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Neuronal Differentiation of PC12 Cells Involves Changes in
Protein Kinase C-6 Distribution and Molecular Properties
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In this study we demonstrate that the rat pheochro-
mocytoma PC12 cell line expresses the novel protein
kinase C isozyme designated PKC-60. The isozyme is
almost completely localized in the nuclear compart-
ment of proliferating cells. Following stimulation with
the nerve growth factor, PKC-0 is redistributed into
the cytoplasm and the outgrowing neurite processes,
mostly as a cytoskeletal associated kinase. This event
is accompanied by an eightfold increase in the expres-
sion level and by the appearance of specific modifica-
tions of PKC-0 molecule. Conversely, the kinase is
down-regulated once cells reach the terminally differ-
entiated state displaying a neuron-like phenotype.
These data suggest a functional role for the kinase in
the regulation of cytoskeletal modeling along the mul-
tistage differentiation process of PC12 cells. © 2000
Academic Press
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Multiple cell signaling events include steps mediated
by members of the PKC enzyme family (1). The various
PKC isozymes are characterized by different tissue
distribution, intracellular localization, and substrate
specificity (2). In addition, each PKC form undergoes
complex regulation mechanisms, involving selective co-
factor requirements, post translational reversible and
irreversible modifications, and intracellular transloca-
tions, promoted by appropriate agonists and mediated
by specific interaction with receptors for activated C
kinases (3). Several PKC isozymes have been shown to
play a key role in signal transduction networks acti-
vated by neurotrophic agents on neuronal progenitors
such as immortalized raphe neurons (4), neuroblas-
toma cell lines (5, 6) and PC12 cells (7). The novel
PKC-6 isozyme, highly expressed in the skeletal mus-
cle and hematopoietic cells (8, 9), has been recently
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shown to be involved in the control of the expression
level of an integrin regulatory protein, which modu-
lates migration and proliferation of capillary endothe-
lial cells (10), as well as in the activation mechanisms
of IL-2 and FasL gene promoters (11). Moreover, in
different cell lines, PKC-6 results recruited on the cen-
trosomes and kinetochores of the spindle pole in a
catalitically active form (12, 13), suggesting its direct
participation to the mitotic phase of the cell cycle. In T
cells, PKC-6 is clustered in a supramolecular activation
complex (14), an event specifically induced by agonists
stimulating cell proliferation.

Recently, PKC-60 has been also identified in cells of
nerve origin such as the LAN-5 neuroblastoma cell line
(12), microglial and astroglial cells (15), but very little is
known about the physiological role of PKC-6 in nerve
cells.

Here we provide evidence that in the pluripotent
PC12 cell line, PKC-6 is involved in the long term
program of neuronal differentiation. In agreement
with observations indicating that PKC-6 becomes relo-
calized to specific cell sites during processes of angio-
genesis (16), mitosis (11), and T cell receptor activation
(14), our present results show that this kinase associ-
ates to the reorganizing cytoskeleton network during
differentiation of PC12 cells towards the neuron-like
non proliferating phenotype.

MATERIALS AND METHODS

Cell culture and induction of differentiation. PC12 cells were
cultured in RPMI 1640 containing 15% heat-inactivated fetal calf
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin (Biospa,
Milan, Italy) and incubated at 37°C in a humidified atmosphere in
the presence of 5% CO,. Where indicated cells were induced to
differentiate by reducing the serum concentration to 1% and by
addition of 100 ng/ml NGF 7S (Sigma) (17). Terminally differenti-
ated cells were defined as those possessing one or more neurites
having a length of at least 500 um. All cell cultures were free of
mycoplasma contamination as established by a routine assay with a
Mycoplasma Detection Kit (Roche Diagnostics).

