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Abstract

It has previously been implicated that nerve growth factor (NGF) with its high-affinity receptor tyrosine kinase A (TrkA) could play
an important role in the growth modulation of human tumor cells, such as glioblastoma multiform cell lines and human breast cancer cell
lines. However, the direct mitogenic effects of NGF and TrkA in these tumor cells still remain to be elucidated. Herein we show, by
immunofluorescence staining, that NGF was colocalized with y-tubulin at the centrosomes or the spindle poles throughout the cell cycle
and phosphorylated TrkA was colocalized with a-tubulin at mitotic spindle in the glioma cell line U251. The results suggest that NGF
concentrated to centrosome can recruit its receptor TrkA there and cause phosphorylation of the latter. The phosphorylated TrkA with
the tyrosine kinase activity may phosphorylate the tubulin and promote the mitotic spindle assembly. By these mechanisms, NGF can

modulate the mitosis of human glioma cells.
© 2005 Elsevier Inc. All rights reserved.
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The centrosome is the primary microtubule organizing
center and a construction binding a lot of bioactive pro-
teins in mammalian cells. The structure of centrosome is
dynamical and remodeled not only during replication in
interphase but also at the onset of mitosis, as it acquires
many new components involved in generating the spindle
pole, assembling mitotic apparatus, and responding to
the cell cycle checkpoint [1-6]. Many cell cycle regulatory
proteins, including cyclins, CDKs, and p53, were found
recruited to the centrosome to elicit proper G1, S, and
G2 checkpoint responses [7-11]. A number of protein
kinases such as casein kinase [12], polo-like kinase [13],
TTK kinase [14], Mpsl protein kinase [15], and PKC [16]
have also been localized to the centrosome or spindle.
Binding of these proteins to centrosomes causes the local
concentration of the proteins to be much higher than it
would be if the proteins were dispersed evenly through
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the nucleoplasm and/or the cytoplasm. This high local con-
centration facilitates interactions among these proteins
(e.g., phosphorylation of substrates by kinases). Growth
factors and their receptors are important growth modula-
tors of human tumor cells. Genetic aberration in growth
factor mediated signaling pathways is linked to genesis of
malignant tumor cells [17-21] Whether growth factors
and their receptors are recruited to the centrosome or spin-
dle and involved in the onset of mitosis of tumor cells is un-
known. To explore the role of nerve growth factor (NGF)
and its high-affinity receptor TrkA in modulating the mito-
sis of human glioma cells, we have observed the co-local-
izations of NGF and phosphorylated TrkA with
v-tubulin or o-tubulin at the centrosomes and mitotic
apparatus of the human glioma cell line U251 cells by using
immunofluorescence staining.

Materials and methods

Cell culture. Human glioma cell line U251 was obtained from Institute
of Cell Biology of Chinese Academy of Sciences. The cells were routinely
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cultured in DMEM (Gibco) plus 10% fetal bovine serum (Gibco) in a 5% Immunofluorescence staining. After incubated with 0.2 uM nuclear
CO; incubator at 37 °C. The cells were allowed to grow on 12-mm round fluorochrome bisbenzimide (Hoechst 33342, Sigma) for 5 min to reveal
glass coverslips in 24-well plates for 72 h. nuclei, U251 cells on 12-mm coverslips were fixed in 4% paraformaldehyde

Fig. 1. Distribution of NGF in interphase of U251 cells. (A) After PAF fixation followed by a post-fixation with methanol at —20 °C, the centrosome was
detected with monoclonal antibody against y-tubulin (A1) and polyclonal antibody against NGF (A2, arrows indicate centrosomes). (B) The cytoskeleton
was stained by monoclonal antibody against a-tubulin (B1) which irradiated from the NGF staining foci (B2). (A3,B3) Nuclei were stained by Hoechst

33342.
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Fig. 2. NGF was colocalized with y-tubulin at the centrosomes in mitotic cells. (A1, B1, and C1) The centrosomes were detected by monoclonal antibody
against y-tubulin. (A2, B2, and C2) By using polyclonal antibody against NGF, the fluorescent staining was localized at the same sites with y-tubulin
staining. Note that there were more than two centrosomes in the cells (B1, B2, C1, and C2). (A3, B3, and C3) The chromosome was stained by Hoechst
33342.
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for 15 min at RT followed by post-fixation with methanol for 6 min at
—20°C. The fixed cells were incubated with 1% BSA in phosphate-buf-
fered saline containing Triton X-100 (PBS-T, 20 mM phosphate buffer, pH
7.5, 150 mM NaCl, and 0.03% Triton X-100). Immunofluorescence
co-staining was carried out with the following protocol. The cells were
incubated with mouse monoclonal antibody against y-tubulin (Sigma) or
a-tubulin (Sigma) for 2 h at RT. The cells were washed with PBS-T and
the primary antibody was visualized by subsequent incubation with the
secondary antibody (goat anti-mouse IgG) conjugated with FITC (Sigma).
After the first staining, the cells were incubated with rabbit polyclonal
antibody against NGF (H-20, Santa Cruz) or phosphorylated TrkA
(Tyr490, Santa Cruz). The two antigens were detected with Cy3-conju-
gated goat anti-rabbit IgG (Sigma). Coverslips were washed with PBS-T
and mounted in 90% glycerol/10% Tris, pH 7.5. The fluorescence of Cy3
(red), FITC (green), and Hoechst 33342 (blue) was observed under a
fluorescence microscope with a CCD camera (Leica).

