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Abstract We have previously shown that the neuronal-

associated class III b-tubulin isotype and the centrosome-

associated c-tubulin are aberrantly expressed in astrocytic

gliomas (Cell Motil Cytoskeleton 2003, 55:77-96; J Neuro-

pathol Exp Neurol 2006, 65:455–467). Here we determined

the expression, distribution and interaction of bIII-tubulin

and c-tubulin in diffuse-type astrocytic gliomas (grades

II-IV) (n = 17) and the human glioblastoma cell line T98G.

By immunohistochemistry and immunofluorescence

microscopy, bIII-tubulin and c-tubulin were co-distributed

in anaplastic astrocytomas and glioblastomas and to a lesser

extent, in low-grade diffuse astrocytomas (P < 0.05). In

T98G glioblastoma cells bIII-tubulin was associated with

microtubules whereas c-tubulin exhibited striking diffuse

cytoplasmic staining in addition to its expectant centrosome-

associated pericentriolar distribution. Treatment with

different anti-microtubule drugs revealed that bIII-tubulin

was not associated with insoluble c-tubulin aggregates. On

the other hand, immunoprecipitation experiments unveiled

that both tubulins formed complexes in soluble cytoplasmic

pools, where substantial amounts of these proteins were

located. We suggest that aberrant expression and interactions

of bIII-tubulin and c-tubulin may be linked to malignant

changes in glial cells.
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Abbreviations

ANOVA Analysis of variance

Cy3 Indocarbocyanate

DAPI 4¢-6-Diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle medium

EDTA Ethylene diamine tetraacetic acid

EGTA Ethylene glycol tetraacetic acid

FITC Fluorescein isothiocyanate

GCP c-Tubulin complex protein

c-TuRC Large c-tubulin-ring complex

c-TuSC c-Tubulin-small complex

LI Labeling index

MES 2-(N-morpholine)-ethane sulphonic acid

MLI Mean labeling index

MSB Microtubule-stabilizing buffer

MTOC Microtubule organizing center

TBST Tris-Buffered Saline Tween-20
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Introduction

The class III b-tubulin (bIII-tubulin) is widely accepted as a

marker of neuronal differentiation in developmental neu-

robiology (reviewed in [1, 2]. Previous studies conducted by

members of our laboratories have shown that bIII-tubulin

expression in human neuronal/neuroblastic tumors of the

central and peripheral nervous systems is differentiation-

dependent and associated with neuritogenesis in maturing

tumor phenotypes (reviewed in [1–4]. By the same token,

we have previously shown that bIII-tubulin is also aber-

rantly expressed in various histological types of non-neu-

ronal tumors, including gliomas [1, 2]. Among glial tumors,

bIII-tubulin is expressed in diffuse astrocytic gliomas and

glioblastomas [5, 6], oligodendrogliomas [7], pleomorphic

xanthoastrocytomas [6, 8] and related developmental

tumors with ambiguous glioneuronal differentiation

(reviewed in [2]). In the context of diffuse astrocytomas and

oligodendrogliomas bIII-tubulin expression relates to an

ascending scale of histological malignancy [1, 2, 5, 7].

c-Tubulin is the major cytoskeletal constituent of the peri-

centriolar matrix of centrosomes, the cell’s microtubule

organizing centers (MTOCs) where c-tubulin ring complexes

serve as a template for microtubule nucleation [9–11] and play

a role in the regulation of cell cycle progression [12]. c-Tubulin

interacts with a/b-tubulin dimers and may subserve diverse,

albeit hitherto poorly understood, cellular functions [9, 13–16].

We have recently demonstrated that overexpression and

altered cellular distribution of c-tubulin could lead to

centrosome amplification as one of the putative mecha-

nism(s) of tumor progression in astrocytomas [17]. Since

the recruitment of c-tubulin ring complexes is a pre-

requisite for increased microtubule-nucleating activity, we

have reasoned that altered profiles of tubulin expression

may potentially cause abnormal/ectopic microtubule

nucleation in neoplastic glial phenotypes [17].

In this light, we have hypothesized that the aberrant

expression of bIII-tubulin in astrocytic gliomas may be con-

nected to increased expression of c-tubulin in the context of

centrosome dysfunction and/or amplification [1, 17]. Given

that both bIII-tubulin and c-tubulin are known to exhibit

altered patterns of expression in neoplastic glial phenotypes

as compared to normal astroglial cells [5, 17], we aimed to

elucidate the cellular distribution, spatial relationship and

interaction of bIII-tubulin and c-tubulin in human primary

astrocytic gliomas and the glioblastoma cell line T98G.

Experimental procedure

Tissue samples

We evaluated 17 surgically resected samples of diffuse

astrocytic gliomas from adults (n = 12) and children

(n = 5) representative of the World Health Organization

(WHO) histological grades II-IV. The tumor specimens

from adult patients included low-grade diffuse astrocy-

tomas/grade II (n = 5), anaplastic astrocytomas/grade III

(n = 2) and glioblastomas multiforme/grade IV (n = 5).