Western blot analysis. Cells were washed twice in phosphate-
buffered saline (PBS). Proteins from total cell lysates or from cell
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FIG. 1. Identification of PKC-6 in PC12 cells. Cells were pro-
cessed for immunocytochemistry by using the anti-PKC-6 antibody
directed to the C-terminal peptide in the absence (A and C) or
presence (B and D) of the immunogen peptide. Stained nuclei of cells
in A are shown in (C) and those of cells in B are shown in (D). (E) 5 X
10* PC12 cells (lanes 2, 3, 5), collected from non-confluent cell cul-
tures, or Jurkat cells (8 ng of cell lysate, lanes 1, 4) were submitted
to SDS-PAGE followed by Western blotting. The blots were probed
with the same anti-PKC-6 antibody used in A, in the absence (lanes
1 and 2) or presence (lane 3) of the immunogen peptide. Alterna-
tively, an antibody directed to the cystein rich region of the kinase
was used (lanes 4 and 5).

fractions were separated by electrophoresis on 10% polyacrylamide
gels in denaturing conditions (SDS—-PAGE) (18). Protein were then
transferred to nitrocellulose membranes (Bio Rad Laboratories) and
Western-blotting was carried out as described previously (12). Blots
were incubated with a policlonal anti-PKC-6 antibody raised against
the C-terminal peptide of the mouse kinase (1:2000; Santa Cruz
Biotechnologies) or, where indicated, with an anti-PKC-6 antibody
raised against the cystein rich region of the kinase (1:250; Transduc-
tion Laboratories). Membranes were then incubated for 60 min with
horseradish peroxidase-conjugated goat anti-rabbit 1gG (1:2000;
Amersham Pharmacia) (19). The immunocomplexes were revealed
by using an enhanced chemiluminescence detection system and Hy-
perfilm MP X-ray films (Amersham Pharmacia). Quantification of
the immunoreactive bands was carried out with a dual-wavelength
flying-spot scanner (Shimadzu Corporation).

PKC-6 immunocytochemistry. Cells were fixed and permeabilized
by the Triton/paraformaldehyde method, as specified previously (20).
Nonspecific interactions were blocked by a 30 min incubation in PBS
containing 5% (v:v) fetal calf serum. Fixed cells were then incubated
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in PBS containing 0.5 pg/ml anti-PKC-6 antibody raised against the
C-terminal peptide of the kinase for 16 h at 4°C, washed with PBS
containing 2 mg/ml bovine serum albumin, followed by a 1 h incu-
bation at 4°C in the same buffer containing 2.5 pg/ml FITC-
conjugated goat anti-rabbit 1gG (Amersham Pharmacia). Chromatin
was stained by a 5 min incubation of fixed cells with 2 ug/ml pro-
pidium iodide (Sigma). The slides were washed again three times
and then mounted in coverslips with FluoroGuard anti-fade reagent
(Bio Rad Laboratories) before analysis. Images of the samples were
collected as described (12), using a planapochromat X60 oil-
immersion objective with numerical aperture 1.4. The excitation/
emission wavelengths were 488/522 nm for the FITC-conjugated
antibody and 568/605 nm for stained chromatin.

Cytoskeleton extraction. PC12 cells (4 x 10° cells) were washed
three times with PBS and cytoskeletons were prepared as described
(21). The Triton soluble and insoluble (cytoskeleton) cell fractions
were immediately suspended in the electrophoresis sample buffer
and heated at 95°C for 1 min.

RESULTS
PKC-6 Expression in PC12 Cells

An immunocytochemical analysis, carried out on
PC12 cells by using an anti-PKC-6 antibody directed to
the C-terminal peptide of the Kinase, revealed that
these cells express the PKC-6 isozyme localized in the
nuclear compartment (Figs. 1, cfr. A and C). The spec-
ificity of this staining was demonstrated by disappear-
ance of the signal by pretreatment of the antibody with
the immunogen peptide (Fig. 1, B and D). A Western

A B

FIG. 2. Immunocytochemistry of PKC-6 in differentiating and
neuronal differentiated PC12 cells. Cells were cultured in the pres-
ence of the inducer for 72 h (A and C) or 240 h (B and D) and
immunocytochemistry analysis was carried out as in the legend to
Fig. 1. Stained nucleus of cell in A is shown in (C) and those of cells

in B are shown in (D). Representative images of three independent
experiments are shown.
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FIG. 3. Levelsof PKC-6 in neuronal differentiation of PC12 cells.
(A) Cells were collected at increasing times of exposure to the inducer
and submitted to Western blotting as in the legend to Fig. 1, by using
the anti-PKC-6 antibody directed to the C-terminal peptide. (B)
Quantification of the immunoreactive signal shown in A was carried
out by a densitometric analysis and shown as means = S.D. from
three independent experiments.

blot analysis was also carried out to define the molec-
ular properties of the protein identified by this anti-
body. As shown in Fig. 1E, in PC12 cells a single
immunoreactive band was detected having an electro-
phoretic mobility corresponding to that present in
Jurkat cells, known to be very rich in PKC-6, and used
as control (Fig. 1E, cfr. lane 1 and 2). The immunore-
activity disappeared if Western blot was carried out in
the presence of the immunogen peptide (Fig. 1E, lane
3). Furthermore, also a different anti-PKC-6 antibody,
directed to the cystein-rich region of the kinase, iden-
tified a single protein band with identical migration in
PC12 and Jurkat cells (Fig. 1E, cfr. lane 4 and 5). It can
be concluded that PKC-6 is expressed in PC12 cells and
is almost completely confined in the nuclear cell com-
partment.

