
ORIGINAL ARTICLE 519
J o u r n a l  o fJ o u r n a l  o f

Cellular
Physiology
Cellular
Physiology
Differential Expression and

Cellular Distribution of g-Tubulin

and bIII-Tubulin in Medulloblastomas
and Human Medulloblastoma Cell Lines
VALENTINA CARACCIOLO,1 LUCA D’AGOSTINO,1 EDUARDA DRÁBEROVÁ,2
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In previous studies, we have shown overexpression and ectopic subcellular distribution ofg-tubulin andbIII-tubulin in human glioblastomas and
glioblastoma cell lines (Katsetos et al., 2006, JNeuropathol Exp Neurol 65:455–467;Katsetos et al., 2007,Neurochem Res32:1387–1398). Here
we determined the expression of g-tubulin in surgically excised medulloblastomas (n¼ 20) and in the human medulloblastoma cell lines D283
Med and DAOY. In clinical tissue samples, the immunohistochemical distribution of g-tubulin labeling was pervasive and inversely related to
neuritogenesis. Overexpression ofg-tubulin was widespread in poorly differentiated, proliferating tumor cells but was significantly diminished in
quiescent differentiating tumor cells undergoing neuritogenesis, highlighted by bIII-tubulin immunolabeling. By quantitative real-time PCR,
g-tubulin transcripts for TUBG1, TUBG2, and TUBB3 geneswere detected in both cell lines but expressionwas less prominent whencompared
with the human glioblastoma cell lines. Immunoblotting revealed comparable amounts of g-tubulin and bIII-tubulin in different phases of cell
cycle; however, a larger amount of g-tubulin was detected in D283 Med when compared with DAOY cells. Interphase D283 Med cells
exhibited predominantly diffuse cytoplasmic g-tubulin localization, in addition to the expected centrosome-associated distribution.
Robust bIII-tubulin immunoreactivity was detected in mitotic spindles of DAOY cells. Our data indicate that overexpression of g-tubulin may
be linked to phenotypic dedifferentiation (anaplasia) and tumor progression in medulloblastomas and may potentially serve as a promising
tumor marker.
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Medulloblastoma is the archetypal embryonal CNS tumor and class III b-tubulin (bIII-tubulin) in high-grade gliomas (anaplastic

the most prevalent malignant brain tumor in children whose
origin is traceable to cerebellar neurogenesis (Katsetos and
Burger, 1994; Katsetos et al., 1995a, 2003c; Read et al., 2006).
Compelling evidence accumulated to date support a
fundamentally neuronal/neuroblastic tumor phenotype and a
predominantly neuronal differentiation potential (Katsetos and
Burger, 1994; Katsetos et al., 2003a; Read et al., 2006). The
latter is more pronounced in the nodular/desmoplastic variant
of medulloblastoma, which is typified by islands of
morphologically differentiating tumor cells undergoing
gradations of neuritogenesis (‘‘pale islands’’) featuring the
co-expression of neuronal marker proteins, including the class
III b-tubulin (bIII-tubulin), synaptophysin, neurotrophin
receptors TrkA and TrkC, low proliferative indices, and
apoptosis (Katsetos et al., 1989, 1995b, 2003c; Eberhart et al.,
2001).

g-Tubulin is the principal cytoskeletal constituent of the
pericentriolar material of centrosomes, the cell’s microtubule-
organizing centers (MTOCs) where it plays a central role in
microtubule nucleation and also plays a role in the regulation of
cell cycle progression (Zhou et al., 2002). Experimental
depletion of g-tubulin leads to a depletion of microtubules and
to growth arrest. In mammalian cells, two g-tubulin genes
TUBG1 and TUBG2 exist, encoding two closely related
isotypes (Wise et al., 2000). TUBG1 is ubiquitously expressed in
all cell types, whereas TUBG2 has been found mainly in the brain
(Yuba-Kubo et al., 2005).

Although g-tubulin is mainly localized on MTOCs, a larger
amount of g-tubulin is in soluble form (Moudjou et al., 1996).
g-Tubulin appears in two main complexes: the large g-tubulin
ring complex (gTuRC) (Moritz et al., 1995; Zheng et al., 1995)
and the g-tubulin small complex (g-TuSC) (Moritz et al., 1998).
The existence of gTuRCs correlates with the ability of
centrosomes to nucleate microtubules (Schnackenberg and
Palazzo, 2001). The gTuRCs embedded in MTOC matrix
nucleate microtubules. In addition to nucleation from MTOC,
gTuRCs are also involved in the regulation of microtubule
minus-end dynamics (Wiese and Zheng, 2000). g-Tubulin has
been recognized as a microtubule minus-end binding molecule
in non-anchored microtubules (Leguy et al., 2000). In addition,
g-tubulin is associated with cellular membranes (Chabin-Brion
et al., 2001; Dryková et al., 2003; Bugnard et al., 2005; Macurek
et al., 2008) where it can give rise to non-centrosomal
microtubule nucleation (Chabin-Brion et al., 2001; Efimov et al.,
2007; Macurek et al., 2008).

g-Tubulin complexes may also be involved in regulating
microtubule dynamics and in spindle assembly checkpoint
signaling (Prigozhina et al., 2001; Vardy et al., 2002; Müller et al.,
2006). Recent findings indicate that the dynamics of
microtubule plus-ends are altered, depending on the
expression of g-tubulin complex proteins (reviewed in
Raynaud-Messina and Merdes, 2007; Bouissou et al., 2009).
Overlapping role of g-tubulin with C-terminal kinesin-like
protein Pkl1 in bipolar spindle formation has been reported
(Paluh et al., 2000; Rodriguez et al., 2008). Cell cycle-dependent
accumulation of g-tubulin has been described previously
(Binarová et al., 2000; Schröder et al., 2002).

