
&p.1:Abstract The class III β-tubulin isotype is widely used
as a neuronal marker in normal and neoplastic tissues.
This isotype was, however, also immunodetected in cer-
tain tumours of non-neuronal origin such as squamous
cell carcinoma. Using a newly described monoclonal
antibody we compared the distribution of class III β-tu-
bulin in normal and neoplastic tissues. The TU-20
mouse monoclonal antibody was prepared against a
conserved synthetic peptide from the C-terminus of the
human class III β-tubulin isotype, and its specificity
was confirmed by immunoblotting, by competitive en-
zyme-linked immunosorbent assay and by immunofluo-
rescence microscopy on cultured cells. In different cell
lines of various origins the antibody reacted only with
neuroblastoma Neuro-2a cells and with embryonal car-
cinoma P19 cells stimulated to neuronal differentiation
by retinoic acid. Immunohistochemistry on formalde-
hyde-fixed paraffin-embedded normal human tissues re-
vealed the presence of the class III β-tubulin isotype in
cell bodies and processes of neuronal cells in the pe-
ripheral and central nervous systems. In other tissues,
this β-tubulin isotype was not immunodetected. Class
III β-tubulin was found in all cases of ganglioneuro-
blastoma, ganglioneuroma, medulloblastoma, neuro-
blastoma, sympathoblastoma and in one case of terato-
ma. In contrast, no reactivity was detected in tumours
of non-neuronal origin, including 32 cases of squamous
cell carcinoma. The results indicate a specific TU-20

epitope expression exclusively in neuronal tissues. The
antibody could thus be a useful tool for the probing of
class III β-tubulin functions in neurons as well as for
immunohistochemical characterisation of tumours of
neuronal origin.&bdy:

Introduction

A major building component of microtubules is the 100-
kDa protein, tubulin, which consists of two 50-kDa sub-
units designated α and β. Both tubulin subunits are en-
coded by a family of genes that produce polypeptides
differing primarily in the C-terminal variable domain
comprised of 15 amino acids. In vertebrates, seven β-tu-
bulin isotype classes were identified on the basis of high-
ly conserved variable domains and characteristic cell
type distribution (Sullivan 1988). It is still an unresolved
issue whether all β-tubulin isotype classes are function-
ally equivalent or whether some are unique in specifying
the functional properties of microtubules in particular
tissues (Ludueña 1993). The neuron-associated class III
β-tubulin isotype is most abundant in cells of neuronal
origin (Burgoyne et al. 1988) but was also immunode-
tected in Sertoli cells of the testis (Lewis and Cowan
1988) and transiently in non-neuronal embryonic tissues
(Lee et al. 1990b). Using the monoclonal antibody TuJ1
(Lee et al. 1990b), which is widely used as a marker of
class III β-tubulin, it was shown that this isotype was one
of the earliest appearing markers of neuronal differentia-
tion (Easter et al. 1993). Class III β-tubulin was ex-
pressed in a differentiation-dependent manner in human
neuroblastic tumours, highlighting neoplastic neurito-
genes is in medulloblastomas (Katsetos et al. 1989), ret-
inoblastomas (Katsetos et al. 1991) and peripheral neuro-
blastomas (Katsetos et al. 1994). Class III β-tubulin can
be used as a marker for primitive neuroepithelium in ter-
atomas (Caccamo et al. 1989). A corresponding epitope
was, however, also immunohistochemically detected on
paraffin sections of human squamous cell carcinomas,
lymphomas and melanomas (Scott et al. 1990).
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In this study we have used a newly prepared monoclo-
nal antibody, raised against an eight-amino acid peptide
from the C-terminal end of human class III β-tubulin, in
order to evaluate the immunohistochemical distribution
of this isotype in normal and neoplastic human tissues,
including squamous cell carcinomas.

Materials and methods

Cells

Human epidermoid carcinoma line A431, human lung carcinoma
line LEP 19, human cervical adenocarcinoma (HeLa cells), mouse
neuroblastoma Neuro-2a, mouse embryonic 3T3 fibroblasts,
mouse embryonal carcinoma P19, rat leukaemic basophilic granu-
locyte RBL-1 and rat kangaroo kidney PtK2 were from the bank of
cell lines of the Institute of Molecular Genetics, Praque. Human
squamous cell carcinoma lines UM SCC 1, UM SCC 2 and UM
SCC 22B were kindly provided by T.E. Carey (University of
Michigan, Ann Arbor, USA). Cells were grown on coverslips at
37° C in air with 5% CO2 in Eagle’s minimal essential medium
supplemented with 10% (v/v) heat-inactivated fetal calf serum
(Biocom, Opava, Czech Republic). P19 cells were stimulated to
neuronal differentiation by incubation for 5 days with 1 µM all
trans-retinoic acid (Sigma-Aldrich, Prague, Czech Republic).

