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Protein kinase C (PKC) plays an important role in the regulation of glioma growth; however, the identity of
the specific isoform and mechanism by which PKC fulfills this function remain unknown. In this study, we dem-
onstrate that PKC activation in glioma cells increased their progression through the cell cycle. Of the six PKC
isoforms that were present in glioma cells, PKC a was both necessary and sufficient to promote cell cycle pro-
gression when stimulated with phorbol 12-myristate 13-acetate. Also, decreased PKC a expression resulted in
a marked decrease in cell proliferation. The only cell cycle-regulatory molecule whose expression was rapidly
altered and increased by PKC a activity was the cyclin-cyclin-dependent kinase (CDK) inhibitor p21Waf1/Cip1. Co-
immunoprecipitation studies revealed that p21Waf1/Cip1 upregulation was accompanied by an incorporation of
p21Waf1/Cip1 into various cyclin-CDK complexes and that the kinase activity of these complexes was increased,
thus resulting in cell cycle progression. Furthermore, depletion of p21Waf1/Cip1 by antisense strategy attenuated
the PKC-induced cell cycle progression. These results suggest that PKC a activity controls glioma cell cycle
progression through the upregulation of p21Waf1/Cip1, which facilitates active cyclin-CDK complex formation.

Protein kinase C (PKC) is a multigene family of phospho-
lipid-dependent serine-threonine kinases which plays a central
role in signal transduction and has been implicated in a wide
range of physiological or abnormal cellular functions, such as
cell growth, transformation, and differentiation. The 12 mem-
bers of the PKC family known so far are divided into three
groups based on their requirements for activation (for reviews,
see references 39 and 41). The conventional PKCs a, b1, b2,
and g require Ca21, diacylglycerol, and phosphatidylserine for
full activation. The novel PKCs d, ε, h, u, n, and m do not
require Ca21 for activation. Finally, the atypical PKCs z and
ι/l are both Ca21 and diacylglycerol insensitive. Conventional
and novel PKC isoforms are activated by the tumor-promoting
phorbol esters, while the atypical isoforms are not. The distri-
bution of PKC isoforms is both tissue specific and cell type
specific. Also, the roles of a specific PKC isoform can be
different from one cell type to another. The difference in func-
tion of the various PKC isozymes in cells is thought to be
mainly due to a tight control of their subcellular localization,
by a set of anchoring proteins, and substrate availability (re-
viewed in reference 24).

Malignant gliomas are the most common brain neoplasms
and are the second highest cause of death from neurological
diseases after stroke. High-grade gliomas, glioblastoma multi-
forme, have a very poor prognosis, with less than 10% of pa-
tients surviving beyond 2 years. Although classical anticancer
therapies are ineffective, it was recently shown that PKC in-
hibitors such as tamoxifen, at PKC-inhibitory concentrations,
produced a 40% response rate in patients with recurrent ma-
lignant gliomas (3, 11, 37). The use of PKC inhibitors in clinical
trials for patients with gliomas stems from our previous obser-
vation that PKC is dysregulated in gliomas (reviewed in refer-
ence 5). Moreover, PKC inhibitors could reduce glioma cell
proliferation by over 90% (4, 6, 10, 43). Specific inhibition of
PKC a, using an antisense oligonucleotide strategy, inhibited

U87 glioma cell growth in vitro (1) and in a mouse model in
vivo (12, 49). Also, the use of a PKC a-specific ribozyme
blocked glioma cell growth (45). Collectively, the data suggest
that PKC plays an important role in the regulation of glioma
cell proliferation, although the identity of the PKC isoform and
the mechanisms by which PKC accomplish these functions
remain to be clarified.

In this study, we have characterized the pattern of PKC
isozyme expression and activation in several glioma cell lines
and assessed which of these could be responsible for increasing
the proliferation rate of glioma cells. Our results indicate that
the a isoform of PKC controls proliferation and positively
regulates cell cycle progression in glioma cells through the
upregulation of p21Waf1/Cip1; the latter was found in ternary
cyclin–cyclin-dependent kinase (CDK)–p21 complexes with in-
creased kinase activity, thus facilitating cell cycle progression.
Moreover, our data from analyses using antisense for p21 in-
dicate that p21Waf1/Cip1 upregulation is required for the PKC-
induced cell cycle progression.

MATERIALS AND METHODS

Tissue culture. The human glioma cell lines used were U251N, U373, A172,
U178, and U563 (10). Cells were grown in minimal essential medium containing
10% fetal bovine serum, 0.1 mM nonessential amino acids, 0.1% dextrose, 2 mg
of penicillin-streptomycin per ml, 1 mM sodium pyruvate, and 2 mM L-gluta-
mine. All medium constituents were from Gibco-BRL.

Western blotting. Cells were lysed in digitonin-Triton lysis buffer (20 mM Tris
[pH 7.5], 2 mM EGTA, 2 mM EDTA, 0.5 mg of digitonin per ml, 1% Triton
X-100) supplemented with 10 mM NaF, 4 mM phenylmethylsulfonyl fluoride,
leupeptin (10 mg/ml), aprotinin (10 mg/ml), pepstatin A (10 mg/ml), and 10 mM
sodium orthovanadate and scraped from the culture dish with a cell scraper.
Lysates were homogenized for 10 s at 6,000 rpm in a homogenizer (Brinkman).
Protein concentration was determined by the Bio-Rad protein assay (Bradford
method). For detection of PKC isoforms in crude cell lysates, 100 mg of protein
per well was loaded for sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) on a 10% gel. For detection of the various cell cycle-regulatory
proteins, 40 mg of protein was loaded per well. Proteins were transferred onto
polyvinylidene difluoride membranes (Immobilon; Millipore) for 2 h at 350 mA.
Membranes were blocked in phosphate-buffered saline (PBS) containing 0.5%
Tween 20 and 10% milk overnight. Enhanced chemiluminescence (Amersham)
was used for immunodetection.

