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Abstract Objective: The mechanisms involved in the cell
cycle and cell death remain unresolved despite much
investigation. Staurosporine induces cell death and Gl
or G2/M arrest in a dose-dependent manner, but the
mechanisms remain unknown. Methods: In the present
study an adenovirus vector expressing pl6 or p21 genes
in human glioma cell lines was used to examine cell cycle
regulation and cell death induced by staurosporine.
Results: A low concentration (£ 10 nM) of staurospo-
rine induced G1 arrest of U251MG cells, whereas a high
concentration (=30 nM) induced G2/M arrest and fi-
nally induced apoptosis via a caspase-3-activated path-
way from both the G2/M and G1 phases. However, pRb
was dephosphorylated and cdc2 was inhibited at both
the low and the high concentrations of staurosporine,
indicating that the mechanisms of cell cycle regulation
are not simply p53-Rb- or cdc2-dependent pathways.
Conclusions: Forced G1 arrest by transfection with p/6
or p21 genes did not alter the rate of staurosporine-in-
duced cell death. This implies that an unknown pathway
of apoptosis occurs from the G1 phase.
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Introduction

Primary malignant brain tumors are the most prevalent
of solid tumors among children, and represent an im-
portant cause of cancer mortality in children under the
age of 15 years. Malignant brain tumors also cause a
significant number of deaths among adolescents and
adults [13]. The most frequent primary brain tumors are
gliomas, particularly those of astrocytic origin [30]. Al-
most all malignant gliomas are refractory to current
treatment strategies and patients eventually die from
brain herniation due to unrestrained growth of the tu-
mor [22]. Factors that regulate the cell cycle such as p53,
pl6, and p21 are disordered and checkpoint mechanisms
of the cell cycle are always disrupted in gliomas. These
factors are associated with tumorigenesis and the ma-
lignant transformation of gliomas. Clinical and experi-
mental studies have shown that the expression of cell
cycle related proteins and their kinases are important in
the growth and development of gliomas.

Cells in the G0O/G1 phase are more resistant to che-
motherapy and radiotherapy [4]. Few cells remain in the
GO0/G1 phase in vitro, whereas almost all clinical glioma
cells are in this phase. We demonstrated that G1 arrest
induced by pl6 gene expression prevents cell death in-
duced by chemotherapy, which appears to occur after the
G1/S checkpoint [25]. To treat gliomas, strategies should
be targeted to glioma cells while in the GO/G1 phase.

Protein kinase C (PKC) activity is high in gliomas
and may contribute to their growth [6, 7, 11, 41]. The
PKC family of serine/threonine kinases catalyzes nu-
merous biochemical reactions critical to the function of
many cellular constituents [35]. Although their exact
mechanisms remain unclear, protein kinase inhibitors
can cause apoptosis [11]. Protein kinases are thought to
regulate proliferation and cell cycle progression by
phosphorylating critical proteins. A cascade of succes-
sive proteins mediates the exit of cells from quiescence
upon stimulation with growth factors [15].
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Staurosporine is a microbial alkaloid (indolcarbazole
produced by Streptomyces spp.) that potently inhibits a
wide range of protein kinases, including various serine/
threonine and tyrosine forms by competing with the
ATP-binding region of the kinase catalytic domain [16,
49]. Staurosporine exerts various pharmacological ac-
tions involving PKC both in vivo and in vitro [16, 19, 33,
49] and inhibits both glioma cell proliferation and PKC
activity [2, 3, 6, 49]. Staurosporine induces G1 [34, 40]
and G2 arrest [42, 45] depending on the concentration
[1, 8, 12, 20]. The mechanistic basis underlying the re-
sponse of staurosporine-induced G1 or G2/M arrest
remains unresolved, as are details of the relationship
between the cell cycle and cell death.