Tissue samples

Human tissues were obtained as surgical specimens. All speci-
mens were biopsies, except autopsy samples of spinal cord (boy 9
years, bronchopneumonia), peripheral nerve (male 77 years, bron-
chopneumonia), cerebellar cortex (boy 9 years, leukaemia) and ce-
rebral cortex (boy 2 years, congenital heart disease). Post-mortem
time for all autopsy specimens was 5 h. Samples were either snap
frozen in a mixture of propane–butane, precooled in liquid nitro-
gen and stored at −70° C, or fixed in buffered formaldehyde for
24–48 h and routinely embedded in paraffin for histopathological
classification. Samples of normal and neoplastic tissues were from
the Pathology Department of The Netherlands Cancer Institute and
from the Pathology Department of the Medical Faculty of Mas-
aryk University, Brno.

Peptide synthesis

An eight-amino acid peptide, ESESQGPK, corresponding to the
human class III β-tubulin sequence 441–448 (Sullivan and Cleve-
land 1986) was synthesised. Cysteine (C) has been added to the N-
terminus of the peptide in order to allow oriented coupling to car-
rier proteins. In competitive assays, an eight-amino acid peptide,
GEEEGEEY, corresponding to the porcine α-tubulin sequence
444–451 (Ponstingl et al. 1981) and a 16-amino acid peptide,
EYHAATRPDYISWGTQ, corresponding to the human γ-tubulin
sequence 434–449 (Zheng et al. 1991), were also used. The pep-
tides were prepared by I. Bláha (Institute of Organic Chemistry
and Biochemistry, Academy of Sciences of the Czech Republic,
Prague) by the solid-phase method (Merrifield 1963) on the clas-
sic Merrifield’s chlormethylated carrier. Details of peptide synthe-
sis and HPLC purification were described previously (Viklický et
al. 1988).

Protein preparation

Microtubule proteins from porcine brain were preparred by two
temperature-dependent cycles of assembly and disassembly ac-
cording to Shelanski et al. (1973). Tubulin depleted of microtu-
bule-associated proteins was obtained by phosphocellulose chro-

matography (Weingarten et al. 1975). Protein concentration was
determined by the method of Lowry et al. (1951) using bovine se-
rum albumin (BSA; Serva Feinbiochemica, Heidelberg, Germany)
as standard. Tubulin samples were reduced and carboxymethylated
(Crestfield et al. 1963), dialysed against 0.06 M TRIS-phosphate
sample buffer containing 0.8 M sucrose and stored in liquid nitro-
gen.

Antibodies

Peptide (C)441–448 was covalently coupled to maleimide-activat-
ed keyhole limpet hemocyanin (KLH) or BSA (Imject Activated
Immunogen Conjugation kit; Pierce, Rockford, USA) at a ratio of
2 mg peptide/2 mg activated carrier protein according to the man-
ufacturer’s directions. A Balb/c mouse was immunised sub-
cutanously (s.c.) with 100 µg of KLH with coupled peptide in Fre-
und’s complete adjuvant. Booster injections of 100 µg of antigen
in Freund’s incomplete ajduvant were given s.c. at 3-week inter-
vals. Sera were monitored for antibody activity by enzyme-linked
immunosorbent assay (ELISA) on BSA with coupled peptide. The
fusion with mouse myeloma Sp2/0 cells, screening by ELISA,
cloning and production of ascitic fluids have been described previ-
ously (Viklický et al. 1982; Dráber et al. 1988).

Monoclonal antibodies TU-12 (Dráber et al. 1991) and TU-14
(Dráber et al. 1989) against β-tubulin were described previously. It
was shown earlier that in brain the antibody TU-14 reacted with β-
tubulin classes I, II, IV, but not with the neuron-specific class III
(Linhartová et al. 1992). A new mouse monoclonal antibody, TU-
18 (IgM), against αβ-tubulin dimers was selected from hybrid-
omas producing antibodies against cytoskeletal proteins extracted
from human gingival epithelium. In double-label fluorescence, mi-
crotubular structures were detected with an affinity-purified poly-
clonal antibody against the αβ-tubulin dimer (Dráber et al. 1991).
Fluroescein isothiocyanate (FITC)-conjugated anti-mouse Ig anti-
body as well as horseradish peroxidase-conjugated anti-mouse Ig
antibody were from Sevac (Prague, Czech Republic) or from Dako
(Glostrup, Denmark); tetramethylrhodamine isothiocyanate
(TRITC)-conjugated anti-rabbit Ig antibody was from Sanbio
(Uden, The Netherlands) and anti-mouse Ig antibody conjugated
with alkaline phsophatase was purchased from Promega Biotec
(Madison, USA).