The role of g-tubulin in microtubule nucleation and
microtubule nucleation-independent function in
non-transformed cells as well as the altered expression,
distribution, and subcellular sorting of this protein in cancer
cells have been reviewed recently (Katsetos et al., 2009a). In
previous studies, we have shown overexpression and ectopic
compartmentalization of g-tubulin in astrocytic gliomas,
especially in glioblastoma multiforme, and have suggested that
this can be a putative mechanism of malignancy and tumor
progression (Katsetos et al., 2006, 2007, 2009a). Moreover, we
have previously shown that g-tubulin is co-distributed with
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astrocytomas and glioblastomas multiforme) and have
suggested that aberrant expression and interaction of these
two cytoskeletal proteins may be linked to malignant changes in
glial cells (Katsetos et al., 2007).

To get a broader insight into the expression of this protein in
brain tumors, we have analyzed the expression and cellular
distribution of g-tubulin and its relation to bIII-tubulin in
surgically excised medulloblastomas and the human
medulloblastoma cell lines D283 Med and DAOY.

Materials and Methods
Cell lines

Medulloblastoma cell lines, DAOY and D283 Med, were purchased
from the American Type Culture Collection (ATCC; Manassas,
VA). DAOY (No. HTB-186) was isolated from a posterior fossa
tumor of a 4-year-old boy; D283 Med (No. HTB-185) originated
from peritoneal metastases from a boy with medulloblastoma
(Katsetos et al., 1995a). The cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; CellGro; Mediatech, Inc.,
Herndon, VA) containing 10% (v/v) fetal bovine serum (FBS; Atlanta
Biological; Norcross, GA) at 378C and 5% CO2 atmosphere and
passaged every 2–3 days using 0.25% trypsin–EDTA solution
(Sigma, St. Louis, MO).

Proliferating non-immortalized, non-transformed human fetal
astrocytes (NHA; Clonetics1 Astrocyte Cell Systems)
commercially obtained from Lonza (Walkersville, MD) and cells
from the human glioblastoma cell line U138MG and human
osteogenic sarcoma cell line U-2OS obtained from ATCC, were
used as controls for the quantitative real-time PCR (qRT-PCR)
experiments (see below).

NHA cells were maintained as monolayer cultures in tissue
culture flasks for 8–10 days in an astrocyte growth medium
(CC-3186; Clonetics1 AGMTM Bullet Kit,) containing astrocyte
basal mediumTM (CCMD 190, Clonetics1) and the following
growth supplements: human recombinant growth factor (rhEGF),
insulin, ascorbic acid, gentamycin–amphotericin B (GA-1000), L-
glutamine, and 5% FBS, according to manufacturer’s instructions.

Human glioblastoma cell line U138MG (ATCC), human
osteogenic sarcoma cells U-2OS (ATCC), human neuroblastoma
SH-SY5Y (ATCC), and human kidney embryonal cells HEK293-FT
(Promega, Madison, WI) were cultured in DMEM containing 10%
(v/v) FBS, penicillin (l00 units/ml), and streptomycin (0.1 mg/ml).
Cells were grown at 378C in 5% CO2 in air and passaged every
3 days using 0.25% (w/v) trypsin/0.01% (w/v) EDTA in phosphate-
buffered solution (PBS), pH 7.5.

Clinical tissue samples

Formaldehyde (formalin)-fixed, paraffin-embedded biopsy/
resection samples of medulloblastoma (n¼ 20) were collected
retrospectively from St. Christopher’s Hospital for Children
(Philadelphia, PA) and Akron Children’s Hospital (Akron, OH)
between 1990 and 2000 under the approval of the Drexel
University College of Medicine Institutional Review Board.
Thirteen patients were male and seven female. At resection, the
median age of the patients was 5.4 years (range 18 months to
12 years). Histological classification was according to the
recommendations of the Pediatric Oncology Group study on
histopathologic grading of medulloblastomas (Eberhart et al., 2002)
and of the 2007 World Health Organization (WHO) classification
of tumors of the central nervous system (Louis et al., 2007).
Twelve tumors were classified as classic, two as large cell/
anaplastic, and six as nodular/desmoplastic medulloblastomas.
The latter were typified by a biphasic nodular architecture
comprised of loosely textured, finely fibrillated/reticulin-free
islands of neuronal differentiation (‘‘pale islands’’) surrounded by
reticulin-impregnated, densely populated solid sheets of poorly
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differentiated tumor cells (Katsetos and Burger, 1994; Katsetos
et al., 2003c).

Non-neoplastic cerebellar autopsy tissue samples (n¼ 10) were
examined from five fetuses (24-, 28-, 32-, 36-, and 38-weeks of
gestation), three infants (2-, 4-, and 8-months of age), and two
children (6 and 7 years old) who had died of non-neurological
conditions. The utility of autopsy tissues met the approval of the
Drexel University College of Medicine Institutional Review Board.

Histologic preparations were evaluated independently by two
neuropathologists (DPA and CDK) and a pediatric pathologist
(JPD) who were blinded as to the pathological diagnosis originally
rendered for each specimen.

Antibodies

For the detection of g-tubulin, polyclonal and monoclonal anti-
peptide antibodies recognizing distinct epitopes in the C-terminus
of the g-tubulin molecule were used. These included a rabbit
polyclonal antibody DQ-19 to amino acid sequence 433-451
(Sigma, T3195) and three monoclonal antibodies TU-30 (IgG2b),
TU-31 (IgG2b), and TU-32 (IgG1) recognizing different epitopes in
the amino acid sequence 434–449 (Nováková et al., 1996). The
specificity of these anti-g-tubulin antibodies has been extensively
characterized and verified in various cell types (Sulimenko et al.,
2002; Libusová et al., 2004). The monoclonal antibody supernatants
were stored in freeze-dried state in the presence of trehalose
(Dráber et al., 1995).