Results
Distribution of NGF in interphase of U251 cells

The clear fluorescence staining dots of NGF were re-
vealed at centrosomes in addition to distribution in the
nuclei. The immunofluorescence co-staining showed that
NGF was colocalized with y-tubulin at the centrosomes
(Fig. 1A). The microtubule bundle stained by a-tubulin
was irradiated from the NGF staining foci (Fig. 1B).

NGF was concentrated at the spindle poles of mitotic cells

The immunofluorescence co-staining showed that NGF
was colocalized with y-tubulin to the spindle poles of mitotic
cells (Fig. 2), from which the spindles stained by a-tubulin
were irradiated to chromosome which was stained with Hoe-
chst 33342. However, the chromosome is negative for NGF
staining (Fig. 3). In some mitotic cells, more than two co-
staining dots (centrosome number amplification) were ob-
served (Figs. 2B and C, and 3B and C).

Distribution of phosphorylated TrkA in interphase of U251
cells

Immunofluorescence staining revealed that the phos-
phorylated TrkA was localized on the membrane and the
processes of the interphase U251 cells. The cytoplasm
and nucleus were stained weakly. The cytoskeleton was
not revealed (Fig. 4).

The phosphorylated TrkA was localized on mitotic spindle
The phases of mitotic cells were differentiated by chro-

mosome staining with Hoechst 33342. Immunofluorescence
co-staining showed that the phosphorylated TrkA was

C3

Fig. 3. NGF was anchored at the spindle poles of mitotic cells. (Al, B1l, and C1) The mitotic spindles were stained by monoclonal antibody against
a-tubulin. (A2, B2, and C2) Immunofluorescence staining with polyclonal antibody against NGF showed that NGF was anchored at the spindle poles of
mitotic cells. Note that the multipolar (tripolar, tetrapolar) spindles were revealed in the mitotic cells (B1,C1). (A3, B3, and C3) The chromosome was

stained by Hoechst 33342.
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colocalized with a-tubulin at the mitotic spindle from pro- staining was at the midbody (Fig. 5E). In addition to local-
phase to anaphase of the mitotic cells. From metaphase to ization at the normal bipolar spindle, the phosphorylated
late anaphase the staining became weaker (Figs. SA-D). In  TrkA was also localized at the multipolar (tripolar, tetra-
telophase, as the mitotic spindle disappeared, the dim co-  polar, and so on) spindles (Fig. 6).

Fig. 4. Distribution of phosphorylated TrkA in interphase of U251 cells. (A) Immunolocalization of phosphorylated TrkA in the cells by using polyclonal
antibody against phosphorylated TrkA after PAF fixation followed by cold methanol post-fixation. Immunofluorescence staining was localized on the
membrane. (B) The nuclei of interphase were visualized by Hoechst 33342.

Fig. 5. The phosphorylated TrkA was colocalized with a-tubulin on mitotic spindle. The mitotic spindles (A1, B1, Cl, and D1) and midbody (E1, the
arrow indicated) were stained by monoclonal antibody against o-tubulin. By using polyclonal antibody against phosphorylated TrkA, the
immunofluorescence staining was localized on the mitotic spindle from prophase to anaphase of the mitotic cells (A2, B2, C2, and D2). From metaphase
to late anaphase the staining became weaker. In telophase, the weak staining was dim at the midbody (E2, the arrow indicated). The prophase (A3),
metaphase (B3), anaphase (C3), late anaphase (D3), and telophase (E3) were defined by chromosome staining with Hoechst 33342,
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Fig. 6. The phosphorylated TrkA was localized on bipolar and multipolar spindles. (A1, Bl, and Cl1) The spindle poles of mitotic cells were
immunostained by monoclonal antibody against y-tubulin. (A2, B2, and C2) The immunofluorescence staining of phosphorylated TrkA was localized on
the bipolar (A2), tripolar (B2), and multipolar (C2) spindles. (A3, B3, and C3) The chromosome was stained by Hoechst 33342.

