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ABSTRACT Dynamic assembly and disassembly of micro-
tubules is essential for cell division, cell movements, and intra-
cellular transport. In the developing nervous system, microtu-
bule dynamics play a fundamental role during neurite out-
growth, elongation, and branching, but the molecular
mechanisms involved are unknown. SCG10 is a neuron-specific
protein that is membrane-associated and highly enriched in
growth cones. Here we show that SCG10 binds to microtubules,
inhibits their assembly, and can inducemicrotubule disassembly.
We also show that SCG10 overexpression enhances neurite
outgrowth in a stably transfected neuronal cell line. These data
identify SCG10 as a key regulator of neurite extension through
regulation of microtubule instability.

Establishment of a highly specific pattern of connections in the
nervous system requires extensive control of nerve fiber
growth (1). Neurites must elongate, find the appropriate
pathway, branch, and finally establish synapses. Mature con-
nections are also subject to structural rearrangements (2).
Growth and remodelling of connections is based on a contin-
uous reorganization of the neuronal cytoskeleton. In axons,
one of the main cytoskeletal components is the microtubule
(MT), which is oriented with its plus end toward the growth
cone.While theminus ends ofMTs are relatively stable (3), the
plus ends undergo variable phases of assembly and disassem-
bly, also referred to as dynamic instability (4). Drugs that
decrease the dynamic behavior of MTs have been found to
inhibit neurite extension (5–7). Thus, growth cone advance,
and the rate of neurite elongation probably relies on the proper
control of assembly and disassembly of MTs. Whereas MT-
associated proteins (MAPs) that can stabilize MTs are found
in processes and growth cones, factors with the opposite effect
have not yet been identified. Recent work (8) has identified the
soluble and ubiquitous protein stathmin as a factor that
destabilizes MTs by increasing the catastrophe rate (the tran-
sition from growing to shrinking) during cell division (9).
Interestingly, stathmin is enriched in the developing nervous
system (10, 11), but the protein is not detectable in growth
cones (unpublished data). SCG10 has sequence homology with
stathmin, but the protein is encoded by a different gene (12).
SCG10 is neuron-specific, membrane-associated, and concen-
trated in growth cones (ref. 13 and unpublished data). SCG10
expression is high in the developing nervous system and then
dramatically decreases in the adult but persists in regions of
synaptic plasticity of the adult brain (11, 14). The levels of
SCG10mRNA are very low in native PC12 cells and in primary
chromaffin cells, but they are strongly increased upon nerve
growth factor (NGF)-dependent induction of differentiation

into sympathetic neurons (15, 16). In PC12 cells, within 12–24
h of NGF-treatment expression of SCG10 mRNA is induced,
and by 24–48 h, the amount of SCG10 protein is increased
about 6-fold to maximal levels which are maintained in the
continuous presence of NGF (16, 17). These correlative data
suggest that SCG10 may play a role in neurite outgrowth.
However, the specific function of this protein has not yet been
elucidated. We analyzed the role of SCG10 in assembly and
disassembly of MTs in vitro and determined whether SCG10
overexpression in stably transfected cell lines could affect
neurite outgrowth.

MATERIALS AND METHODS

MTs were prepared from porcine cerebrum by three temper-
ature-dependent cycles of cold and warm centrifugations in
assembly and disassembly buffer A (0.1 MMesy1 mM EGTAy
0.5 mM MgCl2, pH 6.4). For assembly, 1 mM GTP was added
to buffer A (18). This preparation of MTs will be further
referred to as ‘‘mixed tubulin.’’ For the isolation of tubulin,
MTs were resuspended at a concentration of 20 mgyml in
buffer A, and tubulin was separated from MAPs by an ion
exchange chromatography using a 5-ml P11 phosphocellulose
column pre-equilibrated with buffer A. MAPs were eluted by
a 15-ml gradient of 1 M NaCl in buffer A (19). Protein
concentration was determined by Bio-Rad protein assay with
bovine serum albumin as standard. The assembly rate of
tubulin was measured using a light scattering assay (20, 21).
Tubulin or mixed tubulin was used at a concentration of 4
mgyml. Defined protein amounts and drugs (vinblastine, col-
cemid, taxol) in 50 ml were mixed with an equal amount of 60%
glycerol in buffer A. Absorbance was measured at 350 nm in
a Camspec M350 spectrophotometer (Cambridge, U.K.)
equipped with seven 50-ml cuvettes and a cooling block for
temperature control. In addition, tubulin assembly into MTs
was quantified using a sedimentation assay. Samples (80 ml)
were taken after 20 min of polymerization at 378C and overlaid
on top of a 150-ml cushion of 60% glycerol in buffer A, and
then centrifuged for 30 min at 26,0003 g (308C). Supernatants
were collected, pellets were dissolved in an equal amount of
buffer A, and aliquots were prepared for electrophoresis by
adding SDSyPAGE sample buffer and boiling (22). Western
blot analysis was performed as described (17).
As recombinant full-length SCG10 showed limited solubility

