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Michael Rasper†, Andrea Schäfer†, Guido Piontek, Julian Teufel, Gero Brockhoff,
Florian Ringel, Stefan Heindl, Claus Zimmer, and Jürgen Schlegel

Division of Neuropathology, Institute of Pathology, Technische Universität München, München, Germany

(M.R., A.S., G.P., J.T., S.H., J.S.); Institute of Pathology, Helmholtz Zentrum München, German Research

Center for Environmental Health (GmbH), Neuherberg, Germany (J.S.); Department of Gynaecology and

Obstetrics, Caritas Hospital St Josef, University of Regensburg, Regensburg, Germany (G.B.); Department

of Neurosurgery, Klinikum rechts der Isar, Technische Universität München, München, Germany (F.R.);

Department of Neuroradiology, Klinikum rechts der Isar, Technische Universität München, München,

Germany (C.Z.)

Glioblastoma (GBM) is the most aggressive primary
brain tumor and is resistant to all therapeutic regimens.
Relapse occurs regularly and might be caused by a
poorly characterized tumor stem cell (TSC) subpopu-
lation escaping therapy. We suggest aldehyde dehydro-
genase 1 (ALDH1) as a novel stem cell marker in
human GBM. Using the neurosphere formation assay
as a functional method to identify brain TSCs, we
show that high protein levels of ALDH1 facilitate neuro-
sphere formation in established GBM cell lines. Even
single ALDH1 positive cells give rise to colonies and
neurospheres. Consequently, the inhibition of ALDH1
in vitro decreases both the number of neurospheres
and their size. Cell lines without expression of ALDH1
do not form tumor spheroids under the same culturing
conditions. High levels of ALDH1 seem to keep tumor
cells in an undifferentiated, stem cell-like state indicated
by the low expression of beta-III-tubulin. In contrast,
ALDH1 inhibition induces premature cellular differen-
tiation and reduces clonogenic capacity. Primary cell
cultures obtained from fresh tumor samples approve
the established GBM cell line results.
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Glioblastoma (GBM) is the most common primary
brain tumor in adults with a medium survival of approxi-
mately 15 months.1 Despite various efforts to improve the
postoperative therapeutic regimen within the last years,
the prognosis of this highly aggressive tumor has remained
poor. Relapse occurs regularly after resection, irradiation,
and chemotherapy. This could in part be due to the exist-
ence of so-called tumor stem cells (TSCs), a cellular sub-
fraction within GBM contributing to recurrent tumor
growth and resistance to drugs and irradiation. Within
the last decade, TSCs have been identified and isolated in
a variety of hematologic and solid neoplasms. The charac-
terization of these cells seems to be crucial for a better
understanding of tumor biology and for the development
of more efficient antitumor therapies.

Owing to the TSC paradigm, hematologic and solid
tumors consist of hierarchically ordered cellular subdivi-
sions. TSCs are believed to harbor the ability to keep a
tumor alive and growing: pluripotency, self-renewal,
and resistance to chemo- and irradiation therapy. This
concept arose from the notion that a subpopulation of
cancer cells shows similarity to normal stem cells.2

Leukemias were the first malignancies from which cells
could be isolated that showed the potential to self-renew
and to drive tumor formation and growth.3

A stem cell subfraction has been described in brain
tumors and especially in high-grade astrocytomas.
Singh et al.4 were the first to identify and purify, a popu-
lation with stem cell properties in pediatric solid brain
tumors. Those cells were identified by their ability to
form spheroids (neurospheres) when grown under
serum-free cell culture conditions and by the expression
of CD133 and nestin. CD133 (also known as
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prominin-1), a 120-kDa pentaspan transmembrane gly-
coprotein, has been found to be a marker of stemness in
hematopoietic5 and neural cells.6 Together with nestin,
an intermediate filament protein expressed by undiffer-
entiated neuroepithelial cells7 and tumors of the CNS,8

CD133 has long remained the most important TSC
marker in malignant glioma.