For the detection of class III b-tubulin (bIII-tubulin), two
antibodies were used. Mouse monoclonal antibody TuJ1 (IgG2a) is
directed against an epitope on the C-terminus of the neuron-
specific bIII-tubulin. The characterization, purification, and
production of TuJ1 has been described elsewhere (Lee et al.,
1990a,b; Alexander et al., 1991). The predominantly neuronal cell
type distribution of monoclonal antibody TuJ1 in developing and
mature, non-neoplastic human tissues has been elucidated in
previous studies (Katsetos et al., 1993, 1998, 2003a,b). In addition,
an affinity purified rabbit antibody against the
CMYEDDDDEESEAQGPK peptide identical to the bIII carboxyl
terminal, isotype-defining domain detected by monoclonal
antibody TuJ1, was used (Katsetos et al., 2000).

Monoclonal antibody PC10 to proliferating cell nuclear antigen
(PCNA)/cyclin (PC-10 sc-56) (Santa Cruz Biotechnologies, Inc.,
Santa Cruz, CA; Katsetos et al., 1995b) was used as a marker of cell
proliferation. Goat polyclonal anti-actin (I-19, sc-1616; Santa Cruz
Biotechnologies, Inc.) or mouse monoclonal anti-Grb2 (BD
610112; BD Biosciences, San Jose, CA) were used in immunoblots
as internal controls for total protein extracts.

Secondary fluorochrome-conjugated goat-anti-rabbit
AlexaFluor 594 (red) and goat-anti-mouse AlexaFluor 488 (green)
were purchased from Invitrogen (Carlsbad, CA). FITC-conjugated
anti-rabbit and Cy3-conjugated anti-mouse antibodies were from
Jackson Immunoresearch Laboratories (West Grove, PA).
Secondary anti-mouse and anti-rabbit antibodies conjugated with
horseradish peroxidase were purchased from Pierce
(ThermoFisher Scientific, Rockford, IL).

Immunohistochemistry on clinical tumor samples

Immunohistochemistry was performed according to the avidin
biotin complex (ABC) peroxidase method using Rabbit and Mouse
IgG ABC Elite1 detection kits (Vector Laboratories, Burlingame,
CA) as previously described (Katsetos et al., 2006, 2007). Prior to
the performance of the immunohistochemical procedure, 5-mm
thick histological sections from paraffin-embedded tissue blocks
were subjected to non-enzymatic antigen unmasking in 0.01 M
sodium citrate buffer (pH 6.0) for 10 min in a microwave at medium
power. The rabbit polyclonal antibody to g-tubulin (DQ-19) was
used at a 1:500 dilution whereas anti-g-tubulin monoclonal
antibodies TU-30, TU-31, and TU-32 were used as undiluted
supernatants. Both monoclonal antibody TuJ1 and rabbit polyclonal
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antibody to bIII-tubulin were used at a working dilution of 1:500.
Monoclonal antibody PC10 to PCNA was used at a dilution of
1:100. Negative controls included the omission of primary antibody
and substitution with non-specific mouse IgG1 and IgG2a and
IgG2b, which were used as immunoglobulin class-specific controls
(corresponding to the immunoglobulin subclasses of the primary
antibodies employed in this study) (Becton Dickinson, Franklin
Lakes, NJ). Experiments using non-conjugated isotype-matched
control monoclonal antibodies did not show any non-specific
binding of the secondary rabbit anti-mouse IgG1, IgG2a, or IgG2b
antibodies.

Manual cell counting of labeled tumor cells was performed by
three observers independently (VC, LD, CDK). Cell counting and
statistical analysis were carried out in all medulloblastoma
specimens (n¼ 20) with all antibodies employed in this study.
Between 650 and 1,115 tumor cells were evaluated per case, in 20
non-overlapping high-power (40�) fields and labeling indices (LIs)
were generated per each specimen. LI was expressed as the
percentage (%) of eitherbIII-tubulin org-tubulin labeled cells out of
the total number of tumor cells counted in each case and for each
antibody. The minimal criterion for the identification of a
g-tubulin-positive cell in the context of an abnormal staining
pattern associated with putative centrosome dysfunction was the
detection of three or more punctate, dot-like immunoreactive
signals, and/or robust diffuse staining, in the cytoplasm of individual
tumor cells as previously described (Katsetos et al., 2006).

A semi-quantitative analysis of the immunohistochemical
findings was made by evaluating the LIs according to a simplified and
readily reproducible three tier-scoring system as follows: �, no
staining;þ, labeling of a small number of tumor cells (LI<20%);þþ,
labeling of an intermediate number of tumor cells (LI: 20–60%);
þþþ, labeling of a large number of tumor cells (LI �60%).
Interobserver agreement for the evaluation of
immunohistochemical staining was within 10% (k¼ 0.82).

Immunofluorescence on clinical tumor samples

Sections from formaldehyde-fixed, paraffin-embedded tumor
tissues obtained after surgical resection were utilized for
immunofluorescence microscopy as described previously
(Katsetos et al., 2006). Deparaffinized sections were incubated for
50 min in a freshly made PBS solution containing 1 mg/ml of sodium
borohydride (Sigma) to decrease the autofluorescence, and
subsequently they were rinsed extensively with PBS. For
double-labeling immunofluorescence studies on histological
sections, rabbit polyclonal anti-g-tubulin antibody and mouse
monoclonal anti-bIII-tubulin antibody (TuJ1) were diluted 1:500.
Secondary fluorochrome conjugated antibodies included
anti-rabbit AlexaFluor 594 and anti-mouse AlexaFluor 488,
respectively, and were diluted 1:600 with PBS. Double staining was
performed in two sequential sessions of immunofluorescence
staining. 4’,6-diamidino-2-phenylindole (DAPI) was used to label
cell nuclei. Slides were cover-slipped using an aqueous-based
mounting medium (Vector Laboratories).

