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Protein kinase C-@ is specifically localized on centrosomes and

kinetochores in mitotic cells
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In this study we provide evidence that the protein kinase C
(PKC)-0 isoenzyme is recruited on to the mitotic spindle in
dividing murine erythroleukaemia (MEL) cells and associates
specifically with centrosome and kinetochore structures. None of
the other PKC isoenzymes (-«, -8, -¢, -u and -{) expressed by
MEL cells shows this localization on the mitotic spindle. An
identical subcellular distribution of PKC-6 is also observed in
dividing murine P3 myeloma cells and human LAN-5 neuro-
blastoma cells, indicating that this PKC isoenzyme interacts with
the mitotic apparatus in mammalian cells. In phorbol-ester-
treated non-growing MEL cells, a rapid change in the intracellular
distribution of PKC-6 occurs. Under these conditions, PKC-6 is

translocated from the nuclear to the cytosolic cell compartment,
an event that is accompanied by phosphorylation of the
PKC-6 molecule and is followed by its down-regulation. The
recovery of cell growth capacity results in the concomitant
reappearance of PKC-f. Furthermore, when MEL cells acquire
the differentiated non-growing phenotype, the level of PKC-0 is
reduced to less than 59%,, suggesting that this PKC isoenzyme
is no longer required. We propose that, unlike other members
of the PKC family, PKC-/ may play a role in cell
proliferation.
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INTRODUCTION

The large protein kinase C (PKC) family is composed of Ca**-
dependent and -independent isoenzymes that have functions in
signal transduction in eukaryotic cells [1,2]. The conventional
and novel subfamilies of PKC are activated by diacylglycerol
generated through different pathways, and represent the major
intracellular targets of PMA [3]. In contrast, the isoenzymes
belonging to the atypical PKC subfamily are not responsive to
Ca*" and diacylglycerol [2]. Murine erythroleukaemia (MEL)
cells, which contain five PKC isoenzymes identified as PKC-«, -
d, -¢, -0 and - [4], express members of all PKC subfamilies. In
addition, the PKC-z isoform has recently been identified in MEL
cells (B. Sparatore, unpublished work), although whether it
belongs to the PKC family is still a controversial point [5].
MEL cell clones, characterized by high or low sensitivity to
chemical inducer associated with a high or low rate of differen-
tiation respectively [6], also show different levels of expression of
PKC isoenzymes [7]. It has been demonstrated previously that
some PKC isoenzymes are involved directly in the multiphasic
process of MEL cell differentiation. In particular, PKC-4, which
undergoes down-regulation largely before cell commitment,
seems to be preferentially involved in the maintenance of an
undifferentiated cell phenotype [8,9]. In contrast, PKC-a is
translocated into the nucleus and down-regulated in parallel with
the onset of cell commitment [10]. Moreover, fluctuations in the
intracellular content of PKC-« or PKC-4, caused by treatment
with specific antisense oligonucleotides or by introduction of
purified PKC isoenzymes into permeabilized MEL cells, results
in a significant change in the rate of differentiation [10,11].
Recent experimental evidence indicates that protein phos-
phorylation is a ubiquitous mechanism regulating cell-cycle
processes [12,13]. Although the molecular mechanisms control-
ling the initiation and completion of mitosis have not yet been
fully elucidated, several protein kinases have been proposed to
play important roles in regulating mammalian cell division,

following association with mitotic structures in a cell-cycle-
dependent manner [14—18]. Mitosis-specific and cell-cycle-regu-
lated phosphoproteins, which participate in the correct assembly
and maintenance of the bipolar spindle, have been proposed as
targets of a large number of protein kinase activities [12]. Among
these, the PKC-# isoenzyme has been indicated as a modulator
of cell-cycle progression [19].

Here we consider the involvement of PKC isoenzymes in the
MEL cell cycle. Although different PKC isoenzymes are localized
in the nuclear matrix during interphase, PKC-0 acquires a
unique distribution in mitosis, being massively translocated on to
specific sites of the spindle. Other cell types, also of human
origin, show a similar localization of PKC-0 in the mitotic
apparatus. In non-proliferating MEL cells, obtained by brief
exposure to PMA, PKC-0 at first undergoes a phosphorylation
process, concomitant with the rapid removal of the kinase from
the nuclear compartment, followed by massive down-regulation.
Other experimental evidence from non-growing MEL cells,
obtained using different types of treatment, also supports the
hypothesis that PKC-0 could be involved in cell-cycle pro-
gression.

EXPERIMENTAL
Cell culture

N23 MEL cells were obtained and cultured as specified previously
[6]. Human LAN-5 neuroblastoma cells were cultured as reported
[20], and murine P3 myeloma cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 159, (v/v) heat-
inactivated fetal calf serum.