We transfected the U251MG glioma cell line that
lacks p16 and p21, with full-length human p16 cDNA or
full-length human p21 ¢cDNA using a replication-defec-
tive recombinant adenovirus (AxCA-hpl6, AxCA-
hp21). We examined the effects of pl/6 and p2I gene
expression on cell cycle regulation and on proteins in-
duced by staurosporine. We also investigated whether
pl6 or p21 gene expression could be synergistic or ad-
ditive to the cytocidal effect of staurosporine. The results
of our previous study had shown that p/6 or p2I gene
expression due to AXCA-hp16 or AXCA-hp21 infection
in U251MG cells is cytostatic but not cytocidal in the
G1 phase [25]. The aim of the present study was there-
fore to verify the key factor(s) of cell cycle regulation
and cell death using the cytostatic effect of p16 and p21
gene expression, and to establish an effective treatment
against glioma cells in the G0O/G1 phase.

Materials and methods

Recombinant adenovirus vectors

Replication-defective adenovirus vectors were based on the human
adenovirus type 5(Ad5) serotype. The full-length human pl6
cDNA was a gift from Dr. T. Nobori (Department of Medicine,
University of California, San Diego, Calif.) and the full-length p21
cDNA was purchased from the Meiji Institute of Health [37, 38].
Recombinant adenovirus vectors containing the full-length human
pl6 gene (Ax-hpl6) or p21 gene (Ax-hp21) were generated using the
COS-TPC method as described previously [25], and exogenic p16 or
p21 gene expression after Ax-hp16 or Ax-hp21 infection was con-
firmed by Western blotting as described previously [25, 32, 36].
Control vectors consisted of recombinant adenoviruses containing
an expression cassette without a genome (mock adenovirus vector,
Ax-mock). Vector titers were determined by plaque assay as de-
scribed previously [17]. The optimal conditions for virus infection
of each cell line to ensure adequate gene transfer were evaluated as
described previously [25].

Cell lines and cell culture

We used the human glioma cell lines U251MG (p/6 homozygous
deletion, p2/ undetectable protein expression, p53 mutated at co-
don 273, CGT/CAT Arg/His), T98G (pl6 undetectable protein
expression, p53 mutated) and D54MG (pl6 undetectable protein
expression, p53 wild-type) [18, 23, 24, 26, 28, 29, 52]. U251MG cells
were obtained from the Japanese Cancer Research Resources Bank
(Tokyo, Japan), T98G cells were obtained from the American Type

Culture Collection (Manassas, Va.), and D54MG cells were pro-
vided by Dr. D.T. Curiel (University of Alabama at Birmingham,
Ala.) [31]. The transfection efficiency of recombinant adenoviruses
into glioma cells [25] was highest in the U251MG line so we used
this in subsequent experiments. U251MG cells were cultured in
minimum essential medium (MEM; Nissui, Tokyo) supplemented
with non-essential amino acids, 100 IU/ml penicillin, 100 pg/ml
streptomycin, 0.2 mg/ml L-glutamine and 10% fetal bovine serum.

Effects of AXCA-hp16, AxCA-hp21 or AXCA-mock infection on
cell growth

An asynchronous population of U251MG human glioma cells was
trypsinized and reseeded at a density of 5x10* cells per well in 24-
well plates (Falcon, Becton Dickinson, Lincoln Park, N.J.). The
cells were infected on the following day with AXCA-hp16, AxCA-
hp21 or AXCA-mock at a multiplicity of infection (MOI) of 5. The
culture medium including recombinant vectors was not changed
until the cells were counted. The average of each group of triplicate
wells was calculated. The number of viable cells was periodically
evaluated by Trypan blue exclusion until 5 days after infection.
These experiments were performed three times.

Adenovirus infection and staurosporine administration

We examined the effect of p/6 gene expression on chemosensitivity
to staurosporine as follows. In one schedule, staurosporine was
added 6 h after, and in another 6 h before, p/6 gene transfer as
described previously [25]. Staurosporine inhibited the growth of
U251MG cells after 3-6 h, while Ax-hpl16 and Ax-hp21 inhibited
cell growth from 12 to 24 h after infection as reported previously
[25]. Therefore, in a third schedule, staurosporine was added 24 h
after p16 or p21 gene transfer.