and formed aggregates (unpublished data) due to the hydro-
phobic N-terminal domain of 34 aa, we generated a soluble
form of SCG10 that lacks the membrane attachment domain
(23). The purified protein was dialyzed against 100 mMMesy5
mMMgCl2y1 mMEGTA, pH 6.6 at a concentration of 23 mM.
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The PC12 cells were grown as described (24). Cells were
transfected with a rat cDNA encoding SCG10-8 (ref. 13;
generous gift of N. Mori, Research Development Corporation
of JapanyPRESTO, Kyoto) cloned in the pcDNA1NeoVector
(Invitrogen). pcDNA-neo-SCG10 (50 mg) and Lipo-
fectAMINE (80 ml) reagent (GIBCOyBRL) were used ac-
cording to the manufacturer’s protocol. Six days after trans-
fection, cells were subcultured and subjected to selection in
growth medium that contained 400 mgyml G418 (Boehringer
Mannheim). After G418 selection for 3–4 weeks, individual
colonies were isolated with cloning cylinders, expanded, and
frozen in aliquots. To assay SCG10 expression quantitatively,
Western blot analysis of PC12 cell extracts with a rabbit
antibody to SCG10 was performed in duplicate samples as
described (17). As a marker for equal loading, we used the
mouse anti-actin monoclonal antibody (C4, Boehringer Mann-
heim). Cells were also transfected with the vector alone, and
G418-resistant clone SCG10-4 was randomly selected. As an
additional control, we used nontransfected PC12 cells that
were subcloned to select a clone for a vigorous response to
NGF. After plating the cells into collagen-coated 96-well
multiwell dishes (Biocoat, Collaborative Biomedical Products,
Bedford, MA) at a density of 1 cell per well using the
Automatic Cell Deposition Unit system of FACStarplus (Bec-
ton Dickinson), 16 subclones were scored for neurite out-
growth in response to NGF. Line PC12gg4 was found to
respond most robustly in terms of generating neurites of two
diameters of the cell after 48 h of NGF exposure. PC12 cells
were plated at a density of 10 cells per square centimeter onto
poly-D-lysine and laminin-coated coverslips 12 h before the
NGF induction. NGF (50 ngyml) was added, and the cells were
fixed after 24 and 48 h and stained with a mouse monoclonal
anti-tubulin antibody (Boehringer Mannheim). For quantita-
tive measurement of neurite outgrowth, random fields of cells
were analyzed using a semiautomatic computer-assisted image
analyzer (Vidas, Kontron, Zurich). After measurement of the
surface area of individual neurites and the surface area of the
corresponding cell bodies, the ratio of average values was
determined (25).