Immunofluorescence microscopy

Cells were fixed and permeabilized by the Triton/paraformalde-
hyde method, as described in [21]. Non-specific protein binding
to cells was blocked by a 30 min incubation with 59, (v/v) fetal
calf serum diluted in PBS. Cells were then treated with 2 pg/ml
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anti-(PKC isoenzyme) antibody (Santa Cruz Biotechnology;
antibodies were raised against the C-terminal peptide of each
PKC isoenzyme), followed by a FITC-conjugated anti-(rabbit
Ig) secondary antibody (Amersham Pharmacia Biotech) at a
concentration of 2.5 ug/ml for 1h. Pretreatment of the anti-
(PKC isoenzyme) antibodies with their immunogen peptide
resulted in the complete disappearance of cell immunostaining.
Staining of chromatin was carried out by incubating fixed cells
with 2 pg/ml ethidium bromide for 5min [22]. Cells were
mounted on coverslips with FluoroGuard anti-fade reagent (Bio-
Rad Laboratories) before analysis. Images of the samples were
collected the same day by confocal microscopy using a Bio-
Rad MRC1024 instrument (krypton/argon laser) on a Nikon
Diaphot 200, using a planapochromat x 60 oil-immersion
objective with normal aperture 1.4 (Figures 1, 3 and 7 below)
or a planapochromat x40 objective with normal aperture
0.75 (Figure 2). The excitation/emission wavelengths were
488/522 nm for fluorescein-labelled antibodies, and 488/605 nm
for ethidium bromide-stained chromatin.

Evaluation of MEL cell growth and induction of differentiation

To measure cell growth, aliquots of MEL cell cultures were
collected at various times and the cells counted in triplicate. For
control conditions, cells were cultured in complete culture
medium starting with a density of 10° cells/ml. The percentage
cell growth under different experimental conditions was calcu-
lated by dividing the actual cell density by the value obtained
under control conditions, and multiplying by 100. MEL cell
differentiation was induced by the addition of 5SmM hexa-
methylenebisacetamide (HMBA) to a culture containing 10°
cells/ml. The proportion of differentiated cells was assayed by
evaluating the percentage of benzidine-reactive cells [23].

Immunoprecipitation of PKC-6 isoenzyme

N23 MEL cells (5 x 10 cells) were suspended in 1 ml of 20 mM
Tris/HCI buffer, pH 7.6, containing 0.5 %, Nonidet P40, 2.5 mM
EDTA, 2.5mM EGTA, 0.15M NaCl, 0.1 mg/ml leupeptin,
1 mM PMSF and 20 ug/ml aprotinin (buffer A) and lysed by
sonication (six bursts of 10 s each at 0 °C). After centrifugation
at 12000 g for 5 min, the supernatant was collected, precleared
by incubation with 20 xl of Protein A-Sepharose for 15 min at
4 °C, then incubated with 1 ug of the anti-PKC-¢ antibody for
1 h at 4 °C. Protein A—Sepharose (20 xl) was then added to the
mixture, which was incubated for a further 1 h at 4 °C. The
Sepharose was pelleted, washed with 5x 1 ml of buffer A and
suspended in 50 ul of SDS/PAGE loading buffer. The samples
were immediately heated at 95 °C for 2 min and submitted to
SDS/PAGE on an 89, (w/v) polyacrylamide slab gel [24].

Quantitative analysis of PKC-6 by immunoblotting

MEL cells were washed three times with PBS, counted and lysed
directly in the sample buffer for electrophoresis. Samples cor-
responding to 10° cells were submitted to SDS/PAGE, then the
proteins were transferred to a nitrocellulose membrane (Bio-
Rad) by electroblotting. Membranes were probed with a specific
anti-(PKC isoenzyme) antibody followed by a peroxidase-
conjugated secondary antibody as described [25], and developed
with an enhanced chemiluminescence detection system (Amer-
sham Pharmacia Biotech). Blots were quantified by scanning
analysis with a Shimadzu CS-9000 densitometer. The linear
range of the detected signal had been determined previously, and
the relative amount of each immunoreactive band was calculated
by measuring the area of the densitometric peaks.

Labelling of MEL cells with [*?P]P,

MEL cells (2 x 107 cells) were suspended in 4 ml of «-minimal
essential medium containing 109, (v/v) fetal calf serum and
1.6 mCi of H,**PO,. After 30 min at 37 °C, the cell suspension
was divided into aliquots of 1 ml, which were incubated further
at 37 °C in the presence or absence of 160 nM PMA. All the cell
samples were finally collected by centrifugation (600 g; 5 min)
and suspended in 1 ml of buffer A containing 2 uM okadaic acid.
Cell lysis and PKC-¢ immunoprecipitation were carried out as
described above.