Aldehyde dehydrogenase 1 (ALDH1) is a cytoplas-
matic stem cell marker in a variety of malignant tumors.
As a member of the ALDH enzyme family, ALDH1 cata-
lyzes the oxidation of intracellular aldehydes including the
transformation of retinol to retinoic acid (RA). RA is a
modulator of cell proliferation and differentiation that
possibly contributes to the maintenance of an undifferen-
tiated stem cell phenotype. Jones et al.9 presented a
method to isolate human cells via flow cytometry depend-
ing on the amount of cytosolic ALDH. They were able to
enrich human hematopoietic precursor cells capable
of reconstituting bone marrow in irradiated animals.
Recently, Ginestier et al.10 found ALDH1 to be a stem
cell marker in breast carcinoma associated with poor
clinical outcome. Since then ALDH1 has been described
as a marker of stemness in other solid malignancies includ-
ing lung cancer11 and colorectal cancer.12

Here, we show that ALDH1 overexpression corre-
lates with stem cell capacity in established GBM cell
lines as well as in primary cultures obtained from
freshly resected tumor specimens. Therefore, we
suggest ALDH1 overexpression as a marker for the
identification of TSCs in human GBM.

Materials and Methods

Antibodies

T
he primary antibodies used were anti-ALDH1
(monoclonal, IgG isotype, BD Biosciences),
anti-Musashi-1 (polyclonal, CST), anti-Sox-2

(monoclonal, IgG, Millipore), and anti-beta-III-tubulin
(monoclonal, IgG isotype, Millipore).

Cell Culture

The human GBM cell lines LN18,13 LN229,13

LNZ308,13 and G13914 were cultured in the Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/
mL penicillin, and 100 mg/mL streptomycin (Invitrogen)
under the standard cell culture conditions at 378C and
5% CO2. To investigate the neurosphere formation, the
cells were grown in a serum-free neurobasal medium con-
sisting of Knockout DMEM (Invitrogen), Nutrient
Mixture Ham’s F12 + L-glutamine (Invitrogen), and
10% Knockout-Serum Replacement (Invitrogen) with
1% N2-Supplement (Invitrogen), 1% Non-Essential
Amino-Acids (Invitrogen), 0.1% natural mouse
laminin (Invitrogen), 2 mM L-glutamine (Biochrom),
100 U/mL penicillin (Biochrom), 100 mg/mL streptomy-
cin (Biochrom), 10 ng/mL basic fibroblast growth factor
(bFGF; Invitrogen), and 50 ng/mL epidermal growth

factor (EGF; human recombinant, Millipore). For nonad-
herent growth conditions, the culture dishes were covered
with 0.1% gelatin type A (Sigma-Aldrich).

For the ALDH1 inhibition experiments, RA and 4-
diethylaminobenzaldehyde (DEAB; Sigma-Aldrich)
were added in a concentration of 100 mM every 48
hours together with fresh medium. The cells were
grown on culture dishes until they began to form spher-
oids and were consequently transferred to culture flasks.

Mouse embryonic stem cells (TBV2) were cultured as
reported previously.15 For the limiting dilution assay,
both LN18 and LN229 cells were plated into 96 wells at
a density of 10 and 1 cell/well. All cells were cultured in
the neurobasal medium with EGF and FGF. ALDH1 inhi-
bition was done as described above. After 12 days in
culture, colonies were counted using the Zeiss Axiovert
25 microscope (Zeiss). A colony was defined to consist
of at least 20 cells. Multiple wells were counted for each
cell density. The experiment was repeated twice.

For primary cell culture, resected GBM specimens
were obtained with patients’ consent according to the
Technische Universität München (TUM) medical
faculty’s guidelines for tissue preservation from the
Department of Neurosurgery (Head: Bernhard Meyer,
MD, PhD). Tumor tissue was mechanically dissociated
with sterile scalpel blades and subsequently enzymati-
cally dissociated by 1-hour incubation in 2 mg/mL col-
lagenase type I (Biochrom). Single-cell suspensions were
cultured in both supplemented DMEM and neurobasal
medium under the standard cell culture conditions.