Antibodies. Rabbit polyclonal antisera for PKC a, g, ε, d, and z were a gift
from N. Groome (Oxford, England), as was the mouse monoclonal hybridoma
supernatant specific for PKC b2. Antibodies for PKC m, ι, h (rabbit), and u
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(mouse monoclonal) were from Santa Cruz Biotechnology. Rabbit polyclonal
antibodies against PKC b1 and p34cdc2 were from Calbiochem. Mouse mono-
clonal antibodies against PKC a (clone 3) and p21Waf1 (clone 70) were from
Transduction Laboratories. Antibodies for p21 (C-19), CDK4 (C-22), CDK6
(C-21), CDK2 (M-2), cdc25B (C-20), cyclin A (H-432), cyclin B1 (H-433), and
cyclin D1 (H-295) are all rabbit polyclonal antibodies from Santa Cruz Biotech-
nology; the p27 (F-8) antibody is a mouse monoclonal antibody from the same
source. Secondary antibodies (sheep anti-mouse horseradish peroxidase conju-
gated and goat anti-rabbit horseradish peroxidase conjugated) were from Jack-
son ImmunoResearch Laboratories.

RT-PCR. Total RNA was extracted using TRIZOL reagent (Gibco-BRL).
Integrity of RNA was checked by agarose gel electrophoresis and ethidium
bromide staining. One microgram of RNA was used as a template for each
reverse transcriptase (RT)-mediated PCR (RT-PCR). The reverse transcription
step was carried at 50°C for 15 min using avian myeloblastosis virus RT (Gibco-
BRL). PCR (50 cycles, to maximize detection) was performed as follows: dena-
turation for 45 s, annealing (63°C for PKC g; 62°C for PKC a; 58°C for PKC b1
and b2) for 60 s, and elongation at 72°C for 90 s. PCR products were analyzed
by agarose (2%) gel electrophoresis and ethidium bromide staining. Primer
sequences for PKC a, b1, b2, and g were described previously (50).

Flow cytometry. Cells were trypsinized, rinsed once in PBS, and resuspended
in 300 ml of PBS. One milliliter of absolute ethanol was then added. Samples
were kept at 4°C. Fixed cells were pelleted and resuspended in PBS containing
RNase A (50 mg/ml) and propidium iodide (50 mg/ml) and then incubated for 30
min at 37°C. Cell cycle analysis was done on a FACScan (Becton Dickinson).

Immunofluorescence. Glioma cells were seeded in culture dishes containing
glass coverslips and allowed to grow for at least 24 h. Cells were fixed in 70%
ethanol, rinsed three times in PBS, and incubated for 5 min in PBS containing 1
mg of propidium iodide per ml. After three rinses in PBS, coverslips were
mounted onto glass slides. Observation was done on a Leica DMRBE micro-
scope, and images were acquired using a Spot charge-coupled device camera.

Subcellular fractionation. Cells were partitioned into soluble (cytosolic) and
particulate fractions, using a method adapted from Frey et al. (17). Briefly, cells
were lysed in digitonin lysis buffer (as described above but without Triton X-100)
and homogenized for 10 s at 6,000 rpm. Digitonin-soluble (cytosolic) and insol-
uble (particulate) fractions were separated by ultracentrifugation at 100,000 3 g
(29,000 rpm) for 45 min at 4°C. Supernatant was collected and formed the
cytosolic fraction. The pellet was resuspended in digitonin buffer containing 1%
Triton X-100, incubated on ice for 30 min, and cleared by centrifugation for 10
min at 10,000 3 g at 4°C. Proteins were quantified by the Bio-Rad protein assay.
Samples were subjected to SDS-PAGE as described above; 30 mg of protein was
loaded per well.

Antisense PKC a and p21Waf1/Cip1. Full-length cDNAs for human PKC a or
p21Waf1/Cip1 were subcloned in antisense orientation into a pREP9 episomal
vector (Invitrogen). The antisense construct or control vector (pREP9) was
transfected in U251N cells using the conventional calcium phosphate method;
individual clones were selected using G418 (Calbiochem) at 400 mg/ml and
isolated with cloning rings (Bellco Glass). Clones were screened by Western
blotting for decreased expression of the protein of interest. Transfected cells
were maintained permanently under selection pressure.

Evaluation of the growth rate of PKC a transfectants. To measure the growth
rate of the isolated clones, 25,000 cells were plated in 1 ml of feeding medium per
well in 24-well plates. Four days later, cells were trypsinized, and the entire
content of each well (in 500 ml of PBS) was then transferred to vials (each
containing 9.5 ml of PBS) and counted in a Z2 Coulter Counter (3-mm gate). The
resultant values obtained represented the total number of cells per well. Results
were analyzed using one-way analysis of variance with Bonferroni multiple com-
parisons.