Immunofluorescence staining on cell lines

Cells grown on coverslips were rinsed in PBS and fixed with 4%
paraformaldehyde at room temperature for 20 min. After rinsing
with PBS, they were incubated with 0.1% Triton X-100 at room
temperature for 10 min to permeabilize the cell membrane and
rinsed again with PBS. Cells were incubated in blocking solution (6%
BSA in PBS) for 1 h at room temperature and then with primary
antibody overnight at 48C. The primary antibodies were rabbit
polyclonal anti-g-tubulin and mouse monoclonal anti-bIII-tubulin as
for immunohistochemistry. The slides were rinsed three times
with PBS and incubated for 1 h at room temperature with
secondary fluorochrome-conjugated antibodies anti-rabbit
AlexaFluor 594 and anti-mouse AlexaFluor 488, respectively. DAPI
was used to label cell nuclei. The preparations were mounted with



TABLE 1. Sequence of Oligonucleotides Used for RT-qPCR

Name Sequence

g-Tubulin 1, forward 50-CCCTCATCTGCCTTACTGGTTG-30

g-Tubulin 1, reverse 50-AGGTCCCTGATCTGTGCTCTGA-30

g-Tubulin 2, forward 50-GGAGCTCATTGATGAGTACCATG-30

g-Tubulin 2, reverse 50-AGGAGAAGGAGTAGTGGGGAG-30

bIII-Tubulin, forward 50-GCGAGATGTACGAAGACGAC-30

bIII-Tubulin, reverse 50-TTTAGACACTGCTGGCTTCG-30

GAPDH, forward 50-ATGGGGAAGGTGAAGGTCGG-30

GAPDH, reverse 50-GACGGTGCCATGGAATTTGC-30
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Vectashield mounting medium (Vector Laboratories) and
examined with an Olympus IX81 deconvolution fluorescence
microscope (Olympus Microscopes, Center Valley, PA). No
staining was detected when conjugates alone were used as negative
controls.

Alternatively, cells grown on coverlips were fixed in cold
methanol and double-label stained (Dráber et al., 1989) with
monoclonal anti-g-tubulin antibody TU-30 (undiluted supernatant)
and polyclonal anti-bIII-tubulin antibody (1:500). A secondary
anti-mouse antibody, conjugated with Cy3, and an anti-rabbit
antibody, conjugated with FITC, were diluted, respectively, 1:500
and 1:200.

Cell synchronization

In order to obtain a synchronous population of cells, confluent
plates of DAOY cells were incubated with DMEM containing only
0.1% FBS for 72 h. The medium was then changed with DMEM
containing 10% FBS and 2 mM of hydroxyurea (Sigma). The
treatment with hydroxyurea lasted for 21 h. The cells were then
replated in new plates and samples of cells were collected each
hour for FACS analysis, to identify the best time point for G0/G1, S,
and G2/M phases of the cell cycle, and the corresponding pellets
were used for Western blot (immunoblot) analysis.

Immunoblot analysis

Protein samples (50mg/lane) from asynchronously growing cells,
or samples from synchronized cells were run on polyacrylamide
gels according to Laemmli procedure (Laemmli, 1970). Protein
bands were transferred on nitrocellulose membranes (Schleicher &
Schuell, Dassel, Germany) by wet electrophoretic transfer
according to Towbin (Towbin et al., 1979). Non-specific binding
sites were blocked for 1 h at room temperature with 5% no fat dry
milk in TBS containing 0.05% Tween-20 (TBS-T). The blots were
probed with the following primary antibodies at appropriate
dilutions: rabbit polyclonal anti-g-tubulin 1:1,000, mouse
monoclonalbIII-tubulin (TuJ1) 1:2,000, goat polyclonal anti-b-actin
1:200, and mouse monoclonal anti-GRB-2 1:4,000. All primary
antibodies were diluted in 5% no fat dry milk in TBS-T and
incubated overnight at 48C. After extensive washings, the blots
were incubated with secondary anti-mouse or anti-rabbit or anti-
goat peroxidase-conjugated antibodies (Amersham;
Buckinghamshire, UK) diluted 1:10,000 in TBS-T containing 5% no
fat dry milk, for 1 h at room temperature. After rinsing, immune
reactive bands were visualized by ECL (Amersham,
Buckinghamshire, UK).

Quantitative RT-PCR analysis

Total RNA from cell lines and NHA were isolated by the RNeasy
Mini kit (QIAGEN, Valencia, CA). Aliquots of 1mg of total RNA in
20ml reaction mixture were converted to cDNA using the
ImProm-II RT kit (Promega) with random hexamers. Twenty
microliters of the cDNA reaction mixture was diluted five times in
DEPC-treated water to prevent the inhibition of Taq polymerase in
subsequent PCR reaction. One microliter of diluted cDNA
product was used in each PCR reaction. Amplifications were
performed in 10ml PCR reaction mixtures containing QuantiTect
SYBR Green PCR Master Mix (QIAGEN) and 0.5mM of each
human gene-specific primers for g-tubulin 1 (TUBG1, Refseq ID:
NM_001070), g-tubulin 2 (TUBG2, Refseq ID: NM_016437), bIII-
tubulin (TUBB3, Refseq ID: NM_006086), or GAPDH (GAPDH,
Refseq ID: NM_002046). Primer sequences are summarized in
Table 1. Oligonucleotides were from East Port (Czech Republic).
qRT-PCRs were carried out on Master-cycler realplex (Eppendorf)
as described (Dráberová et al., 2008). Experiments were
performed twice with triplicate samples (cDNA isolated from
three separate cultures of tested cells). The expression of analyzed
genes was normalized to the expression of GAPDH. Levels of
GAPDH did not differ significantly between cell lines and NHA.
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Identity ofg-tubulin 1 and g-tubulin 2 PCR products was verified by
sequencing. Statistical analysis was performed with the Student’s
unpaired t-test.

