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In this study we demonstrate that the rat pheochro-
ocytoma PC12 cell line expresses the novel protein

inase C isozyme designated PKC-u. The isozyme is
lmost completely localized in the nuclear compart-
ent of proliferating cells. Following stimulation with

he nerve growth factor, PKC-u is redistributed into
he cytoplasm and the outgrowing neurite processes,
ostly as a cytoskeletal associated kinase. This event

s accompanied by an eightfold increase in the expres-
ion level and by the appearance of specific modifica-
ions of PKC-u molecule. Conversely, the kinase is
own-regulated once cells reach the terminally differ-
ntiated state displaying a neuron-like phenotype.
hese data suggest a functional role for the kinase in

he regulation of cytoskeletal modeling along the mul-
istage differentiation process of PC12 cells. © 2000

cademic Press

Key Words: protein kinase C-u; nerve growth factor;
euronal differentiation; PC12 cells.

Multiple cell signaling events include steps mediated
y members of the PKC enzyme family (1). The various
KC isozymes are characterized by different tissue
istribution, intracellular localization, and substrate
pecificity (2). In addition, each PKC form undergoes
omplex regulation mechanisms, involving selective co-
actor requirements, post translational reversible and
rreversible modifications, and intracellular transloca-
ions, promoted by appropriate agonists and mediated
y specific interaction with receptors for activated C
inases (3). Several PKC isozymes have been shown to
lay a key role in signal transduction networks acti-
ated by neurotrophic agents on neuronal progenitors
uch as immortalized raphe neurons (4), neuroblas-
oma cell lines (5, 6) and PC12 cells (7). The novel
KC-u isozyme, highly expressed in the skeletal mus-
le and hematopoietic cells (8, 9), has been recently

1 To whom correspondence should be addressed. Fax: 39 10
18343. E-mail: traspar@csita.unige.it.
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evel of an integrin regulatory protein, which modu-
ates migration and proliferation of capillary endothe-
ial cells (10), as well as in the activation mechanisms
f IL-2 and FasL gene promoters (11). Moreover, in
ifferent cell lines, PKC-u results recruited on the cen-
rosomes and kinetochores of the spindle pole in a
atalitically active form (12, 13), suggesting its direct
articipation to the mitotic phase of the cell cycle. In T
ells, PKC-u is clustered in a supramolecular activation
omplex (14), an event specifically induced by agonists
timulating cell proliferation.
Recently, PKC-u has been also identified in cells of

erve origin such as the LAN-5 neuroblastoma cell line
12), microglial and astroglial cells (15), but very little is
nown about the physiological role of PKC-u in nerve
ells.

Here we provide evidence that in the pluripotent
C12 cell line, PKC-u is involved in the long term
rogram of neuronal differentiation. In agreement
ith observations indicating that PKC-u becomes relo-

alized to specific cell sites during processes of angio-
enesis (16), mitosis (11), and T cell receptor activation
14), our present results show that this kinase associ-
tes to the reorganizing cytoskeleton network during
ifferentiation of PC12 cells towards the neuron-like
on proliferating phenotype.

ATERIALS AND METHODS

Cell culture and induction of differentiation. PC12 cells were
ultured in RPMI 1640 containing 15% heat-inactivated fetal calf
erum, 100 U/ml penicillin, and 100 mg/ml streptomycin (Biospa,
ilan, Italy) and incubated at 37°C in a humidified atmosphere in

he presence of 5% CO2. Where indicated cells were induced to
ifferentiate by reducing the serum concentration to 1% and by
ddition of 100 ng/ml NGF 7S (Sigma) (17). Terminally differenti-
ted cells were defined as those possessing one or more neurites
aving a length of at least 500 mm. All cell cultures were free of
ycoplasma contamination as established by a routine assay with a
ycoplasma Detection Kit (Roche Diagnostics).