Multiprobe RPA. The in vitro transcription kit for probe synthesis, RNase
protection assay (RPA; Riboquant) kit, and probe sets hCC-1, hCYC-1, and
hCC-2 were from Pharmingen. The experimental procedure was done as de-
scribed by the manufacturer; 5 mg of RNA was used per sample.

Coimmunoprecipitation. Cyclins A, B1, and D1 were immunoprecipitated
using monoclonal antibodies conjugated to agarose beads (BF683-AC, GNS-AC,
and HD11-AC, respectively) (Santa Cruz Biotechnology) that do not interfere
with kinase activity. p21 immunoprecipitations were carried out using agarose-
conjugated polyclonal anti-p21 (C-19) antibodies from the same source. Immu-
noprecipitation and kinase assays were performed as described by Matsushime et
al. (38). Semiconfluent U251N glioma cells were scraped at the appropriate time
point in 1 ml of immunoprecipitation buffer (IP buffer; 50 mM HEPES [pH 7.5],
150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 0.1% Tween 20, 10% glycerol;
complemented with 1 mM dithiothreitol, 10 mM b-glycerophosphate, 1 mM
NaF, 0.1 mM sodium orthovanadate, 10 mg of leupeptin per ml, 10 mg of
aprotinin per ml, 10 mg of pepstatin A per ml, and 1 mM phenylmethylsulfonyl
fluoride [PMSF]). The cells were lysed on ice for 30 min with vortexing every 5
min. Lysates were clarified by centrifugation at 10,000 3 g for 10 min at 4°C.
Protein concentration was determined by the Bio-Rad protein assay. In order to
start with an equivalent amount of material, 250 or 500 mg of proteins (volumes
were adjusted to 500 ml with IP buffer) was used for each immunoprecipitation.
Immunoprecipitations were carried in a sequential manner because of the large
amount of proteins required for each time point, as well as for better consistency
in results, each cyclin being sequentially immunoprecipitated from the same

cellular extract. Protein extracts were incubated with 10 mg of the indicated
primary antibodies for 1 h at 4°C. The immunoprecipitated complexes were then
washed three times with 1 ml of IP buffer and once with kinase buffer (see
below). Half of the samples were submitted to Western blotting; the other half
was subjected to kinase assay. For kinase assays, control immunoprecipitations
with protein G-coated agarose beads only were carried and processed similarly to
samples.

Cyclin-CDK complex kinase assay. The above immunoprecipitated complexes
were resuspended in 40 ml of kinase buffer (50 mM HEPES [pH 7.5], 10 mM
MgCl2, 1 mM dithiothreitol, 10 mM b-glycerophosphate, 1 mM NaF, 2.5 mM
EGTA, 0.1 mM sodium orthovanadate). Five mCi of [g-32P]ATP (3,000 Ci/mmol;
NEN) and 2 mg of histone H1 or 1 mg of Rb fragment (46 kDa) (769; Santa Cruz
Biotechnology), as substrate, were added. The reaction mixture was incubated
for 30 min at 30°C. Samples were boiled in SDS sample buffer and subjected to
SDS-PAGE; the dried gels were autoradiographed on Kodak Blue XB-1 film.

RESULTS

Glioma cell lines express the PKC isoforms a, d, «, h, m,
and z. Using Western blot analysis, we determined that PKCs
a, d, ε, h, m, and z were expressed in all four human glioma
cells (U251N, U178, U563, and A172) tested, while the iso-
forms b1, b2, g, ι, and u could not be detected (Fig. 1A).
RT-PCR, using conventional PKC isoform-specific primers,
confirmed the lack of isoforms b1, b2, and g (Fig. 1B). It is of
note that the four glioma cell lines tested exhibited the same
pattern of expression. A similar expression pattern was ob-
served in two human fetal astrocyte primary cultures. Such a

FIG. 1. Human glioma cell lines express the PKC isoforms a, d, ε, h, m, and
z. (A) Expression of 11 PKC isoforms was examined in four different human
glioma cell lines (U251N, U178, U563, and A172) and in two human fetal
astrocyte primary cultures (64) by Western blotting using isoform-specific PKC
antibodies as noted in Materials and Methods. The PKC species (and molecular
masses) were a (82 kDa), b1 (80 kDa), b2 (80 kDa), g (80 kDa), d (78 kDa), ε
(90 kDa), h (78 kDa), u (79 kDa), m (115 kDa), ι (74 kDa), and z (72 kDa).
Protein extract from adult human brain was used as a positive control. Equal
amounts of protein (100 mg) were loaded in each well. (B) Expression of the four
conventional PKC isoforms (a, b1, b2, and g) was analyzed by RT-PCR using
isoform-specific primers in five human glioma cell lines (U251N, U178, U563,
U373, and A172) and one human fetal astrocyte primary culture. RNA extracts
from human adult brain were used as a positive control.
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similarity between glioma cells and astrocytes is not surprising
since glioma cells are commonly thought to arise from cells of
the astrocytic lineage. In view of the similarities in PKC iso-
form expression by all four glioma cell lines, subsequent ex-
periments focused on the U178 and U251N glioma lines.