Cell lysis and Western blotting

Cells were washed twice with ice-cold phosphate-buffered saline
(PBS) and lysed in a buffer containing 25 mM Tris-HCI (pH 7.4),
50 mM NaCl, 0.5% Na deoxycholate, 2% Nonidet P-40, 0.2%
SDS, 1 mM phenylmethylsulfonyl fluoride and 50 pg/ml aprotinin.
Cell lysates were clarified by centrifugation for 20 min at 14,000 g,
and the total protein concentration was determined in the resultant
supernatants using the BCA protein assay reagent kit according to
the instructions provided by the manufacturer (Bio-Rad, Phila-
delphia, Pa.). The lysates were size-fractionated by SDS-PAGE and
transferred onto a polyvinylidene-difluoride membrane (Millipore,
Bedford, Mass.). The membrane was blocked with TBS containing
0.05% Tween-20 and 5% skimmed milk, then incubated with pri-
mary antibody. Signals were detected using ECL Western blotting
reagents (Amersham, Arlington Heights, Ill.) and the blots were
stained to ensure equal protein loading. Mouse monoclonal anti-
bodies to pl6™X* (554070) and p21WAFVCIFL (65051 A) and RB
(14001A), and rabbit polyclonal antibody to caspase-3 (65906E),
were obtained from Pharmingen (Pharmingen, San Diego, Calif.).
Mouse monoclonal antibodies to actin (I-19, sc-1616) and p53 (N-
19, sc-1314) and cdc2 (17, sc-54) were obtained from Santa Cruz
Biotechnology (Santa Cruz, Calif.).

MTT assay

Noninfected control cells were seeded in 96-well plates at a density of
800 cells per well, cultured overnight and incubated with staurosp-
orine at final concentrations of 0.03,0.1,0.3, 1, 3, 10, 30 and 100 nM
for 5 days. Cells were also seeded in 96-well plates at the same den-
sity, cultured overnight and infected with AxCA-hp16, AxCA-hp21
or AXCA-mock at a MOI of 5 (U251MG and D54MG) or at a MOI
of 30 (T98G) before or after adding staurosporine at the same final



concentrations as described above. The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was used to deter-
mine cell viability. The results are shown as percent cell growth
calculated as follows: (optical density of treated wells—optical density
of cell-free control wells)/(optical density of cell-only control wells—
optical density of cell-free control wells)x100.

Analysis of cell cycle by flow cytometry

U25IMG cells were plated in 100-mm dishes (Falcon), cultured
overnight and infected with AXCA-hpl6, AXCA-hp21 or AxCA-
mock at an MOI of 5 before or after adding staurosporine at a final
concentration of 10 or 30 nM. The staurosporine concentration of
10 nM was the ICsq value and 30 nM was the 1C,5 value for nonin-
fected cells, as determined by a 5-day MTT assay. The cells were
collected by trypsinization after 12, 24, 36, 48, 72 and 120 h (5 days)
of incubation, washed twice with PBS, fixed with 75% ethanol and
stored at 4°C for 48 h. After centrifugation at 400 g for 10 min in a
KS-5300C rotor (Kubota, Tokyo, Japan), the cells were washed with
PBS and resuspended in 1 ml lysis buffer (0.1% Triton X-100, 0.1%
RNase A) at 4°C overnight to release the nuclei. Immediately before
analysis, 1 ml 50 pg/ml propidium iodide (PI, final concentration
25 pg/ml) was added to the cells. The PI fluorescence of individual
nuclei was measured using a FACScan (Becton Dickinson), and the
data were analyzed using the ModFit LT program (Becton Dickin-
son). These experiments were repeated three times.

The flow-cytometric and cytotoxicity data did not seem to be
consistent, since cellular fragments were not demonstrated. The sub-
G1 cellular peak cannot be distinguished from dead cells, cellular
fragmentation and other cellular debris in the culture medium on the
basis of flow cytometry. Since cellular debris interferes with analyses
of the proportion of cells in each phase of the cell cycle (G1, S and G2/
M phases), sub-G1 cells and cellular fragments were gated out of the
flow-cytometric procedure as described previously [25].