Immunohistochemistry

Immunohistochemistry was performed on a paraffin-
embedded human tumor tissue, diagnosed as GBM grade
IV according to the WHO classification.16 The tissue was
sectioned 2-mm thick and deparaffinized. To unmask epi-
topes, tissue was boiled in citrate buffer (pH 6.0) for
7 minutes. After washing in TRIS buffer (pH 7.6) for
5 minutes, an endogenous peroxidase quench was done
in 3% H2O2 for 15 minutes at room temperature followed
by blocking with Avidin/Biotin (Vector) for 15 minutes
each. To block nonspecific binding sites, 5% goat serum
(Normal, Dako) diluted in Dako REALTM Antibody sol-
ution was used. The anti-ALDH antibody was diluted in
Dako REALTM Antibody solution (1:500). Antibody incu-
bation was done at 48C using 200 mL per slide overnight.
Detection was performed with Dako REALTM Detection
System, Peroxidase/DAB+, Rabbit/Mouse. Slides were
incubated for 15 minutes in a humidified chamber at
room temperature with biotinylated secondary antibody
and then with streptavidin peroxidase antibody for 15
minutes. Slides were incubated with DAB chromogen
working solution for 4 minutes. Counterstaining was
done with Meyer’s hemalaun.

Immunofluorescence

After cells were grown on microscope slides for 24
hours, they were washed in PBS (without Ca2+and
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Mg2+) followed by fixation in 4% formaldehyde/PBS
for 30 minutes at room temperature. Cells were then
incubated for 10 minutes with 0.25% Triton X-100/
PBS and washed again in PBS. Blocking was performed
for 30 minutes with 5% goat serum (Normal, Dako)
diluted in Dako REALTM Antibody solution. Cells
were then incubated with primary antibodies for 1 hour
(anti-ALDH1, 1:100) or 2 hours (anti-SOX-2, 1:100
and anti-Musashi-1, 1:100), respectively, at room temp-
erature. After washing with PBS, incubation was per-
formed with a secondary antibody (FITC for ALDH1
and SOX2, 1:100; Cy-3 for Musashi-1, 1:100,
Invitrogen) for 1 hour at room temperature and washed
again. Nuclei were stained with DAPI (2 mg/mL)
before mounting cells with VectaShieldTM Mounting
Medium (Vector Laboratories) and applicating cover-
slips. Fluorescence images were captured with a Zeiss
ApoTome epifluorescence confocal microscope equipped
with a digital camera and acquisition software
AxioVision LE Rel 4.5 (Zeiss).

Western Blotting

Cells were lysed in lysis buffer (New England Biolabs)
supplemented with 1 mM PMSF (Roth). Equal
amounts of protein (10–20 mg) were separated by
SDS–PAGE and transferred to immobilion membranes
(Millipore). Blocking of unspecific binding sites was
done using 5% (w/v) nonfat dry milk in tris-buffered
saline Tween-20 (TBST). Membranes were incubated
with polyclonal primary antibodies diluted in TBST
overnight at 48C. HRP-conjugated immunoglobulins
(diluted 1:2000 in 5% nonfat dry milk/TBST) served
as secondary antibodies and were probed for 1 hour at
room temperature. Immunoreactivity was visualized by
exposure to high-performance chemiluminescence film
(Amersham). Antibody dilution: anti-SOX-2, 1:500;
anti-ALDH1, 1:500; anti-beta-III-tubulin, 1:1000;
anti-Musashi-1, 1:500. Alpha-tubulin immunoblots
served as protein loading controls (dilution 1:10 000).

Statistical Analyzes

One-way ANOVA testing was used to assess differences
in average neurosphere size after ALDH1 inhibition.