PKC activation with a phorbol ester increases progression
of human glioma cells through the cell cycle. Previous work
had shown that PKC inhibitors dramatically affect the growth
rate of glioma cells (4, 6, 10, 43); however, the identity of the
PKC isoform involved remains unclear. To establish which

isoform(s) of PKC was potentially involved, we tested the
effect of a phorbol ester, phorbol 12-myristate 13-acetate
(PMA), a potent activator of conventional and novel PKC
isoforms, on the cell cycle progression of the human glioma cell
line U251N. Upon PMA (100 nM) addition, U251N cells rap-
idly entered S phase (Fig. 2A), with a corresponding drop of
the G0-G1 content. This was followed by a marked progression
into the G2-M phases of the cell cycle between 6 and 12 h of
treatment. By 24 h of treatment, the distribution of the cells
between the different phases of the cell cycle was very similar

FIG. 2. PKC activation with phorbol ester increases progression of human glioma cells through S and the G2-M phases of the cell cycle. (A) Flow cytometry analysis
of PMA-treated U251N cells. (B) Flow cytometry analysis of untreated U251N cells. Asynchronously growing U251N cells were treated with 100 nM PMA or with
vehicle only, collected at various time points, and stained with propidium iodide. For each side scatter plot, the y axis is the number of cells, while the x axis is the DNA
content. Values from each scatter plot are graphed below panels A and B. Similar results after PMA treatment were obtained in over 10 independent experiments. (C)
Immunofluorescence of cellular DNA stained with propidium iodide (PI) showing cells in interphase or at different stages of mitosis. U251N cells were grown on glass
coverslips for 24 h, treated either with PMA or thymeleatoxin for 9 h, and then fixed.
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to that of the control cells. Similar results were obtained using
the human glioma cell lines U178, A172, and U563 (data not
shown). Control cells, treated only with vehicle (dimethyl sul-
foxide), showed no significant change in distribution between
the different phases of the cell cycle during the 24-h time
course examined (Fig. 2B). To confirm that cells were not
blocked in the G2 phase, propidium iodide-stained U251N
cells grown on glass coverslips were analyzed by immunofluo-
rescence microscopy at various times following PMA or vehicle
treatment. Cells at all stages of mitosis could be observed in
both phorbol ester-treated cells (Fig. 2C) and vehicle-treated
cells, indicating that the cells were progressing normally
through mitosis. The percentage of cells showing a mitotic
appearance (condensed chromatin and chromosome align-
ment) correlated with the G2-M content determined by flow
cytometry analysis in both PMA-treated and vehicle-treated
cells (data not shown). Therefore, PKC activation seems to
play a role in the regulation of cell cycle progression.

To identify the isoform of PKC responsible for the increased
progression of the cells through the cell cycle, we monitored
the effect of PMA on the subcellular localization of the six
PKC isoforms expressed in glioma cells. Translocation of PKC
from the cytosol to the membrane is a hallmark of its activation
(41). Upon PMA treatment, only PKCs a and ε were translo-
cated from the cytosolic to the particulate fraction (Fig. 3);
PKC d, h, m, and z remained unaffected by PMA. PKC a was
totally downregulated by proteolytic degradation by 24 h of
treatment, while PKC ε was still present, and translocated, in

the cells at that time. Collectively, the data indicate that of the
six PKC isoforms expressed in glioma cells, only PKC a and ε
were significantly activated by PMA stimulation.

PKC a is necessary and sufficient to increase progression
through the cell cycle. To differentiate between PKC a and ε,
we used the conventional isoform-specific PKC agonist thy-
meleatoxin (27, 44); in glioma cells, thymeleatoxin should
activate only PKC a, since it is the only conventional PKC
isoform expressed in those cells. Flow cytometry analysis of
thymeleatoxin (100 nM)-treated U251N cells (Fig. 4A) re-
vealed a cell cycle progression profile similar to that obtained
with PMA (Fig. 2A). Similar results using thymeleatoxin were
obtained with the glioma cell lines U178, A172, and U563
(data not shown). Western blot analysis confirmed that PKC a
was specifically translocated (and activated) by thymeleatoxin,
whereas PKC ε remained unaffected (Fig. 4B). In addition, the
increased progression of glioma cells through the cell cycle
correlated with the time frame of activation or translocation of
PKC a. The analysis of later time points revealed that PKC a
was still downregulated at 48 and 72 h following either PMA or
thymeleatoxin treatment (Fig. 4B).

Further confirmation of the specific role of PKC a in the
regulation of cell cycle progression of glioma cells was pro-
vided by PKC a depletion experiments. U178 (or U251N [data
not shown]) human glioma cells were pretreated with PMA for
48 h in order to deplete the cells of their endogenous PKC a.
Cells were then restimulated with 100 nM PMA, and their
distribution between the different phases of the cell cycle was
analyzed between 0 and 30 h following restimulation by flow
cytometry (Fig. 4C). In the absence of a detectable level of
PKC a, there was no significant change in the cell cycle pro-
gression of glioma cells following PMA stimulation over the
30-h time course (Fig. 4C), unlike the case with cells containing
PKC a (Fig. 2A and B).

The role of PKC a in cell proliferation was further addressed
using an antisense strategy to partially deplete glioma cells of
their endogenous PKC a. Equally seeded cultures of the dif-
ferent clones were grown for 4 days and counted, giving a
direct reading of their growth rate. Two antisense PKC a
clones, ASa1 and ASa2, exhibited a growth rate of less than
half the rate of the wild-type U251N or empty vector-trans-
fected cells (Fig. 4B), thus indicating that PKC a levels are
directly proportional to the basal proliferation rate of glioma
cells.