Results
Distribution of g-tubulin and bIII-tubulin in clinical
tumor specimens

Immunohistochemical and immunofluorescence analysis of
surgically excised clinical tissue samples of medulloblastoma
showed pervasive and robust g-tubulin expression with distinct
patterns of cellular localization among differentiating tumor
phenotypes. Accordingly, widespread and markedly intense
g-tubulin immunoreactivity with mean LI of 82� 8% (þþþ)
was identified in solid sheets of poorly differentiated tumor cells
exhibiting high tumor cell density (Fig. 1A,B). These sheets
comprised actively proliferating tumor cells exhibiting
widespread PCNA nuclear staining with a mean LI of 77� 9%
(þþþ) (Fig. 1C,F) similar to that previously reported (Katsetos
et al., 1995b). Identical patterns of immunoreactivity were
obtained with different polyclonal and monoclonal
anti-g-tubulin antibodies employed in this study.

Varying degrees of overlap were observed between
g-tubulin and bIII-tubulin immunoreactivity profiles both in
populations of small apolar tumor cells and in slightly polar cells
with incipient growth cone-like processes (Fig. 1D,E).
However, divergent g-tubulin and bIII-tubulin localizations
were observed in Homer Wright (neuroblastic) rosettes.
These centripetal neoplastic structures with fibrillary cores,
comprised tangles of fasciculating neurites, were consistently
and strongly bIII-tubulin-positive (Fig. 2A) but were either
g-tubulin-negative or exhibited weak and inconsistent g-tubulin
fibrillary immunostaining (Fig. 2B). Tumor cells forming Homer
Wright rosettes displayed variously prominent nuclear PCNA
labeling (Fig. 2C).

Differential patterns of cellular localization of g-tubulin and
bIII-tubulin were observed within geographic areas typifying the
nodular/desmoplastic medulloblastomas. In nodular/
desmoplastic medulloblastomas, the cellular distribution of
g-tubulin was prominent in tightly packed sheets of poorly
differentiated and cycling PCNA-positive tumor cells (identical
to classic medulloblastomas), when compared with foci of
tumor neuritogenesis (‘‘pale islands’’) that were strongly
immunoreactive for bIII-tubulin (Fig. 3C,D) and for the most
part, g-tubulin-negative (Figs. 3A,B and 4B). PCNA labeling was
also significantly diminished or was essentially negative in the
‘‘pale islands’’ (Fig. 4A). The inverse pattern of localization of g-
tubulin and bIII-tubulin was further confirmed by double-label
immunofluorescence microscopy (Fig. 4C). Perikaryalg-tubulin
staining was detected in a small population of randomly
scattered tumor cells within the ‘‘pale islands’’ featuring small
hyperchromatic nuclei (Fig. 3B). These isolated cells were
integrally comingled with differentiating cells with larger
vesicular nuclei and elongated axon-like processes exhibiting
robust bIII-tubulin immunoreactivity (Fig. 3D). A statistically
significant difference in g-tubulin, bIII-tubulin, and PCNA LIs
was detected between solid tumor areas and ‘‘pale islands’’



Fig. 1. Patterns of g-tubulin and bIII-tubulin distribution in classic medulloblastomas. Parts A and B show widespread cytoplasmic g-tubulin
immunoreactivity in sheets ofpoorly differentiated tumorcells. PartsDandEdepictbIII-tubulin labeling in populationsof small apolar tumorcells
and slightly polar cells with incipient growth cone-like processes (arrows). Actively proliferating tumor cells are shown in C and F. Avidin biotin
complex (ABC) peroxidase with hematoxylin counterstain. Original magnifications: A, 400T; B–F, 1,000T.
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(P< 0.001 vs. bIII-tubulin, P< 0.005 vs. PCNA). However,
when compared group-for-group with combined LIs obtained
from both tumor components of nodular/desmoplastic
medulloblastomas, no statistically significant differences with
regard to g-tubulin LIs were found between the two major
medulloblastoma subtypes. This is attributed to the fact that, in
the nodular/desmoplastic variant, differentiating foci are
Fig. 2. Homer Wright (neuroblastic) rosettes exhibiting strong bIII-tubu
cores.NotevariouslyprominentPCNAlabeling inthenucleioftumorcells f
counterstain. Original magnifications: A–C, 1,000T.
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overgrown by solid areas comprised of poorly differentiated
and actively cycling tumor cells. The differential distribution of
g-tubulin, bIII-tubulin, and PCNA in the different histological
components of nodular/desmoplastic medulloblastomas is
summarized in Figure 4D.

Diffuse g-tubulin immunoreactivity was detected in the
mitotically active neuronal precursor cells (neuroblasts) of the
lin labeling (A) and lack of g-tubulin immunoreactivity (B) in fibrillary
ormingHomerWrightrosettes(C).ABCperoxidasewithhematoxylin



Fig. 3. Divergent patterns of immunolocalization of g-tubulin and
bIII-tubulin in nodular/desmoplastic medulloblastomas. Distribution
of g-tubulin is prominent in poorly differentiated tumor cells
surrounding foci of tumor neuritogenesis (‘‘pale islands’’) (PI) (A).
Pale islands are strongly immunoreactive for bIII-tubulin (C,D).
Within the pale islands, g-tubulin staining is detected in the
perinuclear cytoplasm (protoperikaryon) of scattered tumor cells
with hyperchromatic nuclei (B), which are admixed with neurite-
bearing tumor cells with larger vesicular nuclei with robust fibrillary
bIII-tubulin immunoreactivity (D). ABC peroxidase with
hematoxylin counterstain. Original magnifications: A, 200T; B,D,
1,000T; C, 400T.
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external granule layer, coupled with weak perikaryal staining of
Purkinje cells and single dot-like staining in Golgi II neurons and
in basket, stellate, and granule cells in the non-neoplastic
cerebellar cortex (not shown).