RESULTS AND DISCUSSION

We have found that SCG10 copurified with MTs isolated from
juvenile brain and remained associated with the MTs through
multiple temperature-dependent polymerization and reassem-
bly cycles (data not shown). To determine whether SCG10 is
involved in MT formation, we measured the assembly rate of
tubulin using a light scattering assay. Purified tubulin can be
induced to undergo cycles of polymerization and depolymer-
ization by switching the temperature of the reaction mixture
from 48C to 378C and from 378C to 48C, respectively. Recom-
binant soluble SCG10 was able to inhibit MT polymerization
in a dose-dependent manner (Fig. 1A). While about 60%
inhibition of polymerization was found after addition of 3 mM
SCG10, assembly was almost completely abolished by 5 mM
SCG10 (molar ratios of SCG10ytubulin dimers were approx-
imately 1:11 and 1:6). After 20 min of polymerization, tubulin
assembly into MTs was verified using a sedimentation assay
that allows separation of soluble tubulin from assembled
tubulin. Fig. 1B shows that SCG10 effectively inhibited tubulin
assembly in a dose-dependent manner since an increase in
SCG10 concentration resulted in a decrease of polymerized
tubulin in the pellet. The inhibition was comparable to that
obtained with the potent MT-destabilizing drug colcemid,
which inhibits addition of tubulin to MTs similar to colchicine
(26, 27). Similar results were obtained with different prepa-
rations of tubulin (Figs. 1 and 2). We used either tubulin
containing MAPs that copurify with MTs (mixed tubulin) or
tubulin separated fromMAPs (tubulin). Comparing the effect
of SCG10 on MT assembly between the two preparations, we

found a small decrease of 20% in the effect of SCG10 when
using mixed tubulin. Although this was statistically significant,
it indicates that the assembly-promoting effect of MAPs did
not efficiently counteract the effect of SCG10.
To investigate whether SCG10 is able to induce depolymer-

ization of assembled MTs, the protein was added to the
reaction mixture after 18 minutes of polymerization at 378C
(Fig. 2A). SCG10 induced a rapid and dramatic disassembly of
MTs at a concentration of 8 mM, and the protein had a faster
and more potent action than the depolymerizing drug vinblas-
tine (Fig. 2A). This drug acts on assembled MTs in the
micromolar concentration range (28–30). Following a temper-
ature switch to 48C to depolymerize MTs in all samples,
another cycle of assembly was induced by raising the temper-
ature to 378C. Tubulin reassembled in the control sample but
not in the SCG10- or vinblastine-treated samples, consistent
with an inhibitory effect on polymerization (Fig. 2A). Similar

FIG. 1. Effect of SCG10 on the assembly of MTs. (A) Dose-
dependent inhibition of MT assembly by SCG10. Mixed tubulin
(tubulin and MAPs, 4 mgyml) was incubated at 48C in the absence of
SCG10 (control) or in the presence of 1, 3, and 5 mM SCG10. The
polymerization was induced by changing the temperature to 378C at
time zero. Determination for each curve was performed in duplicates.
The 1, 3, and 5 mM concentrations of SCG10 resulted in inhibitions of
about 18%, 60%, and 94%, respectively. (B) In a sedimentation assay,
assembled MTs were separated from unpolymerized mixed tubulin by
centrifugation through a 60% glycerol cushion. Shown are soluble
elements in the supernatant (S) and MTs in pellet (P), separated on
an SDSyPAGE gel and stained by Coomassie blue. Equal amounts of
mixed tubulin (4 mgyml) were assembled in buffer only (control) and
in the presence of 10 mM colcemid, 2 mM SCG10, and 10 mM SCG10.
Only the relevant part of the SDSyPAGE gel is shown. The locations
of tubulin and SCG10 are indicated. In the presence of 2 mM SCG10,
less tubulin is found in the MT fraction (P) than in the control, and in
the presence of 10 mM SCG10, most of the MTs have been depoly-
merized into soluble tubulin.
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experiments were performed in the presence of taxol to assess
whether SCG10 could antagonize the MT-stabilizing effect of
the drug at a concentration of 10 mM (31, 32). Fig. 2B shows
that SCG10 was able to induce disassembly of taxol-stabilized
MTs. However, the disassembly was only partial, and no major
difference was found for both concentrations of SCG10 (3 and
10 mM; a maximum of 40% of MTs remained assembled). This
suggests that a fraction of taxol-stabilized MTs were resistant
to SCG10-induced depolymerization. In summary, these data
indicate that SCG10 has potent activity in preventing tubulin

assembly and inducing MT disassembly. Its preferential local-
ization in neuronal growth cones (ref. 13 and unpublished
data) strongly suggests that the relative levels of SCG10
regulate MT dynamics in this highly motile cellular compart-
ment.
If this hypothesis is correct, SCG10 should regulate neurite

outgrowth by its action on tubulin assembly in the growth
cones of differentiating neurons. Consistent with this, high
levels of SCG10 expression are correlated with periods of
neurite elongation (13, 14). To test the role of SCG10 in