Altogether, the data strongly suggest that PKC a-specific
activation is necessary and sufficient for the increased progres-
sion of human glioma cells through the cell cycle induced by
PKC agonists such as PMA or thymeleatoxin. Moreover, our
data indicate that PKC a directly controls glioma cell prolif-
eration, as decreased PKC a expression correlates with de-
creased proliferation.

p21Waf1/Cip1 is upregulated following PKC a activation. To
evaluate the molecular mechanism by which PKC a induces
cell cycle progression, we examined the transcript levels of
several cell cycle-regulatory proteins by multiprobe RPA. Us-
ing the probe set hCC-1, we determined that p21 mRNA was
strongly and rapidly upregulated (Fig. 5) between 1 and 12 h
following PMA or thymeleatoxin treatment, with a maximum
increase at 3 and 6 h. Other mRNA (CDK1/cdc2, CDK2,
CDK4, and p27) levels remained unaffected by PKC a activa-
tion. CDK3 and PISSLRE (a cdc2-related kinase acting at
G2/M) (31) mRNAs could not be detected in this assay. Using
the probe set hCYC-1 and hCC-2 (data not shown), we deter-
mined that the mRNA levels of p130, Rb, p107, p53, p27, p18,
and cyclins A, B, C, D1, and D3 were not affected by PKC

FIG. 3. PKC a and ε are the only isoforms translocated by PMA in glioma
cells. Shown is Western blot analysis of the subcellular distribution between
cytosolic and membrane fractions of the six PKC isoforms expressed in glioma
cells following phorbol ester treatment using isoform-specific antibodies. U251N
protein extracts collected at various times following PMA treatment were frac-
tionated into cytosolic (C) and particulate (P) fractions; 30 mg of protein was
loaded in each well. Only PKCs a and ε were translocated in response to PMA.
Similar distribution following PMA treatment was also obtained for the U178
glioma cell line (data not shown). Note that in the doublet obtained for PKC ε,
only the upper band (90 kDa) is the active form of the enzyme.
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FIG. 4. PKC a is necessary and sufficient to increase cell cycle progression. (A) Flow cytometry analysis of U251N glioma cells after thymeleatoxin treatment.
Asynchronously growing U251N cells were stimulated with thymeleatoxin (100 nM), collected at various time points, and stained with propidium iodide for DNA
content analysis. Similar results were obtained in over 10 independent experiments. (B) Western blot analysis of the subcellular localization of PKCs a and ε upon PMA
or thymeleatoxin treatment between 0 and 72 h. PKC a was rapidly (within 1 h) translocated to the membrane by both PMA and thymeleatoxin and downregulated
by 24 h; the protein remained undetectable at 72 h of treatment. On the other hand, PKC ε was translocated only upon PMA addition and was not downregulated at
later time points. U251N protein extracts collected at various times following PMA or thymeleatoxin treatment were fractionated into cytosolic (C) and particulate (P)
fractions; 30 mg of protein was loaded in each well. (C) Flow cytometry analysis of U178 glioma cells depleted of their endogenous PKC a by 48 h of PMA treatment
and restimulated with PMA (time zero to 30 h). This shows the requirement for PKC a to be present in order to increase cell cycle progression in glioma cells. Similar
results were obtained using thymeleatoxin to deplete PKC a and to restimulate the cells (data not shown). (D) PKC a regulates the growth rate of glioma cells.
Twenty-five thousand cells were seeded for each cell line (U251N, control vector, ASa1, and ASa2). Four days later, cells were counted using a Coulter Counter;
numbers are displayed in the top panel. Each clone was analyzed in quadruplicates. Results were analyzed using a one-way analysis of variance with Bonferroni multiple
comparisons. p, P , 0.0001. Western blot using a monoclonal anti-PKC a antibody (Transduction Laboratories) (below) shows the endogenous PKC a level in each
clone; 100 mg of protein was loaded in each well.
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activation. Transcripts for p57, p19, p16, p15/p14, cyclin D2,
and cyclin A1 could not be detected using this assay.

Consistent with a change at the mRNA level, the p21 protein
was also upregulated (Fig. 6). In untreated U251N cells, p21
protein level remained constant, while in cells treated either
with PMA or thymeleatoxin, p21 was strongly upregulated by
2 h, with a maximum at 9 h after treatment. The expression
level of p21 was monitored over a 72-h period following PMA
treatment of U251N cells; Fig. 6B shows that p21 induction is
transient and correlates with the time frame of PKC a activa-
tion. Western blot analyses were also performed for a variety
of other cell cycle regulators. In correspondence with the RNA
results, protein levels of p27Kip1, cyclins A, B, D1, and E, and
CDK2, CDK4, and CDK6 were not altered from controls (Fig.
7). These data indicate that the CKI p21Waf1/Cip1 is the only
cell cycle-regulatory molecule upregulated following PKC a
activation.

p21Waf1/Cip1 upregulation is associated with the formation of
active ternary cyclin-CDK-p21 complexes. Although the up-
regulation of p21 would appear paradoxical, a number of re-
ports have shown that p21 can be upregulated during cell
proliferation (23, 34, 36, 40, 42) and that p21 protein can act as
an assembly and activity-promoting factor for cyclin-CDK
complexes (8, 30). To establish whether p21 was associated
with active cyclin-CDK complexes, we performed coimmuno-
precipitations using cyclin-specific antibodies, and kinase as-
says, at various times following PKC activation.