Western blot analysis. Cells were washed twice in phosphate-
uffered saline (PBS). Proteins from total cell lysates or from cell
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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ractions were separated by electrophoresis on 10% polyacrylamide
els in denaturing conditions (SDS–PAGE) (18). Protein were then
ransferred to nitrocellulose membranes (Bio Rad Laboratories) and

estern-blotting was carried out as described previously (12). Blots
ere incubated with a policlonal anti-PKC-u antibody raised against

he C-terminal peptide of the mouse kinase (1:2000; Santa Cruz
iotechnologies) or, where indicated, with an anti-PKC-u antibody

aised against the cystein rich region of the kinase (1:250; Transduc-
ion Laboratories). Membranes were then incubated for 60 min with
orseradish peroxidase-conjugated goat anti-rabbit IgG (1:2000;
mersham Pharmacia) (19). The immunocomplexes were revealed
y using an enhanced chemiluminescence detection system and Hy-
erfilm MP X-ray films (Amersham Pharmacia). Quantification of
he immunoreactive bands was carried out with a dual-wavelength
ying-spot scanner (Shimadzu Corporation).

PKC-u immunocytochemistry. Cells were fixed and permeabilized
y the Triton/paraformaldehyde method, as specified previously (20).
onspecific interactions were blocked by a 30 min incubation in PBS

ontaining 5% (v:v) fetal calf serum. Fixed cells were then incubated

FIG. 1. Identification of PKC-u in PC12 cells. Cells were pro-
essed for immunocytochemistry by using the anti-PKC-u antibody
irected to the C-terminal peptide in the absence (A and C) or
resence (B and D) of the immunogen peptide. Stained nuclei of cells
n A are shown in (C) and those of cells in B are shown in (D). (E) 5 3
04 PC12 cells (lanes 2, 3, 5), collected from non-confluent cell cul-
ures, or Jurkat cells (8 mg of cell lysate, lanes 1, 4) were submitted
o SDS–PAGE followed by Western blotting. The blots were probed
ith the same anti-PKC-u antibody used in A, in the absence (lanes
and 2) or presence (lane 3) of the immunogen peptide. Alterna-

ively, an antibody directed to the cystein rich region of the kinase
as used (lanes 4 and 5).
150
-terminal peptide of the kinase for 16 h at 4°C, washed with PBS
ontaining 2 mg/ml bovine serum albumin, followed by a 1 h incu-
ation at 4°C in the same buffer containing 2.5 mg/ml FITC-
onjugated goat anti-rabbit IgG (Amersham Pharmacia). Chromatin
as stained by a 5 min incubation of fixed cells with 2 mg/ml pro-
idium iodide (Sigma). The slides were washed again three times
nd then mounted in coverslips with FluoroGuard anti-fade reagent
Bio Rad Laboratories) before analysis. Images of the samples were
ollected as described (12), using a planapochromat 360 oil-
mmersion objective with numerical aperture 1.4. The excitation/
mission wavelengths were 488/522 nm for the FITC-conjugated
ntibody and 568/605 nm for stained chromatin.

Cytoskeleton extraction. PC12 cells (4 3 106 cells) were washed
hree times with PBS and cytoskeletons were prepared as described
21). The Triton soluble and insoluble (cytoskeleton) cell fractions
ere immediately suspended in the electrophoresis sample buffer
nd heated at 95°C for 1 min.

ESULTS

KC-u Expression in PC12 Cells

An immunocytochemical analysis, carried out on
C12 cells by using an anti-PKC-u antibody directed to
he C-terminal peptide of the kinase, revealed that
hese cells express the PKC-u isozyme localized in the
uclear compartment (Figs. 1, cfr. A and C). The spec-

ficity of this staining was demonstrated by disappear-
nce of the signal by pretreatment of the antibody with
he immunogen peptide (Fig. 1, B and D). A Western

FIG. 2. Immunocytochemistry of PKC-u in differentiating and
euronal differentiated PC12 cells. Cells were cultured in the pres-
nce of the inducer for 72 h (A and C) or 240 h (B and D) and
mmunocytochemistry analysis was carried out as in the legend to
ig. 1. Stained nucleus of cell in A is shown in (C) and those of cells

n B are shown in (D). Representative images of three independent
xperiments are shown.
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lot analysis was also carried out to define the molec-
lar properties of the protein identified by this anti-
ody. As shown in Fig. 1E, in PC12 cells a single
mmunoreactive band was detected having an electro-
horetic mobility corresponding to that present in
urkat cells, known to be very rich in PKC-u, and used
s control (Fig. 1E, cfr. lane 1 and 2). The immunore-
ctivity disappeared if Western blot was carried out in
he presence of the immunogen peptide (Fig. 1E, lane
). Furthermore, also a different anti-PKC-u antibody,
irected to the cystein-rich region of the kinase, iden-
ified a single protein band with identical migration in
C12 and Jurkat cells (Fig. 1E, cfr. lane 4 and 5). It can
e concluded that PKC-u is expressed in PC12 cells and
s almost completely confined in the nuclear cell com-
artment.