Trypan blue exclusion

Cells were seeded in 24-well plates at a density of 5000 cells per well
and cultured overnight. Trypan-blue staining was used to deter-
mine total cell counts and viable cells after 1, 3 and 5 days of
infection with AxCA-hp16, AxXCA-hp21 or AXCA-mock at an MOI
of 5 before or after adding staurosporine at a final concentration of
10 or 30 nM. These concentrations of staurosporine were the 1Cs,
or 1C,5 values, respectively, of noninfected cells, as determined by a
5-day MTT assay. Floating and adherent cells were collected at the
indicated times, sedimented by centrifugation and resuspended in
MEM. The cells were then diluted 1:9 with 0.4% Trypan blue
(Sigma) and scored under a light microscope. Viable (unstained)
and nonviable (blue-stained) cells were counted and the total
numbers of living and dead cells were calculated. The results are
presented as means+SD of four independent experiments, with a
minimum of 500 cells being scored. These experiments were
repeated at least three times.

Clonogenic assay

U251MG cells were seeded in 60-mm culture dishes (Falcon) at a
density of 200 cells per dish and incubated overnight. The cells were
then infected with AXCA-hpl6 or AXCA-mock at an MOI of 5
before or after adding staurosporine at final concentrations of 0.03,
0.1, 0.3, 1, 3, 10 and 30 nM. The culture medium including drug
and recombinant vectors was removed, then the cells were washed
twice with PBS and allowed to proliferate in fresh medium for
2 weeks. Colonies were counted when they reached 50-100 cells by
staining with 0.1% crystal violet in 0.9% saline for 30 min at room
temperature. The number of colony-forming units in treated cul-
tures is expressed as the percentage in relation to untreated con-
trols. These experiments were repeated three times.
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Results

Effect of p16 or p21 gene transfer on chemosensitivity to
staurosporine

The MTT assay at 5 days after drug treatment revealed
similar resistance to staurosporine in U251MG, T98G
and D54MG cells infected with AXCA-hp16 and -hp21
either before or after drug exposure (Fig. 1). At 3 days
after drug treatment, the relative resistance ratios to
staurosporine of pl6 gene-infected cells and cells not
gene-infected were similar (data not shown).

Analysis of pl6 and p21 expression

We examined pl6 protein expression by Western blot-
ting in U251MG cells infected with AXCA-hp16 (Fig. 2).
We detected p16 expression in AXCA-hpl6-infected cells
from 1 to 5 days after infection (lanes 7-9), but not in
uninfected (lanes 1-3) or AXCA-mock-infected (lanes 4—
6) cells or in AxCA-hp2l-infected cells (lanes 10-12),
regardless of the presence or absence of staurosporine.
We likewise examined p2l protein expression in
U25IMG cells infected with AxCA-hp21. Figure 2
shows p21 expression in cells from 1 to 5 days after
AxCA-hp21 infection (lanes 10-12), but not in unin-
fected (lanes 1-3) or AxCA-mock-infected (lanes 4—6)
cells or in AxCA-hpl6-infected cells (lanes 7-9), re-
gardless of the presence or absence of staurosporine.

Effect of staurosporine on pRb status of U251MG cells
transfected with pl6 or p21 genes

We investigated the expression of phosphorylated reti-
noblastoma protein (pRb) in U251MG cells by Western
blotting using an antibody that recognizes phosphory-
lated pRb (Fig. 2). Uninfected (lanes 1-3) and AxCA-
mock-infected (lanes 4-6) cells expressed pRb and the
level did not change over 5 days. However, the expres-
sion of pRb was decreased in AxCA-hpl6-infected cells
1 day after infection (lane 7) and remained decreased for
5 days (lanes 8 and 9). The expression of pRb was also
decreased in AxCA-hp21-infected cells for 5 days (lanes
10-12). Staurosporine inhibited pRb phosphorylation.
The expression level of pRb was decreased after adding
either 10 or 30 nM staurosporine, with or without
AxCA-hpl6 or AxCA-hp21 infection.