ELISA

Competitive ELISA was performed as described (Grimm et al.
1987) using HPLC-pure peptides, BSA and prediluted supernatants.
Values for the maximal optical density were between 0.8 and 0.9.
Antibodies were mixed with variable concentrations of peptides or
BSA, and incubated for 60 min at room temperature. The remaining
antibody-binding activity was detected in ELISA using immobili-
sed phosphocellulose-purified porcine brain tubulin. Bound anti-
bodies were detected with anti-mouse antibody conjugated with
horseradish peroxidase and o-phenylenediamine as chromogen. Op-
tical density at 490 nm was measured with a Microelisa Mini Read-
er (Dynatech Laboratories, Alexandria, USA). Three measurements
were made for each test point. Standard errors of the means of trip-
licate absorbance measurements were less than 3%.

Electrophoresis and immunoblotting

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried
out according to Laemmli (1970). Separated proteins were trans-
ferred onto nitrocellulose sheets by electroblotting (Towbin et al.
1979). Details of the immunostaining procedure using secondary
antibody labelled with alkaline phosphatase are described else-
where (Dráber et al. 1988). Monoclonal antibodies were used as
ascitic fluids diluted 1:1000. Isoelectric points (pIs) were deter-
mined by isoelectric focusing in a horizontal thin layer with the
help of pI markers (Pharmacia LKB Biotechnology, Bromma,
Sweden).
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Immunofluorescence on cell lines

Fixed cytoskeletons were immunostained as described (Dráber et
al. 1989). Briefly, cells grown on coverslips were extracted for 1
min with 0.2% Triton X-100 at 37° C and fixed for 20 min in 3%
formaldehyde at the same temperature. Alternatively, cells were
fixed for 10 min in methanol at −20° C followed by 6 min in ace-
tone at −20° C. Monoclonal antibodies were used as undiluted su-
pernatants or ascitic fluids diluted 1:500. For double-label immu-
nofluorescence with affinity-purified rabbit antibody against the
αβ-tubulin dimer and monoclonal antibodies, the coverslips were
first incubated with monoclonal antibody and, after washing, with
polyclonal antibody (dilution 1:10). Slides were incubated thereaf-
ter simultaneously with TRITC-conjugated anti-rabbit Ig antibody
and FITC-conjugated anti-mouse Ig antibody.

Immunohistochemical staining

Cryosections were fixed in cold methanol/acetone or in formalde-
hyde followed by Triton X-100 treatment (Lukás et al. 1993). Par-
affin sections were cut, deparaffinised and the endogenous peroxi-
dase was blocked as described (Van Bommel et al. 1994). The 5-
µm-thick sections were then heated in a microwave oven in 10
mM citrate buffer, pH 6.0 for a few seconds until boiling and then
allowed to cool over a period of 15 min. Immunostaining with an-
tibodies was performed as described (Ivanyi et al.1990). Samples
were incubated for 1 h with monoclonal antibody (ascitic fluid di-
luted 1:100), washed and then incubated with either FITC-conju-
gated anti-mouse antibody (dilution 1:100) or peroxidase-conju-
gated anti-mouse antibody (dilution 1:50). 3,3´-Diaminobenzidine
was used as the chromogen in immunoperoxidase staining and
Harris’s haematoxylin was used for counterstaining the nuclei. In
negative controls, the primary antibodies were omitted from the
staining procedures.

Results

Specificity of antibody TU-20

The mouse monoclonal antibody TU-20 (IgG1, pI
6.4–6.6) used in this study was raised against the phylo-
genetically conserved synthetic peptide from the C-ter-
minal end of class III β-tubulin. To verify the specificity
of the antibody, immunoblotting was performed on re-
duced and S-carboxymethylated purified porcine brain
tubulin, which can be separated by SDS-PAGE into α-tu-
bulin, major β-tubulin (β1) and minor β-tubulin (β2)
components. β2 has lower relative electrophoretic mobil-
ity than β1 as demonstrated in Fig. 1A. It is known that
β2 contains class III β-tubulin (Banerjee et al. 1990). The
antibodies TU-18, TU-12 and TU-14 were used as mark-
ers of separated tubulins. Antibody TU-18 reacted with
α-tubulin, β1 and β2 components; antibody TU-12 with
both β1 and β2 components; and antibody TU-14 with
the β1 component (Fig. 1B, lanes 1–3). The antibody
TU-20 stained only the β2 component (Fig. 1B, lane 4).
In whole-cell lysate of porcine brain, TU-20 reacted only
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Fig. 1A, B Reactivity of monoclonal antibodies with reduced and
carboxymethylated porcine brain tubulin. A Coomassie blue stain-
ing. Lanes 1–3contain 15 µg, 20 µg and 30 µg of protein, respec-
tively. B Immunoblot with monoclonal antibodies. Lanes 1–4im-
munoreactivity with antibodies TU-18, TU-12, TU-14 and TU-20,
respectively; 30 µm protein per lane; 7.5% SDS-polyacrylamide
gel. β1 and β2 denote the electrophoretic mobility of the major and
minor (class III) β-tubulin components, respectively&/fig.c:

Fig. 2A, B Specificity of antibodies determined by immunoblot-
ting. A Immunoblot of total extract of porcine brain with anti-tu-
bulin monoclonal antibodies. Lane 1 amido black staining of
transferred proteins. Lanes 2–5immunoreactivity with antibodies
TU-18, TU-12, TU-14 and TU-20, respectively; 5–15% gradient
SDS-polyacrylamide gel. Bars on the left margin indicate posi-
tions, from top to bottom, of specific molecular weight markers
(116, 97.4, 66, 45 and 29 kDa). B Immunoblot of total extract of
neuroblastoma Neuro-2a cells with TU-20. Lane 1 Coomassie
blue staining. Lane 2 immunoreactivity with antibody TU-20;
7.5% SDS-polyacrylamide gel. Bars on the left margin indicate
positions, from top to bottom, of specific molecular weight mark-
ers (205, 116, 97.4, 66 and 45 kDa)&/fig.c:
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with a protein of electrophoretic mobility corresponding
to β-tubulin and no cross-reactivity with other proteins
was detected. In comparison with the marker antibodies
TU-12 and TU-14, the TU-20 antibody reacted with a mi-
nor band in the β-tubulin region (Fig. 2A). From the pan-
el of cell lines of different tissue origin tested, TU-20 re-
acted only with neuroblastoma Neuro-2a cells (Fig. 2B).
It did not react in immunoblotting with any proteins from
the following cell lines: 3T3, A431, HeLa, LEP 19, P19,
PtK2, RBL-1, UM SCC 1, UM SCC 2 and UM SCC 22B.

The specificity of the antibody was further confirmed
by competitive ELISA. The antibody was strongly inhib-
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Fig. 3 Comparison of the reactivity of TU-20 antibody with pep-
tides by indirect competitive ELISA. (● C-terminal peptide, ES-
ESQGPK, of class III β-tubulin, ■ C-terminal peptide, GEEE-
GEEY, of tyrosinated α-tubulin)&/fig.c:

Fig. 4A–F Specificity of TU-20 antibody determined by immuno-
fluorescence. Double-label staining of mouse neuroblastoma Neu-
ro-2a cells (A, B), human squamous cell carcinoma UM SCC 2
(C, D) and mouse embryonal P19 carcinoma cells stimulated to
neuronal differentiation by retinoic acid (E, F) with affinity-puri-
fied polyclonal anti-tubulin antibody (A, C, E) and monoclonal
antibody TU-20 (B, D, F), Bar 20 µm&/fig.c:



ited by the C-terminal peptide, ESESQGPK, of class III
β-tubulin that was used for immunisation, however, the
C-terminal peptide of α-tubulin, GEEEGEEY, as well as
C-terminal peptide EEFATEGTDRKDVFFY of γ-tubulin
did not exert any inhibitory effect at the highest concen-
tration tested (10 µM). Similarly, control BSA was with-
out effect at that concentration. A typical example of
competitive ELISA is shown in Fig. 3.

Immunofluorescence experiments on the panel of cell
lines tested showed decoration of all microtubule struc-
tures – interphase arrays, mitotic spindle, midbody in late
telophase – in neuroblastoma cells (Fig. 4A, B). In other
cell lines, including squamous cell carcinoma cell lines
UM SCC 1, UM SCC 2 (Fig. 4C, D) and UM SCC 22B,
no specific staining was detected. In a population of P19
cells stimulated to neuronal differentiation, the antibody
TU-20 strongly stained only those cells with neuronal
processes and not the undifferentiated cells (Fig. 4E, F).
Microtubules were detected in preparations extracted
with Triton X-100 and fixed with formaldehyde as well
as in preparations fixed with cold methanol/acetone.

Immunolocalisation of class III β-tubulin
in normal human tissues

On both methanol/acetone- and formaldehyde-fixed frozen
sections, as well as on formaldehyde-fixed paraffin-embed-
ded material, the antibody reacted with a staining pattern
characteristic for nerve fibres and neuronal cells. Immuno-
staining was stronger on formaldehyde-fixed material. On
formaldehyde-fixed paraffin-embedded material the anti-
body intensively stained neural processes and ganglion
cells in grey matter of the spinal cord (Fig. 5A) and in
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Fig. 5A–E Immunohistochemical distribution of class III β-tubu-
lin in different brain regions and peripheral nerves detected by
staining with TU-20 antibody. Immunoperoxidase staining of mul-
tipolar ganglion cells and neuronal processes in the ventral horn of
grey matter in the lumbar part of the spinal cord (A), ganglion
cells and their processes in sympathetic ganglion (B), axons in
nervus femoralis (C), perikarya of pyramidal cells in cerebral cor-
tex (D) and Purkinje cells and bodies of granule cells (arrow) in
the internal granular layer of cerebellum (E). Bar 20 µm&/fig.c:
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Fig. 6A–D Immunohistochemical distribution of class III β-tubulin
in cerebellum, large intestine, medulloblastoma and ganglioneuro-
ma. Immunoperoxidase staining of perikarya and dendrites of Pur-
kinje cells in cerebellum (A), perikarya and neuronal processes in
Auerbach’s plexus in large intestine (B), perikarya of neoplastic
cells in medulloblastoma (C) and neuronal processes and perikarya
of neoplastic ganglion cells in ganglioneuroma (D). Bar 20 µm&/fig.c:

sympathetic ganglia (Fig. 5B). Strong staining was detect-
ed in nerve fibres of peripheral nerves, as demonstrated on
the cross-section of nervus femoralis (Fig. 5C). No staining
of surrounding myelin sheets was found. Mainly the peri-
karya of pyramidal cells were moderately strongly stained
in grey matter of the cerebral cortex (Fig. 5D). Purkinje
cells were most intensively stained in cerebellum (Fig. 5E).
Heterogeneous staining of granule cells bodies was found
in the internal granular layer (IGL), with strong positivity
in the part of the IGL adjacent to white matter (Fig. 5E). In

the medullar layer, axons were stained. In the molecular
layer of the cerebellum, only dendrites of Purkinje cells
were strongly decorated (Fig. 6A); parallel fibres and bas-
ket cells remained unstained. Overall, glial elements of the
nervous system were unstained. In the large intestine, lung,
skin (inclusive of sweat glands, sebaceous glands), salivary
gland, tongue and urinary bladder no reactivity was detect-
ed, except in peripheral nerves. A faint staining of Sertoli
cells was occasionally detected in testis. An example of
staining of perikarya and neuronal processes in Auerbach’s
plexus in the large intestine is shown in Fig. 6B.

Immunolocalisation of class III β-tubulin
in neoplastic tissues

The TU-20 antibody heterogeneously stained perikarya
of cells in neuroblastomas, sympathoblastoma and med-



ulloblastomas (Fig. 6C). In some neuroblastomas, de-
veloping neuronal processes were also stained. In gan-
glioneuroblastomas and ganglioneuromas staining was
observed in perikarya of neuronal cells as well as in
their processes. Heterogeneous immunoreactivity in
perikarya of neoplastic ganglion cells and strong stain-
ing of neuronal processes in ganglioneuroma is shown
in Fig. 6D. In the panel of squamous cell carcinomas
tested, originating from larynx, lung, mouth floor, phar-
ynx, skin and urinary bladder, the antibody did not give
any specific staining (Fig. 7A). Similarly, in other non-
neuronal tumours of various tissue origins tested the an-
tibody did not stain neoplastic structures. In surround-
ing tissues, vascular smooth muscle cells were occa-
sionally very faintly stained. In one case, staining was
also found in a teratoma. The stained subpopulation of
cells probably represented primitive neural tissue (Fig.
7B). The results of immunostaining on formaldehyde-
fixed paraffin-embedded material are summarised in
Table 1.

Discussion

Differentiation and maturation of neuronal cell types
during normal and neoplastic development is accompa-
nied by specific expression of microtubule-associated
proteins and tubulins (Molenaar et al. 1989; Lee et al.
1990b). Seven β-tubulin isotype classes are produced in
humans, with different tissue distribution (Sullivan
1988). Class III β-tubulin is one of the first cytoskeletal
proteins with neuronal specificity to be expressed (Lee et
al. 1990a, b) and was detected in a wide variety of neural
tissues and tumours of neuroepithelial origin. This iso-
type was, however, also immunodetected in testis (Lu-
dueña 1993) and in some tumours of non-neuronal origin
(Scott et al. 1990). Here we report on the expression of
class III β-tubulin detected by a new monoclonal anti-
body in normal and neoplastic human tissues.

The antibody was prepared against synthetic peptide
from the C-terminal end of human class III β-tubulin
and its specificity was confirmed by double immunoflu-
orescence with affinity-purified polyclonal antibody
against the αβ-tubulin heterodimer, by immunoblotting
and by competitive ELISA. The antibody decorated all
microtubule structures in mouse neuroblastoma Neuro-
2a, and preincubation of the antibody with peptide used
for immunisation precluded the labelling (not shown).
No granular non-filamentous staining, described for
stimulated pheochromocytoma PC-12 cells labelled with
polyclonal anti-class III β-tubulin antibody (Asai and
Remolona 1989), was observed. In mouse embryonal
carcinoma P19 cells, stimulated by retinoic acid, all
neuronal processes were continuously stained. No stain-
ing was found in other cell lines including PtK2 and
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Table 1 Immunohistochemical reactivity of TU-20 with human
tumours&/tbl.c:&tbl.b:

Type Positive/number tested

Ganglioneuroblastoma 3/3
Ganglioneuroma 5/5
Medulloblastoma 2/2
Neuroblastoma 3/3
Sympathoblastoma 1/1
Teratoma 1/3
Adenocarcinoma 0/10
Astrocytoma 0/3
Basalioma 0/3
Glioblastoma 0/3
Hodgkin’s lymphoma 0/2
Leiomyosarcoma 0/3
Melanoma 0/3
Mesothelioma 0/3
Schwanoma 0/2
Squamous cell carcinoma