istribution and Level of PKC-u in Differentiating
PC12 Cells

To elucidate if PKC-u undergoes changes in intracel-
ular localization during the acquirement of the non-
roliferating neuronal phenotype, we induced PC12
ells with NGF and analyzed the subcellular localiza-
ion of the kinase by immunocytochemistry and confo-
al microscope examination. As shown in Fig. 2A, after
2 h of exposure to the inducer, PKC-u was localized
utside the nucleus and in the elongating neurite pro-
esses. However, the change of PKC-u intracellular

FIG. 3. Levels of PKC-u in neuronal differentiation of PC12 cells.
A) Cells were collected at increasing times of exposure to the inducer
nd submitted to Western blotting as in the legend to Fig. 1, by using
he anti-PKC-u antibody directed to the C-terminal peptide. (B)
uantification of the immunoreactive signal shown in A was carried
ut by a densitometric analysis and shown as means 6 S.D. from
hree independent experiments.
151
al differentiation of PC12 cells promoted by NGF,
eing already detectable after 24 h from induction, and
ersisted at least for 1 week (data not shown). On the
ontrary, in terminal neuron-like differentiated cells,
btained after 10–14 days of exposure to the inducer,
KC-u resulted down-regulated (Fig. 2B), indicating
hat PKC-u activity is not essential for the survival
unctions of ungrowing differentiated neurons.

Additional experiments were performed to deter-
ine the molecular mechanisms promoting the change

n the distribution of PKC-u observed in PC12 cells
nduced with NGF. Western blot analysis, carried out
t different times of exposure to the inducer, revealed
hat the intracellular amount of PKC-u increased,
eaching a maximum after 72 h (Fig. 3A). At this time,
he level of PKC-u was found to be eightfold higher as
ompared to that measured in uninduced cells. Con-
ersely, a prolonged exposure to the inducer resulted in
decreased intracellular amount of the kinase which,

fter 240 h, when cells displayed neurites with lengths
n the range of 500–1000 mm, was reduced at undetect-
ble levels.

ocalization of PKC-u in Differentiating PC12 Cells

In order to identify the cytoplasmic localization of
KC-u during neuronal differentiation, PC12 cells

FIG. 4. Subcellular localization of PKC-u in differentiating PC12
ells. Following 72 h of induction with NGF, cells were incubated for
min with 5 mM cytochalasin B and immunocytochemistry analysis
as carried out as in the legend to Fig. 1A.
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ere grown for 72 h in the presence of NGF, followed
y a 5 min exposure to the actin filament disassem-
ling agent cytochalasin B. As shown in Fig. 4, in this
ondition PKC-u protein resulted partially diffused and
he axon-like structures completely disorganized. This
bservation is consistent with the existence of a tight
ssociation between the kinase and the actin cytoskel-
ton filaments undergoing a profound reorganization
uring the neurite outgrowth process.
The time course analysis reported in Fig. 3A re-

ealed that PKC-u, represented as a single immunore-
ctive protein band in uninduced cells, showed a dif-
erent migration pattern in cells recovered after 72 or
20 h of treatment with NGF, suggesting the existence
f multiple forms of the kinase. This finding indicates
hat PKC-u may undergo specific molecular modifica-
ions during cell differentiation and association to the
ctin cytoskeleton network. Next, we considered the
ossibility that distinct forms of the enzyme could be
ifferently distributed between the cytoskeletal and
oluble fraction in 72 h NGF stimulated cells. In the
ell soluble fraction PKC-u was recovered as two im-
unoreactive bands (Fig. 5, lane 1). Conversely, in the

ytoskeletal fraction (Fig. 5, lane 2), PKC-u was
resent in a higher amount and showed a different
lectrophoretic migration pattern. In fact, the two most
epresented forms were present only in a cytoskeletal-
ound state and displayed a faster migration as com-
ared to the form specifically localized in the soluble
raction. These findings strongly suggest that associa-
ion to the actin cytoskeleton network of differentiating
C12 cells requires post-transcriptional or post-trans-
uctional modified PKC-u.