Differential localization of g-tubulin and bIII-tubulin in
medulloblastoma cell lines

The expression and distribution of g-tubulin was evaluated in
two well-established medulloblastoma cell lines, DAOY and
D283 Med, widely used as representative cell lines in studies
related to medulloblastoma during the past two decades. The
former shows neuronal and glial differentiation whereas the
latter exhibits solely neuronal differentiation potential (He et
al., 1989; Peyrl et al., 2003). Typical immunocytochemical
localizations of g-tubulin in interphase medulloblastoma cell
lines DAOY and D283 Med are shown in Figure 5. Although, in
DAOY cells, g-tubulin was mainly concentrated in MTOC (Fig.
5A), D283 Med cells exhibited predominantly diffuse
cytoplasmic g-tubulin localization, in addition to the MTOC
distribution (Fig. 5D). Similar staining patterns were observed
both with polyclonal and monoclonal anti-g-tubulin antibodies.
In DAOY cells, grown on coverslips as monolayers, bIII-tubulin
labeling was detected both in microtubules and in the
cytoplasmic pool (Fig. 5B). In D283 Med cells, grown as
suspensions, bIII-tubulin had solely a diffuse cytoplasmic
localization and was not associated with interphase
microtubules (Fig. 5E). Although more intensive bIII-tubulin
staining was detected in majority of DAOY cells when
compared with D283 Med cells (Fig. 5B,E), a population of
mostly unipolar D283 cells with incipient growth cone-like
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processes that could easily adhere onto coverslips was strongly
stained for bIII-tubulin (see supporting information Fig. S1).

Immunofluorescent double staining revealed that although
bothg-tubulin andbIII-tubulin were expressed in both cell lines,
no obvious co-localization of these proteins was detected
(Fig. 5C,F). In mitotic DAOY cells, robust bIII-tubulin
immunoreactivity was detected in spindle microtubules of cells
in metaphase (Fig. 6A,B) and anaphase where it was flanked by
two g-tubulin immunoreactive centrosomes (Fig. 6B,C), as well
as in cells in telophase and midbody of cytokinesis (Fig. 6D).
Morphologically, DAOY and D283 Med cells in mitosis also
exhibited diffusely abundant cytoplasmic g-tubulin staining
(Fig. 6C,D).

By immunoblotting, in asynchronously growing
medulloblastoma cell lines, the g-tubulin expression was more
prominent in D283 Med cells when compared with DAOY cells.
On the other hand, more bIII-tubulin was found in DAOY cells
(Fig. 7). In order to follow the distribution of g-tubulin and
bIII-tubulin throughout the different phases of the cell cycle,
synchronization experiments were performed in DAOY cells.
The cell cycle profiles of DAOY cells in asynchronous growth
(AG), after 72 h serum deprivation and hydroxyurea treatment
(72 h SDþHU), after 10 h (10 h rel) and after 29 h release (29 h
rel) from the G0/G1 are shown in Figure 8 (part I). The
distribution of the percentage of cells in the different phases of
the cell cycle for each condition is shown in part II of Figure 8.
Immunoblot analysis of synchronized DAOY cells revealed no
substantial changes in the amount ofg-tubulin andbIII-tubulin in
G0/G1, S, and G2/M phases of the cell cycle (Fig. 9). Putative
proteolytic fragments ofbIII-tubulin were also detected (Fig. 9).

By RT-qPCR, g-tubulin transcripts for TUBG1 and TUBG2
genes were detected in both D283 Med and DAOY cells.
Transcripts for both g-tubulin genes were slightly more
abundant in D283 Med cells. However, expression in
medulloblastoma cell lines was less prominent when compared
with human glioblastoma cell line U138MG (Fig. 10). Similarly,
the expression level of mRNA for bIII-tubulin in
medulloblastoma cell lines was less prominent when compared
with U138MG cells or neuroblastoma cells SH-SY5Y, used as
positive control. Slightly higher expression of bIII-tubulin was
present in DAOY cells when compared with D283 Med cells
(see supporting information Fig. S2).

Discussion

In previous studies, we have shown aberrant expression and
cytoplasmic accumulation of g-tubulin and bIII-tubulin in
astrocytic gliomas according to an ascending scale of
histological malignancy (Katsetos et al., 2006, 2007, 2009a).
Moreover, overexpression and perturbations in the subcellular
distribution of g-tubulin in glioblastoma multiforme, the most
common malignant brain tumor in adults, suggest that g-tubulin
amplification may be a pivotal mechanism underlying
tumorigenesis and tumor progression in gliomas (Katsetos
et al., 2006, 2007, 2009a). The present study is, to our
knowledge, the first to demonstrate overexpression of
g-tubulin also in medulloblastomas and medulloblastoma cell
lines.