The five pediatric glioma specimens included examples

of anaplastic glioma of the thalamus and brainstem

(grade III) (n = 2), and diffuse gliomas (grade II) of the

cerebral hemispheric white matter (n = 1) and brainstem

(n = 2). Microtome sections from archived formalin-

fixed, paraffin-embedded tissue blocks were cut at 5 lm

in thickness and stained with hematoxylin and eosin for

morphological evaluation. Adjacent, serially cut, and

sequentially numbered sections were processed for

immunohistochemistry and immunofluorescence micros-

copy. Control tissues included surgical and autopsy tissue

samples from cases devoid of tumor (n = 5). All tumor

specimens utilized in this study were also used in pre-

vious studies [5, 17]. The use of pathological specimens

in the present study was subject to approval by Institu-

tional Review Board (IRB) Exempt Review. No patient

identifiers were used.

Glioblastoma cell line

A well-established, p53 mutant, human glioblastoma cell

line, T98G [18, 19] was obtained from the American Type

Culture Collection (ATCC) (Manassas, Virginia, USA).

The cell line was maintained in 10% FBS in Dulbecco’s

modified Eagle medium (DMEM) at 37�C. To some of the

T98G cell cultures nocodazole (Sigma), taxol (National

Cancer Institute, Bethesda, Maryland, USA) and vinblas-

tine (Gedeon Richter, Budapest Hungary) were added at

10 lM for 18 h. Also, 3T3 cells (mouse embryonic fibro-

blasts) grown in Eagle’s minimal essential medium sup-

plemented with 10% FBS were used as control.

Antibodies

For the detection of class III b-tubulin two mouse mono-

clonal antibodies, TuJ1 (IgG2a) and TU-20 (IgG1) directed

against epitopes on the C-terminal end of the neuron-spe-

cific bIII-tubulin were used. The characterization, purifi-

cation and production of TuJ1 has been described

elsewhere [20–22]. The predominantly neuronal cell type

specificity of monoclonal antibody TuJ1 in developing and

mature, non-neoplastic human tissues has been elucidated

in previous studies [1, 2, 23, 24]. TU-20 was prepared

against a conserved synthetic peptide from the C-terminus

of the human class III b-tubulin isotype [3]. Similarly, the

specifity of TU-20 antibody has been demonstrated previ-

ously [3, 25, 26]. In addition, an affinity purified rabbit

antibody against the CMYEDDDDEESEAQGPK peptide
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identical to the bIII carboxyl terminal, isotype-defining

domain detected by monoclonal antibody TuJ1, was used

[27].

For the detection of c-tubulin, four monoclonal

anti-peptide antibodies recognizing epitopes in C-terminal

or N-terminal domains of the c-tubulin molecule were

used. These included GTU-88 (IgG1) generated against the

EEFATEGTDRKDVFFY peptide corresponding to the

human sequence 38–53 in the N-terminal region of c-

tubulin sequence (Sigma Aldrich cat. no. T6557) and

antibodies TU-30 (IgG2b), TU-31 (IgG2b) and TU-32

(IgG1) generated against EYHAATRPDYISWGTQ pep-

tide corresponding to the human sequence 434–449 in the

C-terminal region of c-tubulin [28]. Specifity of these

antibodies for c-tubulin was verified in various cell types

[24, 29, 30] was extensively characterized. Mouse mono-

clonal antibody NF-09 (IgG2a) against neurofilament

protein NF-M [31] and rabbit antibody against non-muscle

myosin (Biomedical Technologies Inc., Stoughton,

Massachusetts, USA) were used as negative controls in

immunoprecipitation experiments.

Indocarbocyanate (Cy3)-conjugated anti-mouse, and

FITC-conjugated anti-rabbit antibodies for multiple stain-

ing were from Jackson Immunoresearch Laboratories

(West Grove, Pennsylvania, USA). FITC-conjugated anti-

mouse antibody was also bought from Vector Laboratories

(Burlingame, California, USA). Texas Red-conjugated

anti-rabbit antibody was purchased from Vector Labora-

tories. Anti-mouse and anti-rabbit antibodies conjugated

with horseradish peroxidase were purchased from Promega

Biotec (Madison, Wisconsin, USA).

Immunohistochemistry on primary tumors

Prior to immunohistochemistry, 5 lm thick histological

sections from paraffin-embedded tissue blocks were sub-

jected to microwave antigen unmasking in Na+ EDTA

buffer at pH 8.0. Immunohistochemistry was performed

according to the avidin biotin complex (ABC) peroxidase

method using the Mouse IgG ABC Elite� detection kit

(Vector Labs, Burlingame, California, USA) as previously

described [5]. Anti-bIII-tubulin (TuJ1) and anti-c-tubulin

(GTU-88) monoclonal antibodies were diluted 1:500 and

1:300 respectively. Negative controls included omission of

primary antibody and substitution with nonspecific mouse

IgG1 and IgG2b, which were used as immunoglobulin

class-specific controls (corresponding to the immunoglob-

ulin subclasses of the primary antibodies employed in this

study) (Becton Dickinson, Franklin Lakes, New Jersey,

USA). Experiments using non-conjugated isotype matched

control monoclonal antibodies did not show any non-

specific binding of the secondary rabbit anti-mouse IgG1

and IgG2b antibodies.

Histologic preparations were evaluated independently

by a neuropathologist (C.D.K.) and a pediatric pathologist

(J-P.D.) who were blinded as to the pathological diagnosis

and tumor grade designation originally rendered for each

specimen. All 17 surgically resected tumor specimens were

included in previous studies on bIII-tubulin and c-tubulin

detection in astrocytic gliomas [5, 17].