Effect of staurosporine on cdc2 in U251MG cells
transfected with pl6 or p21 genes

We investigated the expression of cdc2 in U251MG cells
by Western blotting (Fig. 2). Uninfected (lanes 1-3) and
AxCA-mock-infected (lanes 4-6) cells expressed cdc2
over 5 days. However, the expression of cdc2 was
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Fig. 1A—C Dose response curves of U251MG (A), T98G (B) and
D54MG (C) cells infected with or without AxCA-mock, AxCA-
hpl6 or AxCA-hp21 at 5 MOI (U251MG and D54MG) or at 30
MOI (T98G). Surviving fractions were determined by the MTT
assay as described in Materials and methods. Results are shown as
percentage cell growth at each point, with the standard deviation of
four wells (O noninfected cells, 4 cells infected with AxCA-mock,
@ cells infected with AXCA-hpl6, A cells infected with AxCA-
hp21)

decreased in AxCA-hpl6-infected cells 1 day after in-
fection (lane 7) and remained decreased for 5 days (lanes
8 and 9). The expression of cdc2 protein was also de-
creased in AXxCA-hp2l-infected cells over 5 days (lanes
10-12). The expression level of cdc2 was decreased after
adding either 10 or 30 nM staurosporine, with or with-
out AxCA-hpl16 or AxCA-hp2l infection.

Effect of administration of staurosporine on the cell
cycle with p16 or p21 gene transfer

Figure 3 shows histograms of the cell cycle status after
adding 10 nM (ICsg) or 30 nM (IC,s) staurosporine
and/or infection with AxCA-mock, AxCA-hpl6 or
AxCA-hp21. AxCA-hpl6- and Ax-hp2l-infected cells
were arrested in the G1 phase for 5 days after infection
as compared with uninfected or Ax-mock-infected cells.
U251MG cells accumulated in the G1 and G2/M phases
for 5 days in the presence of 10 and 30 nM staurospo-
rine, respectively, compared with untreated cells.

When cells were infected with AXCA-hp16 after adding
staurosporine, the proportion and progress of the cell
cycle was similar to that in the presence of staurosporine
alone. When infected with AXCA-hpl6 before adding
10 nM staurosporine, most of the cells remained in Gl
arrest for 5 days. However, U251MG cells infected with
AxCA-hpl16 before adding 30 nM staurosporine, partic-
ularly those infected 24 h beforehand, accumulated not in
the G2/M, but in the G1 phase. The results of AXCA-hp21

and AxCA-hpl6 infection were the same. The results
following AXCA-mock infection were the same as those in
noninfected controls.

Cell viability determined by Trypan blue exclusion

At 1, 3 and 5 days after adding 10 nM staurosporine,
the viability of U251MG cells infected with AxCA-hp16
24 h before drug exposure was similar to that of unin-
fected control cells (Fig. 4). The effects of AxCA-mock
and of AXCA-hp21 infection were also similar, and cells
infected with AXCA-hpl6 6 h before or after drug ex-
posure were equally viable. These experiments were re-
peated three times with similar results.

Cell viability by clonogenic assay

Staurosporine caused clonogenic inhibition of U251MG
cells (Fig. 5). Staurosporine added 6 or 24 h before or
6 h after AXCA-hpl6 infection did not affect colony
formation. The results of AXCA-mock and of AxCA-
hp21 infection were also similar. These experiments were
repeated three times.