Unlike gliomas/glioblastomas, which are phenotypically glial
neoplasms, meduloblastomas exhibit predominantly neuronal/
neuroblastic phenotypes and neuronal differentiation potential,
which recapitulates cerebellar neurogenesis (Katsetos et al.,
2003c; Read et al., 2006). Morphologically, medulloblastomas
display varying degrees of neuritic development typified by
Homer Wright (neuroblastic) rosettes and areas of neoplastic
neuritogenesis referred to as ‘‘pale islands.’’ The latter are
highlighted by robust immunostaining for bIII-tubulin, a marker
of neuronal phenotypes in the context of growth and
differentiation of medulloblastomas, as well as other



Fig. 4. Differential patterns of immunolocalization of proliferating cell nuclear antigen (PCNA), g-tubulin, and bIII-tubulin in nodular/
desmoplasticmedulloblastomas. Co-distributionofPCNA andg-tubulin isprominent in sheets ofpoorly differentiated cells,when compared with
thepale islands (PI)whichare, for themostpart,PCNA-andg-tubulin-negative (A,B).PartCdepicts the inversepatternof localizationofg-tubulin
and bIII-tubulin by immunofluorescence microscopy. Part D is a schematic depiction of the differential patterns of distribution of g-tubulin,
bIII-tubulin, andPCNAin relation tothe histologiccomponentsofnodular/desmoplasticmedulloblastomas. Immunoreactivity is rated as follows:
�, no staining; R, labeling of a small number of tumor cells (LI <20%); RR, labeling of an intermediate number of tumor cells (LI: 20–60%); RRR,
labeling of a large number of tumor cells (LI ‡60%). ABC peroxidase with hematoxylin counterstain (A,B), immunofluorescence (C), hematoxylin
and eosin (D). Original magnifications: A–D 200T.
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neuroblastic tumors of the central and peripheral nervous
systems (Katsetos et al., 1989, 1995b, 2003a,b,c). Although
g-tubulin is co-expressed with bIII-tubulin in subpopulations of
poorly differentiated medulloblastoma cells, these two proteins
exhibit distinct patterns of compartmentalization and
subcellular sorting in relation to neuronal differentiation.

Expression of g-tubulin in medulloblastomas is
inversely related to neuritogenesis

A morphologic comparison of immunoreactivity profiles of
g-tubulin withbIII-tubulin in clinical tumor samples has revealed
that both g-tubulin and bIII-tubulin are widely expressed in
medulloblastomas but in distinct patterns of cellular
distribution. Immunoreactivity for g-tubulin was pervasive
among poorly differentiated PCNA-positive proliferating
tumor cells and was significantly decreased, or absent, in islands
of differentiating tumor cells characterized by elaboration of
elongated axon-like processes and a very low PCNA LI. This
pattern of g-tubulin expression, which is inversely related to
morphologic differentiation (neuritogenesis), recapitulates the
lack of this protein in developing axons and dendrites of
cultured rat sympathetic neurons (Baas and Joshi, 1992). On the
other hand, g-tubulin was detected in neurite-like processes of
murine P19 embryonal carcinoma cells induced by all-trans
retinoid acid to undergo neuronal differentiation (Macurek
et al., 2008). Further studies are needed to determine whether
the microtubules in neurite-like processes of differentiating
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medulloblastoma cells (Katsetos et al., 1988) originate at the
centrosomes or are nucleated in situ in the growing cell
processes.

Medulloblastoma cell lines differ in expression and
distribution of g-tubulin and bIII-tubulin

Non-neoplastic interphase cells contain one or two
juxtanuclear centrosomes typified by pericentriolar staining for
g-tubulin, and usually a relatively small amount of cytosolic
soluble fraction (Nováková et al., 1996; Katsetos et al., 2006).
Although this typical pattern of g-tubulin distribution was found
in DAOY cells, highly prominent diffuse cytoplasmic g-tubulin
staining was detected in D283 Med cells. This pattern of
g-tubulin overexpression mirrors what has been previously
described in other cell lines derived from malignant brain
tumors such as glioblastomas multiforme (Katsetos et al., 2006,
2007, 2009a) indicating that, under neoplastic conditions,
g-tubulin is either incorporated into insoluble (oligomeric)
aggregates, associated with membraneous components, or is
part of an increased cytoplasmic pool. bIII-Tubulin exhibited a
partial cytoskeletal distribution associated with cytoplasmic
microtubule arrays (DAOY cells) as well as a diffuse cytosolic
localization without incorporation into microtubule polymers
(DAOY cells and D283 Med cells). Similar immunofluorescence
staining patterns for g-tubulin and bIII-tubulin were found in
both cell lines under different fixation conditions. Overall,
immunofluorescence experiments revealed a higher level of



Fig. 5. Localization of g-tubulin and bIII-tubulin in interphase DAOY (A–C) and D283 Med (D–F) cells. g-Tubulin (red; A,D) and bIII-tubulin
(green; B,E) staining is combined in merged images (C,F). DAPI (blue). Methanol fixation. Images were captured under identical conditions and
processed in the same manner. Scale bar: 20mm.

Fig. 6. Localization of bIII-tubulin and g-tubulin in mitotic DAOY
cells. Cells in metaphase (A,B), anaphase (C), and telophase/
cytokinesis (D) were stained for bIII-tubulin (green; A–D) and
g-tubulin (red; B–D). DAPI (blue). Note bIII-tubulin immunolabeled
mitotic spindle microtubules of cells in metaphase and anaphase
flanked by two g-tubulin immunoreactive centrosomes (B,C) as well
as in the midbody of cytokinesis (D). Formaldehyde fixation followed
by Triton X-100 extraction. Scale bar: 10mm.
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g-tubulin and a lower level of bIII-tubulin staining in D283 Med
cells when compared with DAOY cells. These findings were
corroborated by immunoblotting experiments and RT-qPCR.
Collectively, these data might reflect higher proliferative and
metastasizing potential of D283 Med cells, which express high
levels of c-Myc mRNA and protein without genomic
amplification (Siu et al., 2003). Overexpression of c-Myc is
associated with tumor anaplasia and worse clinical outcomes in
patients with medulloblastomas (Eberhart et al., 2004). Cho
et al. (2010) have recently shown that aggressive breast cancer
cell lines with metastatic potential exhibit a diffuse and soluble,
as well as distinctly more dispersive, subcellular localization of
g-tubulin when compared with non-invasive cell lines in which
the localization of this protein is largely centrosomal.
Fig. 7. Expression of g-tubulin and bIII-tubulin in asynchronously
growing DAOY and D283 Med medulloblastoma cells.b-Actin served
as loading control.