The minimal criterion for the identification of a c-

tubulin -positive cell in the context of an abnormal staining

pattern associated with putative centrosome amplification,

was the detection of 3 or more punctate, dot-like immu-

noreactive signals, or diffuse staining, in the cytoplasm of a

single tumor cell as previously described [17].

Manual cell counting of labeled tumor cells was per-

formed by 2 observers independently (C.D.K., G.R.). Cell

counting and statistical analysis were carried out only in

the adult group of astrocytic gliomas (n = 12). Between

456 and 872 tumor cells were evaluated per case, in 20

non-overlapping high-power (40·) fields and a labeling

index was determined for each case. Labeling index (LI)

was expressed as the percentage (%) of either bIII-tubulin

or c-tubulin labeled cells out of the total number of tumor

cells counted in each case and for each antibody. Interob-

server agreement for the evaluation of immunohistochem-

ical staining was within 15% (k = 0.82) [5]. The median

labeling index (MLI) and the interquartile range (IQR) -

delimited by the 25th and 75th percentiles- were deter-

mined for the set of cases in each histological grade using

one-way ANOVA (Jandel software, Sigmastat). The

statistical significance of differences in labeling indices

between WHO histological grades were examined with

non-parametric statistical techniques using Kruskal-Wallis

analysis of variance tests. A p value of less than 0.05 was

considered as statistically significant. Because of the small

number of pediatric gliomas (P = 5) included in this study,

only qualitative assessment was performed in these cases.

Immunofluorescence on primary tumors

Sections from formalin-fixed, paraffin-embedded tumor

tissues obtained after surgical resection were utilized for

immunofluorescence microscopy as described previously

[17]. For double-labeling immunofluorescence studies on

deparaffinized archival histological sections, monoclonal

antibody GTU-88 against c-tubulin, and the polyclonal

anti-bIII-tubulin antibodies were diluted 1:500. FITC-

conjugated anti-mouse and Texas Red-conjugated anti-

rabbit antibodies were diluted 1:200. 4,6-Diamidino-2-

phenylindole (DAPI) was used to label cell nuclei. Slides

were cover-slipped using an aqueous based mounting

medium (Vector Laboratories).

Immunostained sections were evaluated with a Leica

TCS SP2 AOBS (Acousto-Optical Beam Splitter) laser
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confocal system equipped with a Leica DMRE fluores-

cence microscope. This system is outfitted with an SP

prism spectrophotometer and four sets of movable slit in

front of the detection photomultiplier (PMT) used for

detection of fluorescence emission and minimization of

crosstalk. For balanced excitation of the fluorochromes, the

lasers are combined with acoustico-optical tunable filter

(AOTF) system, which enables to adjust the individual

intensity of the three laser lines (Argon - 488 nm, Green

neon - 543 nm, and helium neon - 633 nm) independently.

A diode (UV laser – 405 nm) is also part of this system.

DAPI was excited by 405 nm beam using a neutral

density filter of 50 and was detected through a spectral of

410–482 nm (emission peak of 456 nm); FITC was excited

by 488 nm laser beam and was detected through a spectral

range of 500–538 nm (emission peak of 520 nm); Texas

Red was excited by the 543 nm beam and was detected

through a spectral range of 589–713 nm (emission peak of

620 nm).

Immunofluorescence on T98G glioblastoma cell line

Immunofluorescence microscopy on fixed cells was per-

formed as described previously [32]. Cells grown on

coverslips, were rinsed briefly with MSB buffer supple-

mented with 4% polyethylene glycol 6000, extracted for

2 min with 0.2% Triton X-100 in MSB and fixed for

20 min in 3% formaldehyde in MSB. When c-tubulin

was detected, coverslips were postfixed for 10 min in

methanol at –20�C.

Monoclonal anti-bIII-tubulin antibody TuJ1 was diluted

1:250. Antibody TU-20 was used as undiluted supernatant.

The polyclonal antibody against bIII-tubulin was diluted

1:500. Monoclonal antibodies against c-tubulin TU-30 and

TU-31 were used as undiluted supernatants. Cy3-conju-

gated anti-mouse antibody was diluted 1:50. FITC-conju-

gated anti-rabbit antibody was diluted 1:100.

For double-label staining of bIII-tubulin and c-tubulin,

the coverslips were incubated simultaneously with anti-c-

tubulin antibody TU-30 and polyclonal anti-bIII-tubulin

antibody. After washing, the coverslips were incubated

simultaneously with the secondary fluorochrome-conju-

gated antibodies. DAPI was used to label cell nuclei. The

preparations were mounted in MOWIOL 4–88 (Calbio-

chem) and examined with Olympus A70 Provis micro-

scope. As negative controls served conjugates alone that

did not give any detectable staining.