Discussion

Nerve growth factor may stimulate or inhibit prolifera-
tion of neuronal and certain non-neuronal tumors accord-
ing to the type of tumor. It has been reported that the
growth of human glioblastoma multiform (GBM) cell lines
can be enhanced by NGF via acting phosphorylated Trk
receptor [22,23]. The effect mechanisms of NGF and its
high-affinity receptor TrkA in mitogenesis of glioblastoma
multiform cell lines have been elucidated: the high-affinity
but not low-affinity binding sites mediate signal transduc-
tion for clonal growth by means of the tyrosine kinase
activity and the following intracellular signaling cascades
elicited by the activity. However, whether NGF and its
receptor TrkA are directly involved in modulating the
mitosis of human tumor cells still remains to be explored.
In the present study, we provided the evidence that NGF
was colocalized with y-tubulin at the centrosomes of inter-
phase cells and the spindle poles of mitotic cells. The results
demonstrate that NGF is a component of the centrosome
and may serve a role in centrosomal functions such as
organizing microtubule and generating the spindle pole.
Microtubule nucleation is the best-known function of cen-
trosomes. Centrosomal microtubule nucleation is mediated
primarily by y-tubulin ring complexes (YTuRCs) [24,25].

During cell cycle progression, centrosomes ‘“mature” by
recruiting additional yTuRCs and several other proteins,
resulting in the increase of the nucleation capacity and
other functions of the centrosome. Recent work reveals
that this organelle is essential for cell-cycle progression
and that this requirement is independent of its ability of
organizing microtubules [26-28]. Hinchcliffe et al. [29].
have pointed that “core centrosomal structures could bind
cell cycle regulatory molecules in a way that activates their
function or raises their local concentration to the point that
essential reactions occur in a timely fashion.” According to
this theory, we suggest that NGF binding and concentrat-
ing to centrosome could recruit and then activate its recep-
tor TrkA there.

TrkA is the high-affinity receptor for NGF. The high local
concentration of NGF facilitates interaction between the
ligand and the receptor. NGF can cause phosphorylation
of TrkA. The phosphorylated TrkA with the tyrosine kinase
activity can phosphorylate the tyrosine of substrate proteins.
However, whether TrkA, a receptor protein—tyrosine kinase,
could bind to the mitotic spindle and catalyze tubulin
tyrosine phosphorylation is unknown. It has been reported
that some protein kinases, such as polo-like kinase [30] and
Fes tyrosine kinase [31], were required for proper spindle
assembly [32,33]. Fes tyrosine kinase is a non-receptor
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protein—tyrosine kinase which binds to the mitotic spindle
during cell division, interacts directly with both tubulin
and MTs, and catalyzes tubulin tyrosine phosphorylation
to assemble the mitotic spindle. We have observed that the
phosphorylated TrkA was colocalized with a-tubulin at the
mitotic spindle. This result demonstrated that the phosphor-
ylated TrkA could play an important role in the mitotic spin-
dle assembly. We have also observed that the localization of
phosphorylated TrkA showed dynamic changes. In inter-
phase of U251 cells, the phosphorylated TrkA was localized
on the membrane and the processes. While in the mitotic
cells, it was colocalized with a-tubulin at the mitotic spindle
from prophase to anaphase. From metaphase to late ana-
phase the staining became weaker. In telophase, as the mitot-
ic spindle disappeared, the weak co-staining was dim on the
midbody. The dynamical localization implicated that the
TrkA could play different roles under different physiological
conditions in the cells. In interphase it may play the role in
signal transduction by activating the intracellular signaling
cascades. On the other hand, it could play the role in mitosis
by promoting mitotic spindle assembly.

In addition to demonstrating the colocalization of NGF
and its receptor TrkA with y-tubulin or o-tubulin, we ob-
served that NGF and TrkA were usually localized at super-
numerary centrosomes or multipolar (tripolar, tetrapolar,
and so on) spindles in U251 cells. Centrosome defects and
genetic instability occur in some low-grade tumors and over-
expression of some centrosome-associated proteins, such as
Aurora and Rad, induces tumor-like features [34-36]. Cen-
trosome defects may contribute to the cancer development
through the generation of chromosome instability [37-40].
This, together with ongoing structural changes in chromo-
somes, could accelerate accumulation of alleles carrying
pro-oncogenic mutations and loss of alleles containing
wild-type tumor suppressor genes and thus accelerate the
genomic changes characteristic of carcinoma [41]. Whether
NGF and TrkA contribute to inducing centrosome abnor-
malities or/and multipolar spindle formation remains to be
elucidated.

In conclusion, our results suggested that NGF and its
high-affinity receptor TrkA could play important roles in
the growth modulation of glioblastoma multiform cell line
U251 cells not only by the classical signal transduction but
also by direct involvement in mitosis of the cells.
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