Total 0/32
Larynx 0/6
Lungs 0/2
Mouth floor 0/7
Pharynx 0/5
Skin 0/7
Urinary bladder 0/5

&/tbl.b:

Fig. 7A, B Immunohistochemical staining of squamous cell carci-
noma and teratoma with TU-20 antibody. A Immunoperoxidase
staining of sqamous cell carcinoma of the lungs does not show any
immunoreactivity. Nuclei counterstained with haematoxylin. B
Immunofluorescence staining of a subpopulation of cells in a tera-
toma. Bar 20 µm&/fig.c:



squamous cell carcinomas lines UM SCC 1, UM SCC 2
and UM SCC 22B. Previously, it was reported that PtK2
cells (Stearns et al. 1988) and three different squamous
cell carcinoma lines were immunostained by antibody
against class III β-tubulin (Scott et al. 1990). The results
of immunoblotting on carboxymethylated purified tubu-
lin confirmed that the TU-20 antibody did not cross-re-
act either with α-tubulin or with other β-tubulin isotype
classes present in brain (Banerjee et al. 1990). Limited
reactivity with β-tubulin was also detected on immuno-
blots after high resolution isoelectric focusing of por-
cine brain tubulin (Linhartová et al. 1992). The antibody
TU-20 stained only subsets of β-tubulin isoelectric vari-
ants (isoforms) in comparison with the generic anti-β-tu-
bulin antibody, TU-06. TU-20 stained identical isoforms
as antibody SDL.3D10 (Sigma-Aldrich, Prague, Czech
Republic), which recognises class III β-tubulin (Bane-
rjee et al.1990; I. Linhartová, P. Dráber, unpublished da-
ta). Reactivity with only a minor component of β-tubu-
lin was observed on mouse, rat and porcine whole brain
lysates.

Immunohistochemical staining of formaldehyde-fixed
paraffin-embedded normal human tissues showed specif-
ic staining of cells of neuronal origin in the central and
peripheral nervous systems. Faint reactivity was occa-
sionally found in Sertoli cells of the testis. Class III β-tu-
bulin was previously immunodetected in mouse testis by
immunoblotting (Frankfurter et al. 1986; Burgoyne et al.
1988; Lewis and Cowan 1988; Lee et al. 1990a) as well
as by immunofluorescence in murine Sertoli cells (Lewis
and Cowan 1988). In the neoplastic human tissues tested,
class III β-tubulin was detected in tumours of neuronal
origin and in one case of teratoma, where it was found in
a subpopulation of cells. The observed expression of
class III β-tubulin detected by antibody TU-20 in human
medulloblastoma and neuroblastoma are in accordance
with previous immunohistochemical findings in medul-
loblastoma (Katsetos et al. 1989; Maraziotis et al. 1992),
primary explants of medulloblastoma (Vinores et al.
1994) and neuroblastoma (Katsetos et al. 1994). The
presence of class III β-tubulin in neuroepithelial compo-
nents of a spontaneous murine ovarian teratoma was also
described (Caccamo et al. 1989). We did not, however,
found the isotype in other tumours of non-neuronal ori-
gin, including Hodgkin’s lymphoma and squamous cell
carcinoma. Using the monoclonal antibody TuJ1 against
class III β-tubulin, reactivity had previously been report-
ed in B-cell lymphoma and squamous cell carcinoma,
but not in normal epithelial cells. It was suggested that
the corresponding epitope could serve as a marker for
malignant transformation, at least in the case of epithe-
lial cells (Scott et al. 1990).

Observed differences in the staining of squamous cell
carcinomas with antibodies TuJ1 and TU-20 are proba-
bly not due to the fixation protocols applied, as in both
cases formaldehyde-fixed, paraffin-embedded materials
were stained. The antibodies most probably recognise
different epitopes in the C-terminal region of class III β-
tubulin. The TuJ1 antibody was raised against chicken

brain tubulin and its epitope is located in the peptide
covering the last 14 amino acids on the C-terminal end
of chicken class III β-tubulin (Lobert et al. 1995). In this
region, the chicken and human class III β-tubulins differ
at two amino acid residues (Ludueña 1993). The antigen-
ic determinant recognised by antibody TU-20 could thus
specifically masked by posttranslational modification(s)
or by binding of microtubule-associated proteins in squa-
mous cell carcinomas. It is well established that C-termi-
nal ends are extensively posttranslationally modified in
various β-tubulin isotypes and interact with associated
proteins (Ludueña 1993). Alternatively, the sequence of
the last eight amino acids on the C-terminal end of hu-
man class III β-tubulin, in which the TU-20 epitope is
located, is present only in neuronal tissues.