Results

Neurosphere Forming Established GBM Cell Lines
Show High Levels of ALDH1

To determine stem cell capacity, 4 established human
GBM cell lines (LN18, LN229, LNZ308, and G139)
were screened for the ability to form neurospheres and
ALDH1 expression. Therefore, cells were grown under
serum-free conditions in the neurobasal medium sup-
plemented with EGF and bFGF. Western blot analysis
of cell lines grown in supplemented DMEM shows
high expression of ALDH1 in LN18 and moderate

expression in LNZ308 cells, whereas LN229 and
G139 cells are negative (Fig. 1). LN18 and LNZ308
cells form neurospheres after 72 hours in culture (data
not shown). Remarkably, spheroids built by LNZ308
cells are unstable and disintegrate at early stages of neu-
rosphere formation. The ALDH1 negative (ALDH12)
cell lines LN229 and G139 do not form any spheroids
under the same conditions (Fig. 1). In addition, the neu-
rosphere forming cell lines LN18 and LNZ308 show
coexpression of ALDH1 with Sox-2 and Musashi-1.

Immunofluorescence staining was performed to
confirm ALDH1 expression in LN18 cells. These cells
are highly positive for ALDH1 and coexpression of
Musashi-1 was demonstrated in double-staining exper-
iments (Fig. 2A). Additionally, LN18 cells are positive
for Sox-2. Stem cells derived from the murine embryonic
stem cell line TBV2 served as positive controls for
ALDH1, Musashi-1, and Sox-2. RT–PCR analysis
detected a high level of ALDH1 mRNA in LN18 cells
(data not shown).

ALDH1 Inhibition Impairs Neurosphere Formation and
Clonogenicity in Established and Primary GBM Cell
Lines

After identifying ALDH1 expression as a possible factor
in the process of neurosphere formation, it was next
investigated whether enzyme inhibition affects spheroid
formation in vitro. Therefore, LN18 cells and the
primary cell line T15 were incubated under serum-free

Fig. 1. Western blot analysis shows high protein levels of ALDH1 in

LN18 and in murine stem cells (TBV2) when grown in DMEM +
FCS. LNZ308 cells are moderately positive. ALDH1 co-expression

with Musashi-1 and Sox-2 was found in LN18, LNZ308, and

TBV2. All 3 show neurosphere formation when cultured in a

neurobasal medium containing EGF and bFGF. G139 and LN229

are negative for ALDH1 and do not form spheroids under the

same conditions.
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conditions in the neurobasal medium with EGF and
bFGF. For inhibition of ALDH1, DEAB, RA, or a com-
bination of both were added to the medium. DEAB and
RA are specific inhibitors of ALDH1.17,18 Untreated
cells served as controls. The inhibitors did not affect
cell viability compared with untreated control cells
(data not shown). After 14 days of cultivation, the inhib-
ited cells had formed significantly fewer and smaller neu-
rospheres than the controls (Fig. 3A and B). The
combination of DEAB and RA led to the most significant
decline in spheroid number and size. Since ALDH1 par-
ticipates in the maintenance of an undifferentiated phe-
notype, we analyzed the influence of ALDH1 inhibition
on cell differentiation. LN18 and T15 control cells
show moderate expression of beta-III-tubulin, a neuron-
specific marker, when grown in the neurobasal medium
(Fig. 4). The inhibited cells are highly positive for
beta-III-tubulin reflecting a more differentiated state
compared with untreated controls. Murine embryonic
stem cells (TBV2) are negative for the neuronal marker.
ALDH1 inhibition does not induce differentiation in
the ALDH12 cell lines LN229 and G139.

