides and allowed to attach overnight. Once
attached, cells were treated with rapamycin (100 nM/ml) for 72 hours.
Apoptosis detection was performed with the In Situ Cell Death De-
tection Kit, TMR Red (New England Biolabs, Ipswich, MA), as spec-
ified by the manufacturer (Figure W2).

Neurosphere Formation and Renewal Assays
A total of 104 U251-MG parental, Inv, and Core cells were seeded

in triplicates in 60-mm low-binding dishes containing 6 ml of neuro-
sphere growth medium (DMEM F12, B27, 20 ng/ml epidermal
growth factor, and 20 ng/ml basic fibroblast growth factor) and were
allowed to grow for 2 weeks/passage. The growth factors were replen-
ished every 7 days. For the renewal assay, six individual neurospheres
of similar sizes were separated into microcentrifuge tubes, washed
once with PBS, incubated in 0.25% trypsin-EDTA for 10 minutes
at 37°C, and then homogenized and returned to the neurosphere
growth medium. For quantification, 10 aliquots of 100 μl each were
taken from each neurosphere dish and plated separately into 10 wells
of a 96-well plate. Bright field images of each well were acquired, and
the average number of neurospheres was calculated. The average
neurosphere area size was measured with the ImageJ software (NIH,
Bethesda, MD).

Protein Analysis and Antibodies
The protocols for cell lysis and Western blot analysis were previ-

ously described [12]. Antibodies used include the following: Erk1
(C-16, rabbit polyclonal), Erk2 (C-14, rabbit polyclonal), and glyceral-
dehyde 3-phosphate dehydrogenase (sc-47724, mouse monoclonal)
from Santa Cruz Biotechnology (Santa Cruz, CA); phospho-Ser473-
Akt (rabbit polyclonal), Akt/protein kinase B (rabbit polyclonal), and
phospho-p44-p42-T202/Y204-MAP kinase (P-Erk, mouse mono-
clonal) from Cell Signaling (Danvers, MA); PH domain leucine-rich
repeat protein phosphatases 1 and 2 (PHLPP1 and PHLPP2; rabbit poly-
clonal) from Bethyl Laboratories (Montgomery, TX); CD133 (rabbit
polyclonal) from Abcam (Cambridge, MA); β-tubulin (mouse mono-
clonal) from Sigma; andGFP (mouse monoclonal), nestin (mouse mono-
clonal), glial fibrillary acidic protein (GFAP; rabbit polyclonal), and
actin (mouse monoclonal) from Chemicon/Millipore (Billerica, MA).

Results

In Vivo Selected Human GBM Cells Induce Invasive Tumors
in SCID Mice Resembling Human Disease
Human GBM cells lines have been widely used in mouse xeno-

graft models, especially the highly tumorigenic but noninvasive cell
line U87-MG [16]. In this study, we tested the tumorigenicity in
immunodeficient animals of an array of GBM cell lines (not shown),
and we used the weakly tumorigenic cell line U251-MG to analyze
the molecular mechanisms of in vivo tumor dispersal. For tracking,
parental cells were engineered to stably express GFP, this did not
change the phenotypic characteristics of the cells (Figure W1). The
moderate tumorigenicity of our stock of U251-MG cells proved op-
timal for this study because longer mouse survival allowed time for
infiltration of the brain with invasive cells (Figure 1). SCID mice in-
tracranially injected with U251-GFP–labeled cells demonstrated a
biphasic survival pattern extending for 40 weeks (Figure 1A). Surpris-
ingly, two distinct histopathological variants were observed in tumors
isolated from these mice. With one exception, mice succumbing earlier
than 20weeks after inoculation developed tumors with parental-like cell
morphology. The longer-time survivors developed well-circumscribed
heterogeneous tumors with multinucleated giant cells (Figure 1, A
and B). The cells isolated from the tumor of the longest surviving ani-
mal (Figure 1A) maintained giant morphology and grew poorly in cul-
ture (Figure W2), correlating the culture findings with the slow growth
rate of these tumors in mice.

To isolate the cells that infiltrated the brain, the brain quadrant con-
taining the primary tumor developing at the injection site was dissected
from the rest of the brain (Figure 1C). In the dissected material, foci
of GFP-labeled tumor cells were visualized at the injection site and
in the opposite hemisphere, and paired cultures of GFP-expressing
cells were obtained from each dissected brain (Figure 1D). Cells iso-
lated from the primary tumor were labeled as Core, and invasive cells
isolated from the remaining three quadrants were labeled as Inv.

To analyze the tumorigenic characteristics of the Core and Inv cells,
three distinct pairs of cells obtained from the first three short-term sur-
viving mice (Figure 1A) were reinjected into SCID mice. Surprisingly,
Inv cells uniformly killed the animals twice as fast as Core cells (Fig-
ure 2A). Paraffin sections were prepared from dissected brains and
examined for tumor cell infiltration. The Core cells formed large bulky
tumors that detached in some places from the brain on sectioning
(Figure 2, B and C , arrow). In contrast, the Inv cells did not grow
as bulky tumors but massively infiltrated the ependyma, neuropil,
and meninges, including the space between the caudal cerebrum
and the cerebellum (Figure 2B, arrows). Marked dilatation of all ven-
tricles was observed in mice inoculated with Inv cells, most likely ac-
counting for the accelerated course of the neurological disease in these
animals. The Core cells also appeared to invade in ball-like structures
in the proximity of the main tumor mass, but Inv cells traveled at long
distances in small clusters encircling blood vessels, a phenomenon
known as satellitosis (Figure 2C).

To characterize the patterns of migration and confirm the identity
of the Inv infiltrating cells, we performed immunostaining with GFP
antibody that labels GFP-expressing tumor cells. Several patterns of
migration encountered in human GBM [17,18] were identified in
mice inoculated with Inv cells (Figure 2D), indicating similitude be-
tween this mouse model and human GBM.

In Vitro Testing of In Vivo–Selected Invasive GBM Cells
Reveal Increased Invasion and Decreased Proliferation

The invasive capacity of the Inv and Core cells was tested in vitro in
a new three-dimensional invasion assay on the basis of magnetic levi-
tation that allows infiltration of NHAs by GBM cells (Figure 3A) [13].
Individual three-dimensional structures of Inv-GFP and Core-GFP
cells were brought in contact with NHA-mCherry by the magnetic
field (Figure 3B). After contact was established, the three-dimensional
assemblies were imaged at different time points (Figure 3C ). Whereas
the edge of the Core cell spheres remained intact and only very few
cells escaped and invaded into the astrocyte structure (Figure 3C , right
panel, dotted contour and arrows), the edge of Inv cell spheres breached,
