RESULTS

In order to establish the possible involvement of PKC isoenzymes
in cell-cycle progression in MEL cells, we evaluated the sub-
cellular localization of these isoenzymes by immunofluorescence
labelling. Because PKC-0 has been suggested to be involved
directly in the cell cycle [19], we first investigated its distribution
in dividing MEL cells. The micrograph images shown in Figures
1(A) and 1(B) clearly demonstrate the localization of PKC-6 at
the level of the spindle poles, identified as two large fluorescent
spots, and also on the kinetochores, distinguishable as pairs of
points on each chromosome. Pretreatment of the anti-PKC-0
antibody with its immunogen peptide completely abolished the
appearance of all fluorescent spots, indicating the specificity of
this immunodetection (Figures 1C and 1D). None of the other
PKC isoenzymes present in MEL cells showed a similar dis-
tribution. As shown in Figure 2, PK C-o was located preferentially
in the cytosolic matrix, both in interphase and during mitosis.
PKC-0 was distributed in the cytosol and in the nucleus during
interphase, whereas, in dividing cells, it became concentrated in
the middle of the mitotic spindle. PK C-u localization was similar
to that of PKC-«, and its distribution was not modified in mitotic
cells. PKC-0 was almost entirely located in the nucleus during
interphase and, as also shown in Figure 1, was recruited on to the
mitotic apparatus during cell division. Finally, PKC-{ was
associated with the nucleus in interphase and became almost
completely undetectable during mitosis. PKC-¢, another novel
PKC isotype identified previously in MEL cells, was not de-
tectable with this technique.

The specific interaction of PKC-6 with the mitotic spindle also
occurs in human LAN-5 neuroblastoma cells and murine P3
myeloma cells (Figure 3), and persists during the different mitotic
phases (results not shown). Taken together, these findings suggest
that the interaction of PKC-6 with centrosomes and kinetochores
is a specific property of eukaryotic cells.

In order to define the relevance of PKC-6 in mitotic events, we
analysed the level and distribution of this kinase in non-growing
MEL cells. Following exposure to the chemical inducer HMBA,
these cells undergo spontaneous growth arrest, and display the
fully differentiated erythroid phenotype [23]. We measured the
level of PKC-0 and the growth capacity of MEL cells treated
with HMBA for different times. The level of PKC-0 did not
change during the first 40 h of incubation (Figure 4), but after
this a rapid decrease of over 909, was observed. After longer
incubation periods, only 2-59%, of the original PKC-0 was
detectable, which probably arose from the few undifferentiated
cells still present in the culture. Identical kinetics were observed
for cell growth, which decreased in parallel with the dis-
appearance of PKC-0. For comparison, the level of PKC-§, the
novel PKC isoform having the highest structural similarity with
PKC-0 [5], is also shown in Figure 4. Exposure of MEL cells to
HMBA promoted a very rapid down-regulation of the PKC-§
isoenzyme, a process that was completed largely before the onset
of cell commitment, which occurs 14-16 h after the addition of
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Figure 1 Localization of the PKC-6 isoenzyme in dividing MEL cells

In (A) and (B), cells were fixed and double-stained with anti-PKC-6 antibody (green fluorescence) and ethidium bromide (red fluorescence), as described in the Experimental section. In (C) and
(D), cells were stained as in (A) and (B), using anti-PKC-6 antibody that had been pre-incubated with the immunogen peptide. (A) and (C), images obtained at 488 nm excitation/522 nm emission;
(B) and (D), confocal overlay pictures obtained at 488 nm excitation/522 and 605 nm emission. Using three separate batches of MEL cells, at least 50 mitotic MEL cells were analysed for each

condition, and showed the same localization of PKC-6.

the chemical inducer [6]. Since PKC-0 is down-regulated at
longer times, corresponding to the cessation of cell growth, we
can postulate that this kinase is involved in cell proliferation
rather than in erythroid differentiation.

Similar results were obtained with MEL cells cultured for
sufficient time to reach the density-induced growth arrest [6],
corresponding to a density of about 3 x 10 cells/ml. Under these
conditions, we observed that PK C-0 undergoes down-regulation,
resulting in a decrease of more than 709, compared with its
original level (Figure 5). Dilution of the culture to 10° cells/ml
with fresh medium restored MEL cell growth, which was
accompanied by a progressive increase in the intracellular amount
of PKC-6. Following 48 h of incubation after cell dilution, both
the level of PKC-0 and the rate of cell growth were comparable
with those of control growing cells.