Preparation of cell extracts

For preparation of soluble and detergent-resistant

fractions at 37�C, cells on 6-cm Petri dishes were either

directly used for the assay or they were before assay

preincubated 6 h with 0.5 lg nocodazole/ml to disrupt

microtubule arrays. Attached cells were rinsed twice in

microtubule-stabilizing (MSB) buffer (100 mM MES

adjusted to pH 6.9 with KOH, 2 mM EGTA, 2 mM

MgCl2) or in MSB buffer containing nocodazole (MSB/

nocodazole), and then extracted with 0.5 ml of MSB

buffer (37�C) or MSB/nocodazole supplemented with,

protease inhibitor cocktail (‘‘Complete EDTA-free’’ tab-

lets) (Roche Molecular Biochemicals , Mannheim, Ger-

many), phosphatase inhibitors (1 mM Na3V04, 1 mM

NaF) and 0.2% (v/v) Triton X-100. After 1 min incuba-

tion at 37�C, the extract was gently removed, spun down

at 5 000 g for 1 min at 25�C, and one-fourth volume of

4· SDS/PAGE-sample buffer was added to the superna-

tant. The cytoskeletons remaining on the plate were

gently rinsed twice with warm MSB buffer containing

inhibitors and solubilized with 0.625 ml of sample buffer,

prepared by mixing 2· SDS/PAGE-sample buffer with 2·
extraction buffer (1:1). Pelleted material obtained after

spinning down the extract was combined with the cyto-

skeletal fraction. Samples were boiled for 5 min.

When preparing the extract for immunoprecipitation,

cells were rinsed twice in cold MSB and extracted 2 min at

4�C with MSB buffer (0.5 ml/dish) supplemented with

protease and phosphatase inhibitors and 0.2% Triton X-

100. The suspension was then spun down (20,000g,

15 min, 4�C), and supernatant collected.

Immunoprecipitation

Immunoprecipitation was performed as described previ-

ously [32] using TBST [10 mM Tris-HCl (pH 7.4)/

150 mM NaCl/ 0.05% (v/v) Tween 20] for dilution of

extracts and for washings. Cell extracts were incubated

with beads of protein A saturated with: (i) rabbit antibody

against bIII-tubulin, (ii) mouse monoclonal antibody TuJ1

(IgG2a) against bIII-tubulin, (iii) negative control rabbit

antibody against non-muscle myosin and (iv) negative

control mouse antibody NF-09 or with (v) Immobilized

Protein A Plus (Rockford, Illinois, USA) alone. Sedi-

mented beads (30 ll) were incubated for 2 h at 4�C under

constant shaking with 0.5 ml of the corresponding antibody

in TBST. Antibodies against bIII-tubulin (TuJ1) and

myosin were used at immunoglobulin concentration 7 and

4 lg/ml, respectively. Polyclonal affinity purified antibody

against bIII-tubulin was used at dilution 1:50 and control

antibody NF-09 was prepared by mixing 0.4 ml of 10x

concentrated supernatant with 0.8 ml of the TBST buffer.

The beads were pelleted by centrifugation at 5000g for

1 min, washed four times (5 min each) in cold TBST, and

incubated under rocking overnight at 4�C with 0.5 ml of cell

extract, prepared by diluting the extract 1:1 with TBST. The

beads were pelleted and washed four times (5 min each) in
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cold TBST, followed by boiling for 5 min in 70 ll of SDS/

sample buffer to release the bound proteins.

Gel electrophoresis and immunoblotting

SDS/7.5% polyacrylamide gel electrophoresis, electro-

phoretic transfer of separated proteins onto nitrocellulose

and details of the immunostaining procedure are described

elsewhere [33]. The anti-c-tubulin mononclonal antibody

GTU-88 was diluted 1:5,000, anti-bIII-tubulin antibody

TuJ1 was diluted 1:1,000 and polyclonal anti-bIII-tubulin

antibody was diluted 1:1,000. Bound antibodies were

detected after incubation of the blots with secondary anti-

mouse or anti-rabbit antibodies conjugated with horserad-

ish peroxidase (dilution 1:10,000), and after washing with

SuperSignal WestPico chemiluminiscence reagents in

accordance with the manufacturer’s directions (Pierce,

Rockford, Illinois, USA). Exposed autoradiography films

X-Omat AR (Eastman Kodak, Rochester, New York, USA)

were evaluated using gel documentation system GDS 7500

and GelBase/GelBlot Pro analysis software (UVP, Upland,

California, USA).

Results

Immunoreactivity profiles of bIII-tubulin and c-tubulin

on primary brain tumors

A description of the cellular distribution of bIII-tubulin

and c-tubulin in astrocytic gliomas in accordance with

histological type and grade is detailed in our previous

publications [5, 17]. Our findings with regard to the

present series of tumor samples are consistent with those

described in the aforementioned studies [5, 17]. In the 12

astrocytic glioma samples from adult patients, varying

degrees of bIII-tubulin and c-tubulin labeling were

detected in all histological grades (grades II-IV). However,

staining was significantly increased with respect to both

proteins in the high-grade anaplastic astrocytomas and

glioblastomas multiforme (grades III/IV) (bIII-tubulin

MLI: 36.7%; IQR: 29.9%–43.5%; c-tubulin MLI: 43.7%;

IQR: 29.3%–57.5%) as compared to the low-grade diffuse

astrocytomas (grade II) (bIII-tubulin MLI: 4.1%; IQR:

1.4%–8.4%; c-tubulin MLI: 4.7%; IQR: 3.9%–7.8%)

(P < 0.05). A similar trend was noted in pediatric tumors

but the sample of cases was too small for statistical

analysis.