Upon PKC activation, a rapid (within 1 h) and sustained (up
to 12 h) association of the immunoprecipitated cyclin with its
CDK partner(s) and with p21, to form a ternary complex, was
observed (Fig. 8A to C); the amount of cyclin immunoprecipi-
tated remained constant throughout the experiment. We en-
sured that we were not working in the presence of saturating
amounts of the respective cyclins. Thus, changes in the amount
of CDK and p21 coimmunoprecipitated, as well as the changes

in the kinase activity of the complex, are not attributable to
variations of the amount of cyclin immunoprecipitated. Kinase
assays were performed on the immunoprecipitates, using his-
tone H1 as a substrate for cyclin A and cyclin B complexes
(Fig. 8A and B) and Rb as a substrate for cyclin D1 complexes

FIG. 6. Upregulation of the p21Waf1 protein following PKC a activation. (A)
Western blot analysis of U251N glioma cells treated with PMA (100 nM) or
thymeleatoxin (100 nM) or untreated shows a strong upregulation of the p21
protein following PMA or thymeleatoxin treatment. Gels show representative
results of three independent experiments. (B) p21 levels over a 72-h period
following PMA treatment of U251N cells; 40 mg of protein was loaded per well.
Note that the exposure time for panel B was shorter than that for panel A to
better assess the magnitude of p21 induction, thus explaining the apparently low
p21 levels at 0, 36, 48, and 72 h.

FIG. 5. p21Waf1 mRNA is upregulated by PKC a activity, as determined by multiprobe RPA of U251N glioma cells RNA extracts in untreated (control),
PMA-treated, or thymeleatoxin-treated cells at various time points; 5 mg of RNA was used for each reaction. RPA using the hCC-1 probe set shows a marked
upregulation of p21 mRNA between 1 and 12 h following PMA or thymeleatoxin addition. p16 and CDK3 mRNAs were undetectable at all times. No change was
detected in the various CDK mRNAs levels. These results are representative of three independent experiments.
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(Fig. 8D). There is an apparent correlation between the for-
mation of the ternary cyclin-CDK-p21 complexes and the in-
creased kinase activity of these complexes. Changes in kinase
activity of cyclin E immunoprecipitates were not significant
(data not shown).

To confirm that p21-containing cyclin-CDK complexes could
exhibit a kinase activity, reciprocal immunoprecipitation of
p21Waf1/Cip1 at various times following PMA stimulation were
performed (Fig. 8E), and the Rb-kinase activity coimmunopre-
cipitated with p21 was measured. Figure 8E shows an increas-
ing amount of p21 immunoprecipitated following PKC stimu-
lation in glioma cells, in agreement with the upregulation of
the protein observed previously (Fig. 6); the p21-associated
kinase activity increased correspondingly. These results sug-
gest that p21 associates with cyclin-CDK complexes and that
this is accompanied by an increased kinase activity of these
complexes.

p21Waf1/Cip1 upregulation is required for the PKC-induced
cell cycle progression. To establish the requirement of p21
upregulation in PKC a-induced cell cycle progression, we used
an antisense approach to decrease the p21 protein level and to
prevent, at least partially, its upregulation. The p21 cDNA was
cloned in antisense orientation in the episomal vector pREP9
and transfected in U251N glioma cells; the endogenous p21
protein level of several clones is shown (Fig. 9A). Upon PMA
treatment, the induction of progression through G2/M is mark-
edly reduced compared to the control vector (Fig. 9B), how-
ever, the initial entry into S phase still occurs. The induction of
the p21Waf1/Cip1 protein is clearly reduced compared to empty
vector-transfected cells (Fig. 9B). Figure 9C shows the percent-
age of cells induced to progress through G2/M in wild-type and
empty vector-transfected cells and in five individual antisense
p21 clones. In response to PMA treatment, antisense p21-
overexpressing cells exhibit a marked reduction in the percent-
age of cells induced to progress through G2/M (DG2/M) com-
pared to wild-type or empty vector-transfected cells. The
average inhibition of progression for the five p21 antisense
clones compared to the three control lines is 57%. This result

suggests that p21 upregulation is required for PKC a-induced
cell cycle progression.

DISCUSSION

PKC plays a major role in the regulation of cell growth and
differentiation; its specific function depends on the cellular
context, localization, and substrate availability (reviewed in
reference 24). In a number of cell systems, it has been shown
that either activation or inhibition of PKC could influence cell
cycle progression by a variety of mechanisms (reviewed in
references 16 and 33).

PKC plays a role in the regulation of cell cycle progression
in glioma cells. We have found that PKC activation by phorbol
esters increased glioma cell progression through the cell cycle.
This is consistent with previous data showing the correlation
between PKC activity and glioma cell proliferation (10) and
the clinical results that inhibitors of PKC may have efficacy in
patients with gliomas (3, 11, 37). Moreover, we have deter-
mined that PKC a activation is necessary and sufficient to
increase cell cycle progression of glioma cells. We have also
shown that the expression level of PKC a directly correlates
with the proliferation rate of glioma cells.