Distribution and Level of PKC-6 in Differentiating
PC12 Cells

To elucidate if PKC-6 undergoes changes in intracel-
lular localization during the acquirement of the non-
proliferating neuronal phenotype, we induced PC12
cells with NGF and analyzed the subcellular localiza-
tion of the kinase by immunocytochemistry and confo-
cal microscope examination. As shown in Fig. 2A, after
72 h of exposure to the inducer, PKC-6 was localized
outside the nucleus and in the elongating neurite pro-
cesses. However, the change of PKC-6 intracellular
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localization is an early event in the program of neuro-
nal differentiation of PC12 cells promoted by NGF,
being already detectable after 24 h from induction, and
persisted at least for 1 week (data not shown). On the
contrary, in terminal neuron-like differentiated cells,
obtained after 10—14 days of exposure to the inducer,
PKC-0 resulted down-regulated (Fig. 2B), indicating
that PKC-6 activity is not essential for the survival
functions of ungrowing differentiated neurons.

Additional experiments were performed to deter-
mine the molecular mechanisms promoting the change
in the distribution of PKC-6 observed in PC12 cells
induced with NGF. Western blot analysis, carried out
at different times of exposure to the inducer, revealed
that the intracellular amount of PKC-6 increased,
reaching a maximum after 72 h (Fig. 3A). At this time,
the level of PKC-6 was found to be eightfold higher as
compared to that measured in uninduced cells. Con-
versely, a prolonged exposure to the inducer resulted in
a decreased intracellular amount of the kinase which,
after 240 h, when cells displayed neurites with lengths
in the range of 500—-1000 wm, was reduced at undetect-
able levels.

Localization of PKC-6 in Differentiating PC12 Cells

In order to identify the cytoplasmic localization of
PKC-6 during neuronal differentiation, PC12 cells

A

FIG. 4. Subcellular localization of PKC-6 in differentiating PC12
cells. Following 72 h of induction with NGF, cells were incubated for
5 min with 5 uM cytochalasin B and immunocytochemistry analysis
was carried out as in the legend to Fig. 1A.

151



Vol. 275, No. 1, 2000

FIG. 5. Electrophoretic properties of PKC-6 in differentiating
PC12 cells. Aliquots of Triton soluble (lane 1) and Triton insoluble
(cytoskeleton; lane 2) cell fractions, obtained from PC12 cells induced
for 72 h with NGF, were submitted to Western blotting by using the
anti-PKC-0 antibody directed to the C-terminal peptide. The arrow
indicates the migration of the single PKC-6 form present in control
uninduced cells.

were grown for 72 h in the presence of NGF, followed
by a 5 min exposure to the actin filament disassem-
bling agent cytochalasin B. As shown in Fig. 4, in this
condition PKC-0 protein resulted partially diffused and
the axon-like structures completely disorganized. This
observation is consistent with the existence of a tight
association between the kinase and the actin cytoskel-
eton filaments undergoing a profound reorganization
during the neurite outgrowth process.

The time course analysis reported in Fig. 3A re-
vealed that PKC-6, represented as a single immunore-
active protein band in uninduced cells, showed a dif-
ferent migration pattern in cells recovered after 72 or
120 h of treatment with NGF, suggesting the existence
of multiple forms of the kinase. This finding indicates
that PKC-6 may undergo specific molecular modifica-
tions during cell differentiation and association to the
actin cytoskeleton network. Next, we considered the
possibility that distinct forms of the enzyme could be
differently distributed between the cytoskeletal and
soluble fraction in 72 h NGF stimulated cells. In the
cell soluble fraction PKC-60 was recovered as two im-
munoreactive bands (Fig. 5, lane 1). Conversely, in the
cytoskeletal fraction (Fig. 5, lane 2), PKC-6 was
present in a higher amount and showed a different
electrophoretic migration pattern. In fact, the two most
represented forms were present only in a cytoskeletal-
bound state and displayed a faster migration as com-
pared to the form specifically localized in the soluble
fraction. These findings strongly suggest that associa-
tion to the actin cytoskeleton network of differentiating
PC12 cells requires post-transcriptional or post-trans-
ductional modified PKC-6.