Morphologically, in high-grade astrocytomas, wide-

spread and variably intense bIII-tubulin staining was

present in the perikaryal cytoplasm and cell processes of

astroglial phenotypes (Fig. 1A, C and E). Staining for bIII-

tubulin in low-grade diffuse astrocytomas was significantly

less widespread but was characterized by considerable

heterogeneity of labeling indices among different tumor

samples. Intratumoral bIII-tubulin staining heterogeneity

was noted in individual surgical specimens from both high-

and low-grade tumors but was more prevalent in the latter

group as previously described [5].

Immunoreactivity for c-tubulin was characterized by

overlapping multipunctate and diffuse staining patterns,

which typically merged imperceptibly within individual

tumor cells (Fig. 1B, D and F). The cellular distribution of

c-tubulin mirrored that of bIII-tubulin in immediately

adjacent sections (Fig. 1A–F) insofar as it was more

prominent and widespread in high-grade as compared to

low-grade tumors.

In normal CNS tissues from patients of different ages,

bIII-tubulin localization was predominantly neuronal con-

sistent with previous reports [1, 2, 23, 24]. It was absent in

glial and mesenchymal cells but was detected in immature

neuroepithelial precursor-like cells in the subventricular

zone of the telencephalic germinal matrix as previously

described [34] (data not shown). In non-neoplastic glia, c-

tubulin labeling was detected in the form of one or two

discrete paranuclear dots corresponding to the expected

pericentriolar localization of centrosomes as previously

described [17].

Co-localization of bIII-tubulin and c-tubulin in primary

tumors

In primary, surgically-resected, astrocytic tumors of all

histological grades, co-localization of bIII-tubulin and

c-tubulin was demonstrable by confocal microscopy

throughout the ‘perikaryal’ (perinuclear) cytoplasm of

tumor cells from low-grade diffuse astrocytomas (Fig. 2A,

D and G) and glioblastomas multiforme (Fig. 2B, C, E, F,

H and I). In contrast, divergent staining patterns were

encountered with respect to glial cell processes where bIII-

tubulin staining was generally widespread (Fig. 2E, F, H

and I) whereas c-tubulin staining was either absent or

present only to a limited degree (Fig 2B, C, H and I). In

keeping with our previous reports [5, 17], the distribution

of immunoreactivity for both bIII-tubulin and c-tubulin

was more widespread in high-grade as compared to low-

grade tumors.

Differential distribution of bIII-tubulin and c-tubulin in

T98G cells

In T98G glioblastoma cells two distinct patterns of local-

ization were demonstrated using various antibodies to bIII-

tubulin and c-tubulin. In Triton X-100 extracted cells, anti-

bIII-tubulin antibodies stained predominantly microtubule

arrays and juxta-nuclear cytoplasmic regions (Fig. 3A). In
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contrast no staining was observed in mouse embryonic

fibroblast 3T3 cells that were used as negative control (not

shown). T98G glioblastoma cells exhibited diffuse and

finely granular/confluent micropunctate c-tubulin staining,

that is, in addition to the pericentriolar and juxta-nuclear

cytoplasmic localizations (Fig. 3B). These areas of

non-MTOC staining were variably robust and were dis-

tributed throughout the cytoplasm of T98G cells including

the cell’s periphery (Fig. 3B and C). Overlapping of bIII-

tubulin and c-tubulin labeling was consistently identified in

the perinuclear cytoplasmic region known for its microtu-

bule nucleating activity (Fig. 3A and B, arrows, and C). In

3T3 cells, anti-c-tubulin antibodies stained predominantly

MTOCs in the perinuclear region as demonstrated previ-

ously [28].

We have performed immunofluorescence staining of

bIII-tubulin and c-tubulin also in drug-treated T98G cells

(taxol, vinlastine and nocodazole) to determine the sub-

cellular sorting of these proteins with emphasis on their

presence or absence in insoluble aggregates after micro-

tubule disruption. Treatment of cells with taxol caused the

formation of microtubule bundles exhibiting marked bIII-

tubulin staining (Fig. 4A) and incorporation of c-tubulin in

confluent, variably sized punctate/granular aggregates dis-

tributed throughout the cytoplasm (including the peripheral

portions) of glioblastoma cells (Fig. 4B). In contrast,

treatment with vinblastine caused accumulation of bIII-

tubulin into tubulin paracrystals (Fig. 4C) while diffuse

staining of c-tubulin was unchanged (Fig. 4D). Exposure of

glioblastoma cells to the microtubule depolymerizing drug

nocodazole effectively extinguished bIII-tubulin staining

concomitant with depolymerization of microtubules

(Fig. 4E). Unlike c-tubulin, which retained its multipunc-

tate and/or diffuse staining (Fig. 4F), bIII-tubulin was not

found in insoluble aggregates following nocodazole treat-

ment (Fig. 4E) (also, see Table 1).