Recently, PKC has been associated with regulation of cell
cycle progression (reviewed in references 16 and 33) either
during the G1-to-S progression or during the G2/M transition.
PKC has been shown to regulate G1 progression through the
modulation of CDK activity, either by modifying cyclin or CDK
expression levels or by modifying the expression of the cyclin-
CDK inhibitors (CKIs). In Swiss 3T3 cells, phorbol esters ac-
celerate growth factor-induced cell cycle entry and progression
into S phase by elevating cyclin D1 levels and downregulating
p27Kip1 expression (35). Predominantly, however, PKC plays
an inhibitory role in cell cycle progression. PMA treatment of
IMR-90 cells resulted in G1 arrest due to the downregulation
of CDK7 and cyclin H, thus preventing the activation of CDK2
(19). Overexpression of PKC h caused delayed entry into S
phase and prolonged the G1 phase in NIH 3T3 cells; this
correlated with increased expression of p21Cip1 and p27Kip1,
decreased CDK2 associated activity, and decreased Rb phos-
phorylation (32). In intestinal epithelial cells, PKC a-specific
activation resulted in G1 arrest and delayed transit through S
and G2/M phases through an upregulation of p21 and p27,
resulting in hypophosphorylation of Rb (17). It was also dem-
onstrated that PMA-induced G1 arrest could be mediated via
phosphorylation of p53 by PKC and activation of p53 DNA
binding (13). Increasing evidence also implicate PKC in the
inhibition of the G2/M transition, often by modulating cdc2
(CDK1) activity by influencing the expression levels of cdc25
or the CKIs. Growth arrest in G2/M following PMA treatment
was observed in Demel melanoma cells (2), U937 leukemia
cells (20), and vascular endothelial cells (29). This growth
inhibition correlated with the downregulation of cyclin B
and/or cdc25, thus causing the inhibition of cdc2 kinase activ-
ity. Also, PKC b2 activity was shown to be required for the
G2/M transition in HL60 cells, by acting as a lamin B kinase;
lamin B phosphorylation is required for nuclear envelope
breakdown to occur at the onset of mitosis (48). Thus, in
contrast to most cell types, the activation of PKC, and specif-
ically PKC a, in glioma cells facilitates progression of cells
through the cell cycle.

p21Waf1/Cip1 is upregulated by PKC a activation in glioma
cells. To elucidate the mechanism by which PKC increased
glioma cell cycle progression, we analyzed the expression of
various cell cycle-regulatory proteins following PKC activation.
The only cell cycle-regulatory protein upregulated by PKC

FIG. 7. Western blot analysis of various cell cycle-regulatory proteins follow-
ing PMA treatment of U251N glioma cells. The data obtained by RPA were
confirmed at the protein level. PMA treatment did not alter the protein levels of
various cell cycle regulators; 60 mg of proteins was loaded per well. Results are
representative of three independent experiments.
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activity was p21Cip1/Waf1. A number of studies have reported
the PKC-induced upregulation of p21 in other cell types, but
these were associated with cell cycle block, unlike the case for
glioma cells reported here (2, 17, 20, 52). PKC-induced p21
upregulation was shown to be p53 independent in some cases
and to occur in cells expressing a mutant p53 (51). It is very
likely the case in this report since the U251N glioma cell line
expresses a mutant, transcriptionally inactive form of p53, and
no change in p53 amounts, at least at the mRNA level, was

detected at any time (data not shown). Jung et al. (26) reported
that p21 expression was consistently elevated in human glioma
specimens, independently of the presence of a functional p53.
In view of our results, the high p21 levels in gliomas could be
a consequence of the high PKC enzyme activity in these cells.

p21Waf1/Cip1 associates with cyclin-CDK complexes, result-
ing in increased kinase activity. Our results indicate that p21
upregulation was accompanied by an increase in ternary cyclin-
CDK-p21 complex formation and by an increase in their as-

FIG. 8. Increased association of p21Waf1/Cip1 with cyclin-CDK complexes following thymeleatoxin or PMA stimulation of U251N glioma cells. The formation of a
ternary complex was accompanied by an increase in the kinase activity of the complexes. (A to D) Immunoprecipitates of cyclins A, B, and D1 at various times following
thymeleatoxin or PMA stimulation of U251N cells were subjected to SDS-PAGE and blotted for each cyclin. They show that approximately equal amounts of cyclins
were present in the cells throughout the duration of the experiment. Western blots (WB) for the CDK partners and p21 show the amount of protein coimmunopre-
cipitated along with the cyclin, as a ternary complex (Ra corresponds to rabbit antibody against the relevant target). For each immunoprecipitation (IP), the kinase
activity of each complex was measured by its ability to phosphorylate histone H1 or Rb in vitro. The cyclin B-associated kinase activity at 3 h was not measured. As
expected, an increasing amount of p21 was immunoprecipitated following PMA stimulation (E) p21 was detected using a monoclonal anti-p21 antibody (Transduction
Laboratories). The p21-associated kinase activity appears correlated to the amount of p21 immunoprecipitated. Western blots and kinase assay results are representative
of three independent experiments. The control lane in each panel refers to extracts subjected to protein G-coated agarose beads immunoprecipitation only.
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sociated kinase activity. Moreover, the upregulation of p21
appeared to be required for the PKC-induced cell cycle pro-
gression. Our results are supported by the findings that p21
upregulation could occur in response to mitogenic signals (23,
34, 36, 40, 42). More particularly, p21 upregulation was re-
quired to promote proliferation of myeloid cells following steel
factor and granulocyte-macrophage colony-stimulating factor
stimulation, as bone marrow cells from p212/2 mice could not
be induced to proliferate following such stimulation (36).
Other reports have suggested a role for p21 as an assembly
factor for cyclin-CDK complexes: Zhang et al. (53) showed