FIG. 2. Effect of SCG10 on MT disassembly. (A) Samples containing 4 mgyml pure tubulin were allowed to polymerize for 18 min at 378C.
At that time (arrowhead), SCG10 at 8 mM (m), vinblastine at 4 mM (Ç), or buffer as control (E) was added to the samples. SCG10 (F) or vinblastine
(M) was also added from the beginning at the same concentrations. Assembly was induced by switching the temperature from 48C to 378C (arrow
378C), and conversely, disassembly was induced by a switch from 378C to 48C (arrow 48C). Experiments were performed at least three times. Here,
a representative experiment is shown. SCG10 induced quick and dramatic disassembly of MTs. Absorbance values were immediately decreased to
levels obtained when SCG10 was added from the beginning. Control samples showed no important reduction (although in some experiments, a
minor decrease was observed). Vinblastine induced some depolymerization but was less efficient than SCG10. Following a switch to 48C, disassembly
occurred as expected in control and vinblastine-treated samples. Finally, following an additional switch to 378C, tubulin reassembled only in control
sample. (B) The effect of SCG10 on taxol-stabilized MTs was studied. Samples containing mixed tubulin at 4 mgyml were allowed to polymerize
for 15 min at 378C with or without taxol. At that time (arrowhead), SCG10 was added to the samples without taxol at 3 mM (F) or 10 mM (M),
and to the samples with taxol (10 mM) at 3 mM (Ç) or 10 mM (å). As a control, buffer was added to MTs alone (E) or to taxol-stabilized MTs
(m). Finally, SCG10 at 10 mM was also added from the beginning in the presence of taxol (É). Experiments were performed at least three times.
Here, a representative experiment is shown. SCG10 was able to inhibit the stabilizing action of taxol partially since about 60% MT disassembly
was observed with 10 mM SCG10. A fraction of taxol-stabilized MTs was resistant to SCG10 since 3 mM and 10 mM had a comparable effect on
disassembly. When 10 mM SCG10 and taxol were concomitantly added from the beginning, no assembly occurred following the switch to 378C,
suggesting that taxol was unable to compensate for the inhibitory effect of SCG10. Note that in the absence of taxol, 50% disassembly was induced
by 3 mM SCG10 and almost complete depolymerization was observed with 10 mM SCG10.
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neurite outgrowth, we generated stable PC12 cell lines con-
stitutively expressing SCG10. Two cell lines that expressed the
highest amount of SCG10 (SCG10-A and SCG10-B) were
further analyzed. In addition, we established control lines
(SCG10-4 and PC12gg4). Both SCG10-overexpressing lines
expressed similar levels of SCG10, as determined by Western
blotting. The amount of SCG10 protein was determined before
each experiment and was consistently ca. 10-fold higher (data
not shown) in the SCG10-overexpressing lines than that in cells
transfected with the vector alone or in the nontransfected
PC12 subclone gg4. The overexpressing cells showed the
expected perinuclear localization of SCG10 in the area of the
Golgi complex (ref. 13 and unpublished data) and, after
induction of neuronal differentiation, in the growth cones (Fig.
3). No neurite outgrowth was observed in SCG10-overexpress-
ing lines in the absence of NGF, indicating that constitutive
expression of SCG10 at high levels is not sufficient to induce
neurite outgrowth. Upon NGF induction, the SCG10-
transfected lines showed a dramatic increase in the tendency
to elongate neurites relative to the control cells (Figs. 3 and 4).
In two independent experiments, 38 6 2% of the cells over-

expressing SCG10 extended processes after 2 days of NGF
exposure, whereas only 10 6 2% of control cells had neurites
(Fig. 4A). In addition to the increase in the number of cells
with neurites, we observed a remarkable increase in the lengths
of the processes in cells overexpressing SCG10 as compared
with the control cells. To measure neurite outgrowth, the four
cell lines were exposed to NGF for 1 and 2 days. SCG10-
overexpressing cells had on average neurites 2.6 times longer
than those of the controls (Fig. 4B), indicating that SCG10
overexpression enhances neurite elongation. We had previ-
ously showed that the related protein stathmin is an effector
molecule in the NGF signaling pathway (17). It is, however,
unlikely that the effect of SCG10 overexpression on neurite