To assess the clonogenic capacity of ALDH1 positive
(ALDH1+) cells, LN18 and LN229 cells were plated
into 96 wells at varying densities down to 1 cell/well.
After 12 days of culture in a neurobasal medium with
EGF and FGF, LN18 cells had formed colonies with
an efficiency of 75.8% and neurospheres with a fre-
quency of 18.9%. Even single-cell suspensions grew to

colonies and neurospheres. The inhibition of ALDH1
in LN18 cells by RA reduced clonogenic capacity from
75.8% to 1.6%. The inhibited cells did not form spher-
oids. At least 10 LN229 cells (ALDH12) per well were
needed to obtain colonies with an efficiency of 4.3%.
LN229 single-cell suspensions did not give rise to any
colonies.

ALDH1 Expression Correlates Negatively with the
Grade of Neuronal Differentiation in Primary GBM
Cultures

To evaluate the clinical relevance of ALDH1 expression
in human GBM, the investigations were extended from
the cell culture model to the human tumor tissue. Cells
obtained from freshly resected GBM specimens were cul-
tured in supplemented DMEM and under the serum-free
conditions in the neurobasal medium. All samples were
collected from tumors diagnosed as high-grade astrocy-
tomas (WHO grade III and IV). Western blot analysis
shows 4 primary cultures highly positive for ALDH1,
3 have moderate levels, and 2 are negative when cultured
in DMEM + FCS (Fig. 5A). Beta-III-tubulin expression
shows a reverse pattern: cells with high levels of
ALDH1 show low expression of beta-III-tubulin and
vice versa. Similar to the established cell lines, primary
cells partly differentiate when grown in a neurobasal
medium accompanied by expression of beta-III-tubulin
(Fig. 5A and B). Western blot analysis of cells grown

Fig. 2. Immunofluorescence staining. (A) LN18 cells coexpress ALDH1 (cytoplasmatic) and Musashi-1 (nuclear) when cultured in DMEM +
FCS. (B) Additionally, the cells are positive for Sox-2 (nuclear). Murine stem cells (TBV2) serve as controls and are highly positive for both

ALDH1 and Sox-2 (C and D). Nuclei stained with DAPI. Scale bar represents 10 mm.
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in DMEM without FCS confirmed that the loss of
ALDH1 expression and tendency to differentiate in the
neurobasal medium are not due to serum deprivation
(data not shown).

Immunohistochemistry Shows ALDH1 Expression in
Resected GBMs and Non-neoplastic Neural Stem Cells

Immunohistochemical staining of paraffin sections from
24 resected GBMs was performed to confirm ALDH1
expression in tumor specimens. Varying degrees of
ALDH1 expression were found in 20 tumor samples,
and 4 specimens were negative. Interestingly, ALDH1+

tumor cells were mainly observed in the vicinity of
tumor vessels and in hypoxic areas adjacent to tumor
necrosis (Fig. 6A).

Immunohistochemistry on the paraffin-embedded
human subventricular zone (SVZ) was performed to
confirm staining specificity. Several types of astrocytes
including multipotent stem cells have been described as
being located in the human SVZ.19 ALDH1+ cells
were found in a scattered pattern within the

subependymal ribbon (Fig. 6B). The brain tissue adja-
cent to the SVZ did not contain cells positive for
ALDH1.

Discussion

GBM is the most aggressive primary brain tumor and is
highly resistant to all currently available therapeutic
modalities. Despite treatment tumor relapse occurs reg-
ularly, accompanied by an unfavorable prognosis. This
clinical behavior could be due to the existence of a
TSC subpopulation in GBM. TSCs have recently been
shown as highly resistant to irradiation and chemother-
apy and are likely the major source of tumor recur-
rence.20–23 Therefore, identification and isolation of
these cells seem crucial for a better understanding of
tumor behavior, origin, and therapy.