bIII-Tubulin forms complexes with c-tubulin in T98G

glioblastoma cells

Extraction of T98G cells with 0.2% Triton X-100 in

microtubule stabilizing buffer at 37�C for 1 min, showed

that substantial amounts of c-tubulin and bIII-tubulin

were present both in soluble and insoluble detergent-

resistant pools. There were, however, differences in

relative distribution of the proteins under study, after

Fig. 1 Immunohistochemical

localization of bIII-tubulin and

c-tubulin in immediately

adjacent sections of a

glioblastoma multiforme (WHO

grade IV). Side-by-side

juxtaposition of three

representative fields stained

with antibodies to bIII-tubulin

(A, C, E) and c-tubulin (B, D,

F). Avidin-biotin complex

peroxidase with hematoxylin

counterstain. Scale bar 250 lm
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disruption of microtubules. The results of a typical same

volume experiment are shown in Fig. 5. c-Tubulin was

present in soluble and cytoskeletal fractions in similar

quantities both in resting cells and in cells preincubated

with nocodazole that efficiently disrupted microtubule

arrays, as also confirmed by immunofluorescence

microscopy (Fig. 4E). On the other hand, bIII-tubulin was

present in both soluble and cytoskeletal fractions, in

similar quantities, only in untreated cells. When micro-

tubules were depolymerized by nocodazole treatment, a

substantially lower amount of bIII-tubulin was detected in

the insoluble fraction. These data indicate that the insol-

uble fraction of c-tubulin is resistant to nocodazole

treatment, while the majority of bIII-tubulin can be ex-

tracted after nocodazole treatment.

In order to determine whether or not bIII-tubulin forms

complexes with c-tubulin, immunoprecipitation experi-

ments with anti-bIII-tubulin antibodies were performed on

extracts from T98G cells. Immunoprecipitation experi-

ments with polyclonal affinity-purified anti-bIII-tubulin

Fig. 3 Co-expression but differential intracellular distribution of

bIII-tubulin and c-tubulin in T98G glioblastoma cells demonstrated

by immunofluorescence microscopy. Cells were stained by double

labeling with a polyclonal antibody against bIII-tubulin (A) and a

monoclonal antibody against c-tubulin (B). bIII-Tubulin staining is

associated with microtubules (A) whereas c-tubulin exhibits a

prominent diffuse cytoplasmic localization beyond the pericentriolar

region (B). Panel C is an overlay of bIII-tubulin (green) and c-tubulin

(red) stainings. Note some overlapping of bIII-tubulin and c-tubulin

in perinuclear cytoplasmic region known for its microtubule

nucleating activity (A, B arrows) and in the merge image where it

is depicted as yellow (C). Scale bar 30 lm

Fig. 2 Immunofluorescence

localization of c-tubulin (A–C
green) and bIII-tubulin (D–F
red) in tumor cells from cases of

diffuse astrocytoma (grade II)

(panels A, D, G) and

glioblastoma multiforme (grade

IV) (panels B, C, E. F, H and I),

Panels A–C (green) and D–F
(red) show, respectively,

localization of c-tubulin and

bIII-tubulin in tumor cells.

Superimposition of images in

the tumor cell from the grade II

astrocytoma demonstrates co-

localization (G, yellow).

Superimposition of images from

the case of glioblastoma

multiforme) reveals co-

localization of c-tubulin and

bIII-tubulin in the perikaryal

cytoplasm of tumor cells but

lack of c-tubulin staining in

tumor cell fibrillary processes

(panels H and I). Laser scanning

confocal microscopy performed

on paraffin sections. Scale bars

(A, D, G) 11 lm (B, E, H)

19 lm, (C, F, I) 13 lm
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antibody immobilized on protein A showed co-precipita-

tion of c-tubulin (Fig. 6A, panel ‘‘c-Tb ‘‘, lane 2). The

similar staining was observed with monoclonal antibodies

GTU-88 and TU-32 directed against a different epitopes

on c-tubulin molecule. No staining in c-tubulin region was

observed when immobilized antibody was incubated

without the extract (Fig. 6A, panel ‘‘c-Tb’’, lane 3) or

when protein A without the antibody was incubated with

extracts (Fig. 6A, panel ‘‘c -Tb’’, lane 4). When the

negative control antibody against myosin was used for

immunoprecipitation, no c-tubulin was detected (not

shown). When immunoprecipitated proteins were probed

with monoclonal antibody TuJ1 against bIII-tubulin,

distinct b-tubulin was detected (Fig. 6A, panel ‘‘bIII-

Tb’’, lanes 2). A similar set of immunoprecipitation

experiments was performed with monoclonal antibody

TuJ1 used for immunoprecipitation. Precipitated c-tubulin

was detected by anti-c-tubulin antibody GTU-88 and

precipitated bIII-tubulin with polyclonal antibody against

bIII-tubulin (Fig. 6B). As negative control for precipita-

tion served in this case monoclonal antibody NF-09

against neurofilament protein NF-M. In this precipitation

arrangement, c-tubulin was also specifically co-precipi-

tated with anti-bIII-tubulin antibody. Soluble bIII-tubulin,

therefore, forms complexes with c-tubulin in T98G human

glioblastoma cells.

Fig. 4 Differential

localizations of bIII-tubulin (A,

C, E) and c-tubulin (B, D, F) in

T98G human glioblastoma cells

treated with taxol (A, B),

vinblastine (C, D) and

nocodazole (E, F). Taxol

treatment causes the formation

of microtubule bundles showing

marked bIII-tubulin staining (A)

while treatment with vinblastine

causes accumulation of bIII-

tubulin into tubulin paracrystals

(C). Nocodazole treatment

produces microtubule

depolymerization and marked

loss of bIII-tubulin staining (E).