that p21 could be associated with both catalytically active and
inactive cyclin-CDK complexes (cyclin A-CDK2 and cyclin B-
Cdc2) and proposed a model according to which the stoichi-
ometry of p21 was critical to allow or inhibit kinase activity.
When one p21 molecule was binding to cyclin-CDK, the com-
plex was catalytically active, while binding of several p21 sub-
units inhibited the complex. LaBaer et al. (30) showed that p21
could function as an assembly- and activity-promoting factor
for cyclin D1-CDK4, cyclin D3-CDK4, and cyclin E-CDK2
complexes when p21 levels were below a certain threshold,
after which the presence of excess p21 became inhibitory.

FIG. 9. p21Waf1/Cip1 upregulation is required for PKC-induced cell cycle progression. (A) Endogenous p21 protein level in the wild-type and empty vector-
transfected cells (pREP1 and -4) and in p21 antisense-transfected cells (p21AS); 50 mg of protein was loaded per well. (B) Flow cytometry analysis of pREP1 and
p21AS3 clones following PMA treatment. There is a marked reduction in the number of p21AS3 cells induced to progress through G2/M compared to empty
vector-transfected cells (pREP1). For Western blot analysis of the p21 protein (bottom), extracts were collected at the same time as the flow cytometry samples. (C)
Flow cytometry analysis of wild-type, empty vector-transfected, and p21 antisense-transfected cells at 6 and 9 h following PMA treatment. p21AS clones exhibit a
marked reduction of the number of cells induced to progress through G2/M. DG2/M 5 % G2/M PMA treated 2 % G2/M control. Each bar is the mean of three
independent experiments; the standard error of the mean for each cell line is plotted on the graph.
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Cheng et al. (8) have shown compelling evidence for the roles
played by p21 and p27 in the regulation of cyclin-CDK complex
assembly and activity. In their study (8), mouse embryo fibro-
blasts deficient for both p21 and p27 fail to assemble detectable
levels of cyclin D-CDK4 complexes and to efficiently target
cyclin D to the nucleus. Both the assembly and activity of cyclin
D-CDK4 complexes could be restored by reintroducing either
p21 or p27 in those cells (8).

The expression of a number of cell cycle regulatory proteins
is altered in gliomas. Several CDKs are overexpressed in a
large subset of gliomas and glioma cell lines (7, 9, 21, 46). On
the other hand, mRNAs for p57, p19, p16, and p15 could not
be detected in U251N cells (data not shown). The INK4a
(encoding p16 and p19) and INK4b (encoding p15) genes have
previously been reported to be either deleted, mutated, or
hypermethylated (thus preventing transcriptional activity) in a
wide range of tumors, including gliomas (22, 46, 47). One may
speculate that due to the abundance of various cyclins and
CDKs, and lack of several CKIs in glioma cells, the upregu-
lated levels of p21Waf1/Cip1 induced by PKC activation do not
become inhibitory; p21 molecules are “mopped up” by cellular
cyclins and CDKs, resulting in increased assembly of active
cyclin-CDK-p21 complexes and leading to increased cell cycle
progression. Our findings raise the possibility that p21Waf1/Cip1

may be an active player in the pathology of glioma cells and
participate to maintain a hyperproliferative state in those cells.
Furthermore, it was reported recently that the p21 protein was
elevated in 50% of cases of patients with astrocytomas, espe-
cially within the higher grades (28), and that p21 expression
was associated with a shorter overall survival in patients with
gliomas (28).

Another attractive hypothesis that could account for the
absence of inhibition of cyclin-CDK complexes by p21 is the
existence of a class of p21-binding proteins that could modu-
late its inhibitory activity. The human papillomavirus type 16
E7 oncoprotein can interact with p21Waf1/Cip1 and abrogate
p21-mediated inhibition of cyclin A- and E-associated kinase
activities (18, 25). Another oncoprotein, SET, was found to
bind directly to p21 and to reverse the inhibition of cyclin
E-CDK2 complexes (15). Thus, one could speculate that the
absence of inhibition of p21-containing cyclin-CDK complexes
could be due to the presence of one or more of these proteins
that can modulate the inhibitory activity of p21Waf1/Cip1.

The transformed phenotype of glioma cells appears to be a
complex interplay of numerous factors: aberrations in signaling
cascades due to growth factor receptor amplification or muta-
tions; increased PKC activity; absence of several tumor sup-
pressor proteins; and the aberrant timing of cyclin expression
(14), overexpression of several CDKs and cyclins, and abun-
dance of p21, thus resulting in deregulated growth control.

In summary, our results suggest that in glioma cells, PKC a
activation upregulates the p21Waf1/Cip1 protein, which is incor-
porated into active ternary cyclin-CDK-p21, thus facilitating
cell cycle progression. p21Waf1/Cip1 may represent an important
therapeutic target to control the growth rate of glioma cells.
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