We have observed previously that exposure of MEL cells to
PMA for a few hours promotes growth arrest together with a loss
of PKC activity [7]. Due to the high efficiency of PMA in
producing non-growing cells, we considered this experimental
approach suitable to better define the relationship between the
intracellular level of PKC-0 and cell growth.

Overnight exposure of MEL cells to 160 nM PMA produced

a greater than 70 9, decrease in the PKC-6 cell content (Figure
6). Following removal of PMA from the culture medium, both
recovery of cell growth and increasing expression of PKC-0 were
detectable. After 48 h of incubation, more than 90 %, of PKC-0
levels had been restored, and the growth rate was similar to that
of control cells.

In order to analyse the early changes in PKC-0 caused by
PMA, we exposed MEL cells to a 15 min treatment with the
phorbol ester and evaluated the intracellular distribution of the
kinase. The micrograph image shown in Figure 7(A) demon-
strates that, under these conditions, PKC-§ was translocated
outside the nucleus (cf. Figure 2) and accumulated in the soluble
cell fraction. These data are consistent with the hypothesis that
a change in the intracellular localization of PKC-6 is required for
MEL cell growth arrest. To clarify the molecular processes
accompanying the export of PKC-6 outside the nucleus, we also
analysed the level and molecular properties of the kinase before
and after a brief cell exposure to PMA. As shown in Figure 7(B),
the 76 kDa band representing native PKC-6 in untreated cells
was progressively replaced by a new kinase form having a lower
electrophoretic mobility, corresponding to an apparent molecular
mass of 78-79 kDa. This conversion was completed within
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Figure 2 Localization of PKC isoenzymes during interphase and mitosis

MEL cells from three separate batches (10° total cells in each batch), grown to a cell density of 3 x 10° cells/ml under control conditions, were collected, fixed and stained both with the anti-
(PKC isoenzyme) antibody indicated and with ethidium bromide, as specified in the Experimental section. Rows 2 and 4, images obtained at 488 nm excitation/522 nm emission; rows 1 and 3,
confocal overlay pictures obtained at 488 nm excitation/522 and 605 nm emission Each individual cell shows the typical distribution of the indicated PKC isoenzyme that was observed in at least

50 cells analysed for each condition.

Figure 3 Localization of PKC-6 in dividing murine P3 myeloma cells (A and B) and human LAN-5 neuroblastoma cells (C and D)

Samples of 10° cells, from two separate batches, were collected for each cell line, fixed and stained with anti-PKC-6 antibody and with ethidium bromide, as described in the legend to Figure
1. () and (C), images obtained at 488 nm excitation/522 nm emission; (B) and (D), confocal overlay pictures obtained at 488 nm excitation/522 and 605 nm emission. At least 50 mitotic cells
were analysed for each condition, and showed an identical localization of PKC-6.
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Figure 4 Levels of PKC-0 and -0 and rate of cell growth in differentiating
MEL cells

MEL cell differentiation was induced by adding 5 mM HMBA to a culture containing 10°
cells/ml. At the indicated times, cell growth (Q), the proportion of differentiated cells ([J) and
the levels of PKC-0 (@) and PKC-& (IM) isoenzymes were evaluated as specified in the
Experimental section. Results are means 4 S.D. for determinations carried out using three
separate batches of cells.
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Figure 5 Levels of PKC-0 in proliferating and density-growth-arrested
cells

MEL cells were collected at a density of 3 x 10° cells/ml (exponential growth; G) or 3 x 106
cells/ml (density growth arrest; NG), or 24 h or 48 h after dilution to 10° cells/ml. The level
of PKC-0 was quantified by immunoblotting, as described in the Experimental section. The
levels of PKC-6 (closed bars) and cell growth (open bars) are means + S.D. of values obtained
using three separate batches of cells.

10 min. The high-molecular-mass form of PKC-6 was then
down-regulated, and a decrease of 10159, was detectable after
1 h (results not shown). A similar molecular modification has
been described previously for other PKC isoenzymes, and was
ascribed to an enhanced phosphorylation of the protein kinase
molecule [25].