ISCUSSION

A number of recent reports indicate that the expres-
ion of PKC-u isozyme is not restricted to a few cell

FIG. 5. Electrophoretic properties of PKC-u in differentiating
C12 cells. Aliquots of Triton soluble (lane 1) and Triton insoluble

cytoskeleton; lane 2) cell fractions, obtained from PC12 cells induced
or 72 h with NGF, were submitted to Western blotting by using the
nti-PKC-u antibody directed to the C-terminal peptide. The arrow
ndicates the migration of the single PKC-u form present in control
ninduced cells.
152
oietic cells, but is also detectable in several other cells
nd tissues (4, 15, 22). In this study we demonstrate
hat two different anti-PKC-u antibodies, directed to
omains localized in the catalytic or regulatory regions
f the kinase, identify this PKC isozyme in PC12 cells.
pecifically, PKC-u is localized in the nuclear compart-
ent of proliferating control cells, as previously shown

or an unrelated cell line (12). It has been demon-
trated that PKC-u plays several specific roles in T-cell
ctivation (14) and is involved in the regulation of the
ell cycle (16). Its catalytic activity has been shown to
e necessary for the maintenance of a normal actin
ytoskeleton network (16) and a specific substrate for
KC-u has been also identified among the proteins
cting as linkers between the plasma membrane and
he actin cytoskeleton (23). Because PC12 cells induced
ith NGF undergo a large reorganization of the cy-

oskeletal network which accompanies the outgrowth
f axon-like structures, we have investigated the in-
olvement of PKC-u in this process. A crucial function
or PKC-u in neuronal differentiation of PC12 cells is
ndicated by the following evidences: (i) the expression
f PKC-u largely increases in the early steps of neuro-
al differentiation; (ii) specifically modified forms of
KC-u are accumulated, through a tight association, on
he actin cytoskeleton during the elongation of the
xon-like cell processes; (iii) at the completion of the
erminal differentiation program a down-regulation of
KC-u occurs. Altogether, these results indicate that
KC-u could be involved in two alternative functions in
he same cell, depending on its localization inside or
utside the nucleus. The effect of cytochalasin B dem-
nstrates that PKC-u outside the nucleus is associated
o the actin cytoskeleton filaments. However, PKC-u
ecovered from these cell structures shows molecular
roperties different from the nuclear kinase form. This
nding suggests the existence of a biochemical mech-
nism which adapts PKC-u to its new intracellular
ocalization. At present it can be only tentatively hy-
othesized that a post-translational modification of
KC-u, such as phosphorylation which has been re-
orted previously in other cells (11), or an alternative
plicing, due to the large increase in the synthesis of
KC-u in differentiating PC12 cells, could produce the
bserved structural changes. Although no precise in-
ormation is yet available concerning the type of mod-
fications responsible for the changes of apparent mo-
ecular mass of the kinase, we exclude that an
ncontrolled proteolytic degradation occurs during the
reparation of cell samples, as identical results were
btained when cells were lysed directly in boiling
uffer or in the presence of different cocktails of pro-
einase inhibitors (data bot shown).

PKC-u is no more expressed by differentiated
euron-like cells. The disappearance of the kinase was
lso reported for the completely unrelated line of mu-
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f the terminal differentiated erythroid phenotype (12),
ndicating that, at least in these cell models, the kinase
s not necessary for the survival of ungrowing cells.

The present results are consistent with a specific
unction of PKC-u in the reorganization of the cytoskel-
tal network. Several proteins have been shown to
nteract directly with this kinase form and considered
ACKs proteins (24). At present, among these proteins
nly the membrane-organizing-extension spike pro-
ein, moesin, has been demonstrated to interact specif-
cally with PKC-u and to be also phosphorylated in the
ctin-binding sequence (23). The identification of spe-
ific cytoskeletal targets for PKC-u in PC12 cells is at
resent under investigation. In conclusion, our find-
ngs indicate that PKC-u is involved in the mechanisms
f cytoskeletal reorganization not only in short time
rocesses, typical of cytokinesis in endothelial or he-
atopoietic cell lineage, but also in the long time pro-

ess of rearrangement of filamentous actin and axonal
prouting triggered by neurotrophic agents in PC12
ells.
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