Fig. 8. Cell cycleprofilesofDAOYcells.Part Idepictsasynchronous growth(AG), after72 hserumdeprivationandhydroxyurea treatment (72 h
SD R HU; synchronized G0/G1 cells), after 10 h release from the G0/G1 phase (10 h rel; synchronized S-phase cells) and after 29 h release from the
G0/G1phase (29 hrel;G2/M synchronous cells). Cellswere replated andrefedwith serumtorestart their cellular cycle (X—relative DNAcontent,
Y—number of cells). Part II shows the distribution (%) of the cells in the different phases of the cell cycle for each condition.
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Differential localization of g-tubulin and bIII-tubulin in
mitotic cells

Previous studies have shown that, in mitotic cells, g-tubulin is
distributed along spindle fibers (Lajoie-Mazenc et al., 1994;
Nováková et al., 1996) and during cytokinesis in the midbodies
(Julian et al., 1993; Nováková et al., 1996). In mitotic DAOY and
D283 Med cells,g-tubulin was not only localized in spindle poles
but also exhibited prominent diffuse cytoplasmic staining.
However, the latter may not necessarily reflect a true increase
Fig. 9. Protein extracts from DAOY cells, corresponding to each
cell cycle profile, were analyzed by immunoblots. The results show a
comparable level of expression of both g- and bIII-tubulins in G0/G1,
S, and G2/M phases of cell cycle.
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in the amount of cytoplasmic g-tubulin, as it may be spuriously
accentuated due to the rounded shape of cells in mitosis. Such
conclusion was supported by immunoblotting experiment on
synchronized DAOY cells, where no changes in the amounts of
g-tubulin were detected in different stages of cell cycle.

Localization of bIII-tubulin in mitotic spindle microtubules,
which is, to our knowledge, reported for the first time in the
context of medulloblastomas, has been previously reported in
neuroblasts (neuronal precursors) of rat sensory and
sympathetic ganglia (Memberg and Hall, 1995) and in cancerous
epithelial, mesenchymal, and nerve sheath cells (Jouhilahti et al.,
2008). Further studies are required to determine the extent to
which bIII-tubulin is expressed in the mitotic spindles as a
universal phenomenon of neoplasia or whether it exhibits
tumor-type selectivity. Also, it remains to be elucidated
whether the expression of this protein in spindle microtubules
of neuronal versus non-neuronal tumors bears any biological or
clinical significance. The detection of bIII-tubulin in mitotic
spindles of medulloblastoma cells has potential implications in
cancer chemotherapy, as microtubules enriched in bIII-tubulin
are known to exhibit increased dynamic instability, and
chemoresistance to tubulin-binding agents, especially taxanes
(reviewed in Katsetos et al., 2009b).

Expression of the two g-tubulin functional genes
in medulloblastomas

When compared with the multiple genes encoding forb-tubulin
isotypes (Ludueña and Banerjee, 2008), there are only two



Fig. 10. Transcription of genes for g-tubulin 1 (TUBG1) and
g-tubulin 2 (TUBG2) in meduloblastoma cell lines DAOY and D283
Med (D283), osteosarcoma cell line U-2OS, and glioblastoma cell line
U138MG (U138) relative to the level in normal human astrocytes
(NHA) (explanted mid-gestational human fetal astrocytes with stem
cell properties). Data are presented as the mean fold change W SEM
obtained from two independent experiments with triplicate samples.
Mean values different from NHA levels are indicated: MMP < 0.01.
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functional genes in mammalian cells (TUBG1, TUBG2) that
code very similar g-tubulin species (Wise et al., 2000; Yuba-
Kubo et al., 2005). TUBG1 is ubiquitously expressed in all cell
types, whereas TUBG2 is expressed mainly in the brain
(Yuba-Kubo et al., 2005). However, in the present study, both
g-tubulin genes were expressed at comparable levels in
medulloblastoma cell lines. RT-qPCR experiments have
revealed that the expression of mRNAs for TUBG1 and TUBG2
in medulloblastoma cell lines is decreased when compared with
the TUBG1 and TUBG2 transcript levels of the human
glioblastoma cell line U138MG. Similarly in the other tested
glioblastoma cell lines, namely, T98G and U118MG, the
expression of mRNAs for TUBG1 and TUBG2 was higher than
in medulloblastoma cell lines (V. Sládková, unpublished data).
Tumor cells can, therefore, substantially differ in the expression
of g-tubulins.

Molecular profiling has revealed changes in the expression of
both TUBG1 and TUBG2 genes in breast cancer cells (Orsetti
et al., 2004), prostate cancer cells (Li et al., 2005), thyroid
carcinoma (Montero-Conde et al., 2008), gliomas (Rickman
et al., 2001), and pediatric pilocytic astrocytomas (Potter et al.,
2008). A recent clinicopathologic study has shown that
g-tubulin may be a promising marker of recurrence of
squamous cell carcinoma of the larynx (Syed et al., 2009).
Increased g-tubulin expression occurs in preinvasive mammary
cancer lesions and infiltrating carcinomas of the breast
(Liu et al., 2009; Niu et al., 2009).

Collectively taken, our findings indicate that in the context of
medulloblastoma, overexpression of g-tubulin is associated
with poorly differentiated, actively proliferating tumor cells
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and is inversely associated with tumor neuritogenesis. The
lack or paucity of g-tubulin distribution in areas of tumor
neuritogenesis of nodular/desmoplastic medulloblastomas
recapitulates normal axogenesis. Overexpression of g-tubulin
in the context of medulloblastomas may be a molecular
signature of phenotypic dedifferentiation (anaplasia) and may be
linked to tumor progression and worse clinical outcomes.
Further studies are indicated in a large patient cohort to
investigate the potential of g-tubulin as a promising tumor
marker.
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