In conclusion, the data presented indicate specific ex-
pression of the class III β-tubulin isotype detected by an-
tibody TU-20 only in normal and neoplastic human tis-
sues of neuronal origin. Our findings provide additional
evidence that class III β-tubulin is a useful marker for
the identification of neuronal neoplasms.

&p.2:Acknowledgements We thank Dr. M. Nováková for help with
immunocompetitive tests and Dr. A. Banerjee (University of Tex-
as, San Antonio, USA) and Dr. A. Smertenko (University of Lon-
don, Egham, UK) for help with carboxymethylation of tubulin and
separation of class III β-tubulin. Cell lines UM SCC 1, UM SCC 2
and UM SCC 22B were kindly provided by Dr. T.E. Carey (Uni-
versity of Michigan, Ann Arbor, USA). This work was supported
in parts by grant 301/94/1674 from GA CR and by EC grant ERB
3510 PL927710.

References

Asai DJ, Remolona NM (1989) Tubulin isotype usage in vivo: a
unique spatial distribution of the minor neuronal-specific β-tu-
bulin isotype in pheochromocytoma cells. Dev Biol 132:
398–409

Banerjee A, Roach MC, Trcka P, Ludueña RF (1990) Increased
microtubule assembly in bovine brain tubulin lacking the type
III isotype of β-tubulin. J Biol Chem 265:1794–1799

Burgoyne RD, Cambray-Deakin MA, Lewis SA, Sarkar S,Cowan
NJ (1988) Differential distribution of β-tubulin isotypes in cer-
ebellum. EMBO J 7:2311–2319

Caccamo D, Katsetos CD, Herman MM, Frankfurter A, Collins
VP, Rubinstein LJ (1989) Immunohistochemistry of a sponta-
neous murine ovarian teratoma with neuroepithelial differenti-
ation. Neuron-associated β-tubulin as a marker for primitive
neuroepithelium. Lab Invest 60:390–398

Crestfield AM, Moore S, Stein WH (1963) The preparation and
enzymatic hydrolysis of reduced and S-carboxymethylated
proteins. J Biol Chem 238:622–627

Dráber P, Lagunowich LA, Dráberová E, Viklický V, Damjanov I
(1988) Heterogeneity of tubulin epitopes in mouse fetal tis-
sues. Histochemistry 89:485–492

Dráber P, Dráberová E, Linhartová I, Viklický V (1989) Differ-
ences in the exposure of C- and N-terminal tubulin domains in
cytoplasmic microtubules detected with domain-specific
monoclonal antibodies. J Cell Sci 92:519–528

Dráber P, Dráberová E, Viklický V (1991) Immunostaining of hu-
man spermatozoa with tubulin domain-specific monoclonal
antibodies. Histochemistry 195:519–524

Easter SS, Ross LS, Frankfurter A (1993) Initial tract formation in
the mouse brain. J Neurosci 13:285–299

Frankfurter A, Binder LI, Rebhun LI (1986) Limited tissue distri-
bution of a novel beta-tubulin isoform. J Cell Biol 103:273a

238

ˆ



Grimm M, Breitling F, Little M (1987) Location of the epitope for
the alpha-tubulin monoclonal antibody TU-01. Biochim Bio-
phys Acta 914:83–88

Ivanyi D, Groeneveld E, Van Doornewaard G, Mooi WJ, Hageman
PC (1990) Keratin subtypes in carcinomas of the uterine cer-
vix: implications for histogenesis and differential diagnosis.
Cancer Res 50:5143–5152

Katsetos CD, Herman MM, Frankfurter A, Gass P, Collins VP,
Walker CC, Rosemberg S, Barnard RO, Rubinstein LI (1989)
Cerebellar desmoplastic medulloblastomas. A further immu-
nohistochemical characterization of the reticulin-free pale is-
lands. Arch Pathol Lab Med 113:1019–1029

Katsetos CD, Herman MM, Frankfurter A, Uffer S, Perentes E,
Rubinstein LJ (1991) Neuron-associated class III β-tubulin
isotype, microtubule-associated protein 2, and synaptophysin
in human retinoblastomas in situ. Further immunohistochemi-
cal observations on the Flexner–Wintersteiner rosettes. Lab In-
vest 64:45–54

Katsetos CD, Karkavelas G, Frankfurter A, Vlachos IN, Vogeley
K, Schober R, Wechsler W, Urich H (1994) The stromal
Schwann cell during maturation of peripheral neuroblastomas:
immunohistochemical observations with antibodies to the neu-
ronal class III β-tubulin isotype (βIII) and S-100 protein. Clin
Neuropathol 13:171–180

Laemmli UK (1970) Cleavage of structural proteins during the as-
sembly of the head of bacteriophage T4. Nature 227:680–685

Lee MK, Rebhun LI, Frankfurter A (1990a) Posttranslational
modification of class III β-tubulin. Proc Natl Acad Sci USA
87:7195–7199