To further characterize TSCs in malignant glioma, we
examined established cell lines, primary cell cultures,
and paraffin-embedded sections derived from human
GBM for the expression of ALDH1. As a member of
the ALDH family, ALDH1 oxidates intracellular alde-
hydes and has been shown to catalyze the reaction of
retinol to RA, a modulator of cell proliferation and
differentiation. Recently, ALDH1 has been described
as a marker for the identification of non-neoplastic
stem cells and TSCs.10,12,24

In the present investigation, we show a correlation
between the cellular protein level of ALDH1 and the
ability to form neurospheres in human GBM cells. We
demonstrate that the established GBM lines harboring
high levels of ALDH1 form tumor spheroids. ALDH12

cell lines do not build neurospheres when cultured
under the same conditions. Moreover, the inhibition of
ALDH1 leads to a significant decrease in neurosphere
formation and clonogenic capacity. Inhibited cells
express high levels of beta-III-tubulin suggesting a
higher grade of neuronal differentiation compared with
untreated controls. We observed high levels of ALDH1
in primary cultures obtained from freshly resected
tumor tissue, confirming that ALDH1 overexpression
is not a phenomenon restricted to established cell lines.
The neurosphere formation assay is a well-established
method to investigate the functional properties of non-
neoplastic neural stem cells and is also appropriate for
the examination of brain TSCs. So far cellular markers
including CD133 have been used to identify TSCs in
GBMs. Recently, the relevance of CD133 as a reliable
TSC marker was doubted since it was shown that even
CD133 negative GBM cells may behave as brain
TSCs.25 Neurosphere formation, in contrast, is a func-
tional assay to investigate the impact of ALDH1
expression on stem cell characteristics in vitro and there-
fore suitable for the ALDH1 in inhibition experiments
described in the present investigation.

Recently published data showed that ALDH1 charac-
terizes non-neoplastic neural stem cells and TSCs in a
variety of malignancies. Corti et al.24 isolated primitive
neural stem cells from murine neurospheres via flow
cytometry with Aldefluor, a fluorescent substrate for

Fig. 3. (A) Neurospheres built by LN18 cells after 14 days in culture

(neurobasal medium). The inhibitors DEAB and RA were added in a

concentration of 100 mM every 48 hours with fresh medium. Scale

bar represents 50 mm. (B) Average neurosphere size after 14 days in

culture. The spheres formed by inhibited cells were significantly

smaller (P , .05) than those built by LN18 and T15 control cells.

Cells were treated with 100 mM DEAB, 100 mM RA, or a

combination of both. Inhibition with DEAB and RA led to the

most significant decline in neurosphere size.
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ALDH1. The ALDH1+ cells showed self-renewal neuro-
sphere formation and could be differentiated into
both neurons and glial cells. Ginestier et al.10 used the
Aldefluor assay to sort normal mammary epithelium
cells for their level of cytosolic ALDH1. They found
the capability to form spheroids (mammospheres) to
be restricted to the Aldefluor positive cell population.
Recently, ALDH1 has also been described as a stem
cell marker in various solid neoplasms including lung
cancer,11 breast carcinoma,10 and colorectal cancer.12

We showed that GBM cell lines harboring high levels
of ALDH1 form neurospheres suggesting stem cell
capacity. Considering that ALDH1 expression charac-
terizes non-neoplastic neural stem cells as well as malig-
nant stem cells in various solid tumors, we suggest
ALDH1 to be a TSC marker in human GBM.

We claim that high ALDH1 activity in GBM cells is
involved in the maintenance of an undifferentiated
stem cell-like phenotype. LN18 cells grown in
DMEM + FCS have high levels of ALDH1 and are nega-
tive for beta-III-tubulin suggesting an undifferentiated
state. Primary cell cultures highly positive for ALDH1

show low levels of beta-III-tubulin and vice versa.
None of the established cell lines builds spheroids
when grown in a supplemented DMEM. When trans-
ferred to the neurobasal medium, neurospheres are
only formed by the 2 cell lines (LN18 and LNZ308)
that show ALDH1 expression in DMEM + FCS. It is
therefore likely that ALDH1 overexpression character-
izes TSCs, which are capable of initiating neurosphere
formation. Under serum conditions, these cells remain
in a proliferative and undifferentiated state. Culturing
in a neurobasal medium partly pushes the TSCs into
differentiation indicated by a decrease in ALDH1
expression and moderate increase in the
beta-III-tubulin level. Beta-III-tubulin is a neural
marker appearing at early stages of neuronal differen-
tiation as well as in mature neurons. Consequently,
low levels of beta-III-tubulin expression do not necess-
arily reflect mature neuronal differentiation.
Multipotent ALDH1+ stem or progenitor cells might
therefore remain in an undifferentiated and replicative
state when cultured in DMEM + FCS. Neurobasal
medium supplemented with EGF and FGF promotes