In contrast, c-tubulin retains its

multipunctate and/or diffuse

staining after treatment with

used drugs (B, D, F). Scale bar

30 lm

Table 1 Immunofluorescent staining patterns of bIII-tubulin and c-tubulin in T98G human glioblastoma cells after nocodazole treatment

Antigen Basal conditions Nocodazole treatment Comment

bIII-Tubulin +++ MT arrays Abolition of MT staining Depolymerization effect

c-Tubulin ++/+++ Diffuse cytoplasmic/micropunctate ++/+++ Diffuse cytoplasmic/micropunctate Insoluble aggregates

Abbreviation: MT, microtubule

Scale of reactivity: ++ moderate, +++ prominent/robust
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Discussion

Differential subcellular sorting of c-tubulin and bIII-

tubulin in glioblastoma cells

Diploid cells, including non-transformed human astrocytes

contain one or two juxtanuclear centrosomes typified by

pericentriolar staining for c-tubulin [17]. Although T98G

glioblastoma cells recapitulate -in part- this pericentriolar

pattern of distribution, they also exhibit highly prominent

diffuse cytoplasmic c-tubulin staining indicating that under

neoplastic conditions this centrosome-associated protein is

either incorporated into insoluble (oligomeric) aggregates,

associated with mebraneous components, or is part of an

increased soluble pool distributed throughout the cyto-

plasm of tumor cells. In contrast, bIII-tubulin, co-expressed

in glioblastoma cells, exhibited a predominantly cytoskel-

etal distribution associated with cytoplasmic microtubule

arrays.

The subcellular sorting of these two proteins in glio-

blastoma cells was further elucidated following treatment

of T98G cells with microtubule-acting drugs. Exposure

to taxol led to the formation of bIII-tubulin labeled

microtubule bundles while prominent micropunctate and

diffuse c-tubulin staining was unchanged. Previous

studies have shown that expression bIII-tubulin in non-

neuronal tumors is associated with resistance to taxanes

[35–40]. However, the effect of taxol on bIII–tubulin

enriched microtubules in glioma cells is -to our knowl-

edge- unknown and warrants further elucidation. Vin-

blastine treatment of glioblastoma cells led to the

incorporation of bIII-tubulin into tubulin paracrystals,

while c-tubulin distribution was not effected. In contrast,

treatment with nocodazole, a microtubule-depolymerizing

agent, led to microtubule disruption and marked dimi-

nution of bIII-tubulin staining. Thus, bIII-tubulin in

T98G glioblastoma is not associated with insoluble

cytoplasmic aggregates of c-tubulin.

Fig. 5 Immunoblot analysis of soluble and insoluble fractions from

human glioblastoma cell line T98G. Samples were prepared from

untreated cells (lanes 1 and 2) or from cells pre-treated with

nocodazole to disrupt microtubule arrays (lanes 3 and 4). To compare

the relative distribution of immunoblotted proteins, pelleted material

was resuspended in a volume equal to the corresponding supernatant.

Immunostaining with antibody TuJ1 against bIII-tubulin (bIII-Tb)

and antibody TU-32 against c-tubulin (c-Tb). S, supernatant; P, pellet

Fig. 6 Immunoprecipitation of extract from glioblastoma cell line

T98G with polyclonal (A) and monoclonal TuJ1 (B) anti-bIII-tubulin

antibodies. Samples were precipitated with anti-bIII-tubulin antibod-

ies immobilized to protein A. Blots were probed with monoclonal

antibody GTU-88 against c-tubulin (c-Tb), monoclonal antibody TuJ1

against bIII-tubulin (TUJ1) and polyclonal anti- bIII-tubulin antibody

(polyclonal). Cell extract after precipitation (lane 1), immunoprecip-

itated proteins (lane 2), immobilized immunoglobulin not incubated

with cell extract (lane 3), proteins from cell extract bound to carrier

without antibody (lane 4) NOTE: For interpretation of the references

to color in this figure legend, the reader is referred to the online

version of this article
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Interaction of bIII-tubulin and c-tubulin in glioblastoma

cells

Aside from the co-expression and differential compart-

mentalization of bIII-tubulin and c-tubulin in the human

glioblastoma cell line T98G the present study has also

demonstrated for the first time evidence of interaction be-

tween bIII-tubulin and c-tubulin in animal cells in general

and human glioblastoma cells in particular. It is well

established that in cells the majority of c-tubulin is asso-

ciated with other proteins in soluble cytoplasmic com-

plexes. The so-called large c-tubulin-ring complex (c-

TuRC) [11, 41) is formed by small complexes (c-tubulin

small complex; c-TuSC) [42], comprising two molecules of

c-tubulin, one molecule each of c-tubulin complex protein

2 (GCP2) and GCP3 [43] and some other proteins. How-

ever, there are reports indicating that variable amounts of

tubulin dimers are capable of co-precipitating with c-

tubulin in preparations from Xenopus oocytes [11], chicken

erythrocytes [44], porcine brain [16], ovine brain [45] and

from plants [46]. However, it is not known at the present

time, if there are any differences of interaction of c-tubulin

with tubulin dimers as regards a/b-tubulin dimer isotypes.

bIII-Tubulin and c-tubulin in glioma tumorigenesis

Neoplastic cells, particularly the highly malignant or ana-

plastic tumor phenotypes, may exhibit aberrant microtu-

bule nucleation through centrosome abnormalities resulting

in modified functional properties of microtubules. It is

possible that in the course of malignant transformation of

glioma cells such altered or ectopic MTOCs could be

accompanied by changes in tubulin synthesis and tubulin

isotype composition of microtubules potentially associated

with abnormalities involving tumor cell architecture,

polarity, adhesion and motility, including the capacity to

invade and infiltrate host brain tissues.