To assess whether PM A causes a change in the phosphorylation
status of PKC-, we immunoprecipitated this kinase from *2P-
labelled MEL cells (Figure 7C). No radioactive band was present
in 3?P-labelled control cells, whereas a 78 kDa radioactive band
was detectable in cells treated for 10 or 15 min with PMA. The
amount of PKC-0 recovered in the immunoprecipitates was
similar for any conditions used (results not shown). In cells
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Figure 6 Levels of PKC-0 in proliferating and growth-arrested cells
following exposure to PMA

MEL cells were collected during exponential growth (G), after 18 h of exposure to 160 nM PMA
(NG), or 8, 24 or 48 h after the removal of PMA, as indicated. The levels of PKC-6 (closed
bars) and cell growth (open bars) are means+ S.D. of values obtained using three separate
batches of cells.

exposed for 10 min to PMA, but immunoprecipitated with anti-
PKC-0 antibody pretreated with the immunogen peptide, both
the radioactive band and the corresponding PKC-6 immuno-
reactive band were undetectable (results not shown). These
findings indicate that PMA induces the rapid and complete
conversion of native PKC-f into a phosphorylated form, and
that such a modification might be involved in the concomitant
translocation of the enzyme outside the nucleus.

DISCUSSION

In this paper, we provide for the first time evidence indicating a
specific localization of the PKC-0 isoenzyme in MEL cells during
mitosis. Although several PKC isoenzymes are located in the
nucleus of these cells, only PKC-6 is accumulated in mitotic
spindle centrosomes and in chromosome kinetochores. This
peculiar distribution seems to be a characteristic of other
mammalian cells of human and murine origin. From these
observations, it can be postulated that PKC-0 may play a specific
role in cell growth.

This assumption is supported by the fact that non-growing
MEL cells are characterized by the almost complete absence of
PKC-4. Differentiated MEL cells, having acquired a non-growing
red-cell-like phenotype, express less than 59, of the original
PKC-0 content (see Figure 4); in addition, in the non-growing
phenotype obtained by reaching density growth arrest or by
treatment with PMA, the kinase is down-regulated. To study the
processes accompanying the disappearance of PKC-6¢ from non-
growing cells, we have induced very rapid growth arrest by
exposure of MEL cells to PMA. This tumour promoter has been
found to induce, at first, a rapid phosphorylation of PKC-64,
which probably affects the intracellular distribution of the
enzyme. In fact, the phosphorylated kinase molecule leaves the
nucleus and accumulates in the cytosolic compartment. These
events, occurring within a few minutes, are followed by a slower
down-regulation, which is reversed after restoration of cell growth
capability.

Altogether, these findings open a new field of research on the
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Figure 7 Cell localization and molecular properties of PKC-6 in MEL cells
after a brief exposure to PMA

(R) MEL cells were treated with 160 nM PMA for 15 min, then fixed and stained with anti-PKC-
6 antibody and with ethidium bromide, as described in the legend to Figure 1. Left panel,
confocal overlay image obtained at 488 nm excitation/522 and 605 nm emission; right panel,
image obtained at 488 nm excitation/522 nm emission. The scale bar is 5 wm. (B) A Western
blot of PKC-6 was carried out with untreated cells (lane 1) and with cells exposed to 160 nM
PMA for 5 min (lane 2), 10 min (lane 3) or 15 min (lane 4). The arrows indicate the positions
of marker proteins. (C) MEL cells were labelled with *2P, as described in the Experimental
section, then incubated in the absence of PMA for 10 min (lane 1) or in the presence of 160 nM
PMA for 10 min (lanes 2 and 3) or 15 min (lane 4). PKC-6 was immunoprecipitated using the
anti-PKC-@ antibody and submitted to SDS/PAGE followed by autoradiography. Pretreatment of
the antibody with the immunogen peptide abolished the immunoprecipitation of radioactive
PKC-6 (lane 2).

involvement of this kinase in cell growth. In contrast with other
PKC isoenzymes, previously shown to be involved in the early
phases of the MEL cell differentiation process [4,9,26], PKC-0
seems to be required preferentially by proliferating cells. In other
mammalian cell models, some PKC isoenzymes have been
suggested to participate in cell-cycle progression, whereas other
forms undergo changes in their level of expression as a function
of the cell-cycle phase [27-29]. More recently, PKC-6 has been
suggested to be the isoenzyme involved in cell-cycle progression,
mediating the angiogenic effects exerted by phorbol esters in rat
capillary endothelial cells [19]. In addition, a function for PKC-
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6 in T-cell activation, through interaction of this kinase with the
microtubule-organizing centre, has also been proposed [30,31].
Despite similarities with regard to primary structure, cell locali-
zation and enzymic properties, PKC-0 plays specialized intra-
cellular roles distinct from those of all other novel PKC forms,
when expressed concomitantly in the same cell type. Specific
subcellular locations, together with the presence of peculiar
regulatory domains modulating catalytic activation and inter-
actions with target proteins, are the most likely elements
responsible for well defined functions of individual members
of the PKC family [5]. Further experiments are in progress to
identify the targets of PKC-6 activity on the mitotic spindle.
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