Fig. 4. Expression of the neuron-specific marker beta-III-tubulin in LN18 cells and the primary cell line T15. All cells except for TBV2 were

grown in a neurobasal medium. LN18 and T15 control cells show moderate levels of beta-III-tubulin. The inhibition of ALDH1 induces

pronounced differentiation indicated by higher protein levels of beta-III-tubulin in both cell lines. The undifferentiated TBV2 stem cells

are negative for beta-III-tubulin. ALDH1 inhibition does not induce differentiation in LN229 and G139 cells (ALDH12). Alpha-tubulin

serves as a protein loading control.
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the stem cell phenotype including asymmetrical division,
neurosphere formation, and neural differentiation. The
inhibition of ALDH1 in LN18 and T15 cells leads to
pronounced differentiation with high expression of the
neuron-specific marker. This effect is not seen in
ALDH12 cell lines, suggesting a lack of multipotency
and ability to differentiate. It might be hypothesized
that the inhibition of ALDH1 leads to a premature
differentiation of TSCs, thus having an adverse effect
on neurosphere formation. The clonogenic capacity of

ALDH1+ cells could be demonstrated by limiting
dilution assays. Even single LN18 cells formed both
colonies and neurospheres, whereas single LN229 cells
did not show any proliferation in stem-cell promoting
medium. ALDH1 inhibition significantly impaired the
clonogenic and neurosphere formation capacity of
LN18 cells, approving the essential role of ALDH1 for
the maintenance of a stem cell-like phenotype.

Little is known about the functional role of ALDH1
in TSCs and in the process of neurosphere formation.

Fig. 5. (A) ALDH1 and beta-III-tubulin expression in primary cultures obtained from fresh high-grade glioma samples (WHO grade III and

IV) cultured in a supplemented DMEM or a neurobasal medium. ALDH1 and beta-III-tubulin expression in both media is exemplarily shown

for Tumor #1 (lane 2). Comparably to the established cell line LN18, primary cell lines express high levels of ALDH1 in DMEM + FCS and are

negative when grown in a neurobasal medium (and beta-III-tubulin vice versa). All tumors are positive for either ALDH1 or beta-III-tubulin in

DMEM + FCS. The vertical bars visualize ALDH1 and beta-III-tubulin expression of each cell line. Alpha-tubulin serves as a protein loading

control. (B) Tumor #1 grown in supplemented DMEM (a) and neurobasal medium (b). Tumor cells positive for ALDH1 under serum

conditions differentiate into mature neural and glial cells when cultured in a neurobasal medium. Scale bar represents 10 mm.
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The enzyme catalyzes the oxidation of retinol to RA,
which is known to induce and regulate various biologi-
cal effects. Mediated by the RA receptor and the retinoid
X receptor, it affects development, cell division, apopto-
sis, and differentiation.26–30 Zeng et al.31 recently
showed that treatment of an established GBM cell line
with RA leads to upregulation of genes responsible for
apoptosis and differentiation. Moreb et al.32 treated
lung cancer cell lines with all-trans RA causing a signifi-
cant decrease in the ALDH1 enzyme activity and the
protein level. Considering these observations and the
inhibition experiments described here, it seems most
likely that a high ALDH1 activity is involved in the
maintenance of an undifferentiated, stem cell-like
phenotype.