Alterations in the expression and post-translational

modification of tubulin isotypes may have particular rele-

vance in tumorigenesis and tumor progression [1, 2].

Upregulation of certain tubulin forms may represent

molecular features associated with anaplastic change in

gliomas. To this end, screening of multiple molecules with

oligonucleotide microarray analysis has shown that bIV-

and c-tubulins are upregulated in high- versus low-grade

gliomas [47].The findings of the present study, notably that

bIII-tubulin and c-tubulin are co-distributed in tumor cells

of primary astroglial tumors and furthermore that these two

proteins co-precipitate in soluble fractions of cultured

glioblastoma cells, lend credence to the notion of an altered

interaction of bIII-tubulin with enhanced levels of c-tubu-

lin in the context of cancer-associated centrosome ampli-

fication [17]. This assertion is further supported by the

existing knowledge that c-tubulin interacts with a/b-tubulin

dimers [16].

Previous studies have shown that class III b-tubulin is

expressed in human glioblastoma cell line U251MG [48]

and in glioma-derived clones in vitro either in the form of

cells which lack GFAP staining, as well as in single cells

co-expressing both bIII-tubulin and GFAP [49]. The

U251MG line is derived from a glioblastoma with p53

mutant status, like the T98G line [18]. It is known that

deletion or mutational/functional inactivation of p53 leads

to centrosome dysfunction including centrosome amplifi-

cation [50]. Because TP53 gene mutations are genotypic

hallmarks of ‘secondary’ glioblastomas, which arise as a

consequence of malignant change in pre-existing diffuse

low-grade astrocytomas [51], it is possible that mutational

inactivation of p53 may potentially result in centrosome

amplification and abnormal cellular distribution of c-

tubulin in the p53-mutant T98G human glioblastoma line.

However, as we have recently shown, ectopic patterns of c-

tubulin distribution were present both in human glioblas-

toma cell lines expressing either mutant p53 (T98G,

U118MG and U138MG) or wild-type 53 (U87MG) [17]. It

remains to be determined whether there are differences of

c-tubulin mRNA expression in p53-wild type versus p53-

mutant glioblastoma cell lines and whether these relate to

bIII-tubulin expression.

In summary, our results show for the first time that bIII-

tubulin in neoplastic astrocytes is accompanied by highly

prominent ectopic c-tubulin distribution. Interactions of

both tubulins were observed in soluble cytoplasmic pools

from T98G human glioblastoma cells. However, the nature

of this interaction remains to be determined in future

functional studies focusing on its relation to the cell cycle as

well as the expression and post-translational modifications

of the full repertoire of tubulin isotypes. We suggest that

aberrant expression and interactions of bIII-tubulin and c-

tubulin may be linked to malignant changes in glial cells.
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46. Dryková D, Cenklová V, Sulimenko V et al (2003) Plant c-

tubulin interacts with ab-tubulin dimers and forms membrane-

associated complexes. Plant Cell 15:465–480

47. Rickman DS, Bobek MP, Misek DE et al (2001) Distinctive

molecular profiles of high-grade and low-grade gliomas based on

oligonucleotide microarray analysis. Cancer Res 61:6885–6891

48. Lopes MB, Frankfurter A, Zientek GM et al (1992) The presence

of neuron-associated microtubule proteins in the human U-251

MG cell line. A comparative immunoblot and immunohisto-

chemical study. Mol Chem Neuropathol 17:273–287

49. Ignatova TN, Kukekov VG, Laywell ED et al (2002) Human

cortical glial tumors contain neural stem-like cells expressing

astroglial and neuronal markers in vitro. Glia 39:193–206

50. Tarapore P, Fukasawa K (2002) Loss of p53 and centrosome

hyperamplification. Oncogene 21:6234–6240

51. Ohgaki H, Kleihues P (2005) Population-based studies on inci-

dence, survival rates, and genetic alterations in astrocytic and

oligodendroglial gliomas. J Neuropathol Exp Neurol 64:479–489

1398 Neurochem Res (2007) 32:1387–1398

123


	Class III &bgr;-Tubulin and &ggr;-Tubulin are Co-expressed and Form Complexes in Human Glioblastoma Cells 
	Abstract
	Introduction
	Experimental procedure
	Tissue samples 
	Glioblastoma cell line 
	Antibodies
	Immunohistochemistry on primary tumors
	Immunofluorescence on primary tumors
	Immunofluorescence on T98G glioblastoma cell line
	Preparation of cell extracts
	Immunoprecipitation
	Gel electrophoresis and immunoblotting

	Results
	Immunoreactivity profiles of &bgr;III-tubulin and &ggr;-tubulin on primary brain tumors
	Co-localization of &bgr;III-tubulin and &ggr;-tubulin in primary tumors
	Differential distribution of &bgr;III-tubulin and &ggr;-tubulin in T98G cells
	&bgr;III-Tubulin forms complexes with &ggr;-tubulin in T98G glioblastoma cells

	Discussion
	Differential subcellular sorting of &ggr;-tubulin and &bgr;III-tubulin in glioblastoma cells
	Interaction of &bgr;III-tubulin and &ggr;-tubulin in glioblastoma cells 
	&bgr;III-Tubulin and &ggr;-tubulin in glioma tumorigenesis 

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