Apoptotic assay

The apoptosis signal was detected by Western blotting
as the expression of cleaved (activated) caspase-3
(Fig. 6). Cellular protein was extracted after 3 days in
the presence of staurosporine. Cleaved caspase-3 was
not evident in control (lane 3), AxCA-mock-infected
(lane 6), AxCA-hplé6-infected (lane 9) or AxCA-hp21-
infected (lane 12) cells in the absence of staurosporine.
Caspase-3 was cleaved in the absence of infection (lane
4), and with AxCA-mock infection (lane 7), with AxCA-
hp16 infection (lane 10) and with AxCA-hp21 infection
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Fig. 2A-D Immunoblot A No staurosporine control B Virus — Staurosporine 10 nM
analysis. Cellular protein

(10 pg) extracted from cells Control Mock  pl6 p21 Control Mock  pl6 p21
incubated under each condition 1

was blotted against the
indicated antibodies. Actin
demonstrates equal loading.
Blots were visualized as
described in Materials and
methods. Sample loading: lanes
1-3 noninfection control, day 1
(lane 1), day 3 (lane 2) and

day 5 (lane 3); lanes 4—6 AxCA-
mock infection, day 1 (lane 4),
day 3 (lane 5) and day 5 (lane
6); lanes 7-9 AxCA-hpl6
infection, day 1 (lane 7), day 3
(lane 8) and day 5 (lane 9); lanes
10-12 AxCA-hp21 infection,
day 1 (lane 10), day 3 (lane 11)
and day 5 (lane 12). A Without
staurosporine, B 10 nM
staurosporine 24 h after
infection, C 30 nM
staurosporine 24 h after
infection, D 30 nM
staurosporine 6 h before
infection. The effects of 10 nM
staurosporine 6 h before
infection were the same as those
of 10 nM staurosporine 24 h
after infection (data not shown)

Actin |

Control  Mock

plo6

pz‘-ﬁ

(lane 13) 24 h before adding 10 nM staurosporine.
Caspase-3 was cleaved without infection (lane 5), and
with AxCA-mock infection (lane 8), with AxCA-hpl6
infection (lane 11) and with AXCA-hp21 infection (lane
14) 24 h before adding 30 nM staurosporine. Infection
6 h before or 6 h after adding staurosporine yielded
similar results (data not shown).

Discussion

PKC is frequently overexpressed in neoplastic, com-
pared with non-neoplastic astrocytes and may contrib-
ute to the growth and inhibition through programmed
cell death of these tumors. Staurosporine is a microbial
alkaloid produced by the Streptomyces bacteria, and it is
a potent broad-spectrum kinase inhibitor [2, 49]. In fact,
staurosporine is one of the most powerful PKC inhibi-
tors in models in vitro [2], as it inhibits cell growth at
both the Gl and G2/M phases, and/or induces pro-
grammed cell death in human cancer cells [5].

The pl6 and p21 gene products are thought to
negatively control the progression of eukaryotic cells

2 3 4 56 789

Virus — Staurosporine 30 nM

1 2 3 4 56 7 8 9 1011 12 1

. e a——— Foompepmp e e
—ew

10 11 12 1 2 3 4 5 6 78 9 1011 12

D Staurosporine 30 nM — Virus
plo p21 Control Mock plé p21
2 3 4 56 78 9 1011 12

through G1 arrest of the cell cycle, and transfection
with these genes causes significant growth inhibition
and GI1 arrest in p/6-null human glioma cell lines [18,
24]. We have demonstrated that G1 arrest induced by
pl6 gene expression decreases sensitivity to alkylating
agents. These and other findings indicate that cancer
cells arrested in the G1 phase acquire resistance against
many anticancer agents. In the present study, the
mechanism of the effect of staurosporine on the cell
cycle, especially at the G1-S boundary, and the rela-
tionship between the cell cycle and cell death, were
therefore investigated.