Lee MK, Tuttle JB, Rebhun LI, Cleveland DW, Frankfurter A
(1990b) The expression and posttranslational modification of a
neuron-specific β-tubulin isotype during chick embryogenesis.
Cell Motil Cytoskeleton 17:118–132

Lewis SA, Cowan NJ (1988) Complex regulation and functional
versatility of mammalian α- and β-tubulin isotypes during dif-
ferentiation of testis and muscle cells. J Cell Biol 106:
2023–2033

Linhartá I, Dráber P, Dráberová E, Viklický V (1992) Immunolog-
ical discrimination of β-tubulin isoforms in developing mouse
brain. Posttranslational modification of non-class III β-tubu-
lins. Biochem J 288:919–924

Lobert S, Frankfurter A, Correia JJ (1995) Binding of vinblastine
to phosphocellulose-purified and αβ-class III tubulin: the role
of nucleotides and β-tubulin isotypes. Biochemistry 34:
8050–8060

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem 193:
265–275

Ludueña RF (1993) Are tubulin isotypes functionally significant?
Mol Biol Cell 4:445–457

Lukás Z, Dráber P, Bucek J, Dráberová E,Viklický V, Dolezel S
(1993) Expression of phosphorylated high molecular weight
neurofilament protein (NF-H) and vimentin in human develop-
ing dorsal root ganglia and spinal cord. Histochemistry 100:
495–502

Maraziotis T, Perentes E, Karamitopoulou E, Nakagawa Y, Gessaga
EC, Probst A, Frankfurter A (1992) Neuron-associated class III
β-tubulin isotype, retinal S-antigen, synaptophysin, and glial fi-
brillary acidic protein in human medulloblastomas: a clinico-
pathological analysis of 36 cases. Acta Neuropathol (Berl) 84:
355–363

Merrifield RB (1963) Solid phase peptide synthesis. I. The synthe-
sis of a tetrapeptide. J Am Chem Soc 85:2149–2154

Molenaar WM, Jansoon DS, Gould VE, Rorke LB, Franke WW,
Lee VM-Y, Packer RJ, Trojanowski JQ (1989) Molecular
markers of primitive neuroectodermal tumors and other pediat-
ric central nervous system tumors. Lab Invest 61:635–643

Ponstingl H, Krauhs E, Little M, Kempf T (1981) Complete amino
acid sequence of α-tubulin from porcine brain. Proc Natl Acad
Sci USA 78:2757–2761

Scott CA, Walker CC, Neal DA, Harper CE, Bloodgood RA, So-
mers KD, Mills SE, Rebhun LI, Levine PA (1990) β-Tubulin
epitope expression in normal and malignant epithelial cells.
Arch Otolaryngol Head Neck Surg 116:583–589

Shelanski ML, Gaskin F, Cantor CR (1973) Microtubule assembly
in the absence of added nucleotides. Proc Natl Acad Sci USA
70:765–768

Stearns ME, Wang M, Frankfurter A, Rebhun LI (1988) Expres-
sion of a β-tubulin isotype (J1) in PtK2 cells and DU 145 hu-
man prostatic carcinoma cells. Abstracts of the Fourth Interna-
tional Congress of Cell Biology, Montreal, Canada, 127

Sullivan KF (1988) Structure and utilization of tubulin isotypes.
Annu Rev Cell Biol 4:687–716

Sullivan KF, Cleveland DW (1986) Identification of conserved and
isotype-defining variable region sequences for four vertebrates
β-tubulin polypeptide classes. Proc Natl Acad Sci USA 83:
4327–4331

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer
of proteins from polycrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc Natl Acad Sci USA 76:
4350–4354

Van Bommel PFJ, Kenemans P, Helmerhorst TJM, Gallee MPW,
Ivanyi D (1994) Expression of cytokeratin 10, 13, and involu-
crin as prognostic factors in low stage squamous cell carcino-
ma of the uterine cervix. Cancer 74:2314–2320

Viklický V, Dráber P, Hasek J, Bártek J (1982) Production and
characterization of a monoclonal anti-tubulin antibody. Cell
Biol Int 6:725–731

Viklický V, Dráber P, Bláha I, Linhartová I (1988) Distribution of
tyrosinated and detyrosinated α-tubulin revealed by mouse anti-
peptide polyclonal antibodies. Folia Biol (Praha) 34:380–389

Vinores SA, Herman MM, Katsetos CD, Estelle EM, Frankfurter
A (1994) Neuron-associated class III β-tubulin, tau, and
MAP2 in the D-283 Med cell line and in primary explants of
human medulloblastoma. Histochem J 26:678–685

Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW (1975)
A protein factor essential for microtubule assembly. Proc Natl
Acad Sci USA 72:1858–1868

Zheng Y, Jung MK, Oakley BR (1991) Gamma-tubulin is present
in Drosophila melanogasterand Homo sapiensand is associ-
ated with the centrosome. Cell 65:817–823

239

ˆ ˆ

ˆ

ˆ