DISCUSSION

A number of recent reports indicate that the expres-
sion of PKC-6 isozyme is not restricted to a few cell
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types, such as skeletal muscle, endothelial or hemato-
poietic cells, but is also detectable in several other cells
and tissues (4, 15, 22). In this study we demonstrate
that two different anti-PKC-60 antibodies, directed to
domains localized in the catalytic or regulatory regions
of the kinase, identify this PKC isozyme in PC12 cells.
Specifically, PKC-6 is localized in the nuclear compart-
ment of proliferating control cells, as previously shown
for an unrelated cell line (12). It has been demon-
strated that PKC-60 plays several specific roles in T-cell
activation (14) and is involved in the regulation of the
cell cycle (16). Its catalytic activity has been shown to
be necessary for the maintenance of a normal actin
cytoskeleton network (16) and a specific substrate for
PKC-6 has been also identified among the proteins
acting as linkers between the plasma membrane and
the actin cytoskeleton (23). Because PC12 cells induced
with NGF undergo a large reorganization of the cy-
toskeletal network which accompanies the outgrowth
of axon-like structures, we have investigated the in-
volvement of PKC-6 in this process. A crucial function
for PKC-0 in neuronal differentiation of PC12 cells is
indicated by the following evidences: (i) the expression
of PKC-6 largely increases in the early steps of neuro-
nal differentiation; (ii) specifically modified forms of
PKC-6 are accumulated, through a tight association, on
the actin cytoskeleton during the elongation of the
axon-like cell processes; (iii) at the completion of the
terminal differentiation program a down-regulation of
PKC-6 occurs. Altogether, these results indicate that
PKC-6 could be involved in two alternative functions in
the same cell, depending on its localization inside or
outside the nucleus. The effect of cytochalasin B dem-
onstrates that PKC-6 outside the nucleus is associated
to the actin cytoskeleton filaments. However, PKC-6
recovered from these cell structures shows molecular
properties different from the nuclear kinase form. This
finding suggests the existence of a biochemical mech-
anism which adapts PKC-6 to its new intracellular
localization. At present it can be only tentatively hy-
pothesized that a post-translational modification of
PKC-0, such as phosphorylation which has been re-
ported previously in other cells (11), or an alternative
splicing, due to the large increase in the synthesis of
PKC-0 in differentiating PC12 cells, could produce the
observed structural changes. Although no precise in-
formation is yet available concerning the type of mod-
ifications responsible for the changes of apparent mo-
lecular mass of the kinase, we exclude that an
uncontrolled proteolytic degradation occurs during the
preparation of cell samples, as identical results were
obtained when cells were lysed directly in boiling
buffer or in the presence of different cocktails of pro-
teinase inhibitors (data bot shown).

PKC-6 is no more expressed by differentiated
neuron-like cells. The disappearance of the kinase was
also reported for the completely unrelated line of mu-
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rine erythroleukemia cells, following the acquirement
of the terminal differentiated erythroid phenotype (12),
indicating that, at least in these cell models, the kinase
is not necessary for the survival of ungrowing cells.

The present results are consistent with a specific
function of PKC-6 in the reorganization of the cytoskel-
etal network. Several proteins have been shown to
interact directly with this kinase form and considered
RACKSs proteins (24). At present, among these proteins
only the membrane-organizing-extension spike pro-
tein, moesin, has been demonstrated to interact specif-
ically with PKC-6 and to be also phosphorylated in the
actin-binding sequence (23). The identification of spe-
cific cytoskeletal targets for PKC-60 in PC12 cells is at
present under investigation. In conclusion, our find-
ings indicate that PKC-6 is involved in the mechanisms
of cytoskeletal reorganization not only in short time
processes, typical of cytokinesis in endothelial or he-
matopoietic cell lineage, but also in the long time pro-
cess of rearrangement of filamentous actin and axonal
sprouting triggered by neurotrophic agents in PC12
cells.
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