In the present study, neurospheres are formed by cell
lines that coexpress ALDH1 with the formerly described
TSC markers Sox-2 and Musashi-1. Sox-2 encodes a
group of transcription factors that are being activated
at different times during development33 and has been
found in neural progenitor cells.34 Ma et al.35 showed
that Sox-2 mRNA expression increases with the grade
of malignancy in WHO grade II, III, and IV GBM.
Musashi-1 encodes for various RNA-binding proteins
which contribute to the maintenance of an undifferen-
tiated stem cell-like phenotype during CNS develop-
ment.36 We show that cell lines, which are positive for
Musashi-1 and Sox-2 but negative for ALDH1 (LN229

and G139), do not form spheroids. It might be therefore
hypothesized that ALDH1 expression in combination
with Musashi-1 and Sox-2 facilitates neurosphere for-
mation in the established GBM cell lines.

To confirm ALDH1 expression in patient specimens,
immunohistochemical analysis of GBM samples was
performed. In many tumors, ALDH1+ cells were
found in the vicinity of tumor vessels or around necrotic
areas (Fig. 6A). Calabrese et al.37 hypothesized GBM
TSCs to be predominantly localized in the proximity of
tumor vessels showing close interaction with endothelial
cells. Hypoxia has been claimed to attract neural stem
cells in intracranial glioma xenografts.38 Li et al.39

demonstrated that glioma stem cells express
hypoxia-inducible factors (HIFs) in response to
hypoxia which induce tumor angiogenesis. In addition,
HIF2a was found to be colocalized with TSC markers
in tumor specimens. ALDH1 is an enzyme with detoxi-
fying capacity and could therefore be involved in the
protection of TSCs against cellular stress in hypoxic
areas. This might explain why ALDH1+ tumor cells
were oftentimes found adjacent to necrotic areas.

Magni et al.40 demonstrated that the detoxifying
capacity of ALDH1 facilitates cell resistance against
alkylating agents such as cyclophosphamide. This obser-
vation has clinical implications for GBM therapy. The
standard treatment of newly diagnosed GBM currently
consists of surgical resection and temozolomide given

Fig. 6. (A) Immunohistochemical staining showing tumor cells and proliferating vessels with ALDH1+ cells (brown) in their vicinity (a). In (b)

tumor necrosis, pseudopalisades, and ALDH1+ cells can be seen. (B) Staining of human subventricular zone (SVZ). Scattered ALDH1+ cells

are located in the subependymal ribbon. The brain tissue adjacent to the SVZ is negative for ALDH1. Scale bars represent 20 mm.
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concomitantly with and after radiotherapy.1 GBM stem
cells harboring high levels of ALDH1 could be resistant
to this alkylating agent thus escaping chemotherapy and
causing tumor relapse.

Immunohistochemistry on the paraffin-embedded
human SVZ showed specific staining of ALDH1+ cells
within the subependymal ribbon. This area contains a
small subpopulation of SVZ astrocytes that behave as
multipotent stem cells.19 Morphologically, these cells
can hardly be distinguished from other cell types
present in the SVZ such as neuronal precursor cells,
other types of astrocytes, or oligodendrocytes.
Consequently, ALDH1+ SVZ astrocytes cannot defi-
nitely be categorized as stem cells. However, taking
into account the finding that normal neural stem cells
were identified by their expression of ALDH1,24 we
hypothesize these ALDH1+ SVZ cells to be stem or pro-
genitor cells.

In conclusion, our data suggest ALDH1 as a novel
TSC marker in human GBM. As a cytosolic protein, it
is easily detectable and cells can be effectively sorted
for their ALDH1 expression using flow cytometry. In
addition, ALDH1 could be an attractive target of

advanced antitumor therapies against human malignant
glioma. TSCs are presumably responsible for resistance
to therapy and for disease relapse. Consequently, the
effective treatment of the TSC subfraction within
GBMs is likely to be an indispensable part of novel
therapeutic strategies against this devastating disease.
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