FIG. 3. Double-immunof luorescence of control (Upper) and
SCG10-transfected (Lower) PC12 cells after 24 h of NGF treatment.
Cells were double-stained for SCG10 (Left) and tubulin (Right).
Control cells had generally no neurites after 24 h of NGF induction and
showed mainly Golgi localization of SCG10 (large arrow). Cells
transfected with SCG10 had tubulin-immunopositive neurites (small
arrows), and in addition to the Golgi localization, SCG10 was observed
in the growth cones of outgrowing neurites (open arrows). Represen-
tative cells are shown. Cells were plated on poly-D-lysine- and lami-
nine-coated coverslips and fixed in 4% formaldehyde after 24 h
incubation in NGF-containing medium. Coverslips were incubated
with a rabbit anti-SCG10 antiserum (17) and a mouse anti-tubulin
antibody (Boehringer Mannheim) in buffer containing 10% rat serum,
0.3% Triton X-100, and 2% bovine serum albumin overnight at 48C.
Appropriate secondary antibodies labeled with either fluorescein or
Texas Red (Vector Laboratories) were used to detect immune com-
plexes. (Bar 5 25 mM.)

FIG. 4. (A) Overexpression of SCG10 in PC12 cells causes an
increase in the number of neurite-bearing cells in response to NGF.
The percentage of cells with neurites in SCG10-transfected (SCG10-A
and SCG10-B) and control lines (gg4 and SCG10-4) was assayed after
24 h (open bars) and after 48 h (hatched bars) of NGF induction.
Neurites were scored as processes greater than two cell diameters in
length. The percentage of neurite-bearing cells was determined as the
average of three counts on at least 100 cells. The proportion of the cells
with neurites in the SCG10-overexpressing cell lines was significantly
greater than in controls (pp, P , 0.001 for SCG10-A and P , 0.01 for
SCG10-B). (B) Effect of SCG10 overexpression on neurite outgrowth.
PC12 cells of the control (gg4 and SCG10-4) and SCG10-
overexpressing lines (SCG10-A and SCG10-B) were induced with
NGF for 24 h (open bars) and 48 h (hatched bars). Neurite outgrowth
was quantitatively measured using an semiautomatic computer-
assisted image analyzer (25). Values are the mean 6 SEM of three
independent experiments and represent neurite outgrowth defined as
the ratio between the surface area of neurites and the surface area of
cell bodies of at least 100 cells each. Neurites of the SCG10 lines extend
significantly longer than those of the control lines (pp, P , 0.001 for
SCG10-A and SCG10-B).
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outgrowth is due to a similar signaling function in the differ-
entiation pathway. Stathmin-depleted PC12 cells induce
SCG10 protein normally upon NGF treatment but do not
differentiate, suggesting that SCG10 cannot substitute stath-
min function. The preferential localization of SCG10 in the
growth cone and its action to disassemble MTs in vitro rather
suggests that SCG10 overexpression enhances neurite out-
growth by a direct effect on MTs in the growth cones. A highly
dynamic state of MT polymer in the growth cone, with
transitions between MT growth and shrinkage, appears to be
essential for growth cone advance; drugs that either stabilize
(e.g., taxol) or destabilize (e.g., vinblastine) MTs inhibit neu-
rite extension (5–7). The neurite shaft of differentiated PC12
cells contains mainly stabilized MTs, whereas MTs in the
growth cone are particularly labile (33, 34), as has been
reported for axons of neurons (35, 36). The highly dynamic
behavior of MT polymers in the growth cone cannot be
explained solely by the activities of the characterized MAPs,
which stabilize and promote MT assembly (36), but this
behavior implies that there are additional factors that promote
the disassembly of MTs. Our data suggest that SCG10 is such
a cellular factor that promotes neurite outgrowth by increasing
the dynamic instability of MTs in the growth cone.
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