We initially constructed adenovirus vectors express-
ing pl6 (AxCA-hpl6) or p21 cDNA (AxCA-hp21) and
examined their effect on the growth of U251MG, T98G
and D54MG cells. U251MG, T98G and D54MG cells in
the presence of staurosporine with or without AxCA-
hpl6 or AxCAhp2l infection were equally viable
(Fig. 1). U25IMG cells were used in the following
experiments because they had the highest transfection
efficiency among the glioma cell lines tested [25]. Most of
the cells infected with AXCA-hpl6 or AXCA-hp21 were
viable at 5 days after infection (data not shown), even
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Fig. 3A-G Effects of AXCA-hpl6 (B, E), AxCA-hp21 (C, F) or
AxCA-mock (D, G) infection on cell cycle of U251MG treated
without (A), or with 10 nM (B, C, D) or 30 nM staurosporine (E,
F, G). U251MG cells were incubated as described in Materials and
methods and cell-cycle status was analyzed by flow cytometry.
Data are presented as histograms in which cell number (y-axis) is
plotted against DNA content (x-axis)

though growth was arrested, suggesting that the effects
of pl6 and of p21 gene expression were cytostatic and
not cytocidal under these conditions.

We then examined cell cycle regulation by staurosp-
orine, which induces G1 and G2 arrest depending on the
concentration. The low concentration of staurosporine
(10 nM) was determined to be the 1Csy value and the
high concentration (30 nM) to be the IC,s value, ac-
cording to 5-day MTT assays of uninfected cells. Stau-
rosporine at 10 and at 30 nM induced G1 and G2/M
arrest, respectively, in U251MG cells, which agrees with
reported findings. The low concentration was under
10 nM and the high concentration was over 30 nM
under our conditions.

Issues raised by these observations relate to how the
staurosporine-treated cells undergo dose-dependent ar-
rest in the G1 or G2 phases. The effects of staurosporine
and its derivatives on cell cycle progression are complex
and concentration-dependent, and might be attributable
to diverse interference with the cyclin-dependent kinase
(cdk) system [21]. The Rb gene product pRb is a sub-
strate for Gl-cdk kinases and its hypophosphorylated
form inhibits cell cycle progression from G1 to S phase
[50]. The pRb protein is considered to play an important
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role in staurosporine-induced G1 arrest [40, 44]. Stau-
rosporine potently inhibits partially purified cdc2 and
cdc2-like kinases, and cell cycle arrest in the G2 phase
induced by high concentrations of staurosporine may be
due largely to the inhibition of cdc2 and other similar
kinases [1, 14, 20, 43, 48].

We surmise that the dephosphorylation of pRb forces
G1 arrest and that the inactivation of cdc2 forces G2
arrest at low and high concentrations of staurosporine,
respectively. We found that pRb was dephosphorylated
and that cdc2 was inhibited during G1 and G2/M arrest
induced by low and high concentrations of staurospo-
rine, respectively. The dephosphorylation of pRb may
induce G1 arrest and the inhibition of cdc2 activity may
induce G2/M arrest, but staurosporine-induced G1 or
G2/M arrest could not be determined by either pRb
phosphorylation status or cdc2 activity.

We then examined the activity of pRb and cdc2 after
infection with AXCA-hp16 or AxXCA-hp21. Transfection
with pl6 or p21 genes dephosphorylated pRb and in-
hibited cdc2. In addition, pRb was dephosphorylated
and cdc2 was inhibited in U251MG cells regardless of
AxCA-hpl6 or AxCA-hp2l infection after adding
staurosporine. This means that staurosporine can de-
phosphorylate pRb or inhibit cdc2 activity without p16
or p2l expression. In other words, the regulation of
staurosporine-induced G1 arrest or G2/M arrest is not
associated with p16 or p21 in the U251MG glioma cell
line.

Staurosporine inhibits cell cycle progression by
affecting protein kinases, and also by inducing cell
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Fig. 4A, B Effect of 10 nM
staurosporine (A) or 30 nM
staurosporine (B) in the
presence or absence of p/6 or
p21 gene transfection 24 h
before (a) or 6 h after (b) the
addition of staurosporine on
U251MG cell viability
determined by Trypan blue
exclusion. The results presented
are the mean numbers of cells at
each point with standard
deviation of three wells (CJ
noninfected cells, @ cells
infected with AXCA-mock, @
cells infected with AxCA-hpl16,
A cells infected with AxCA-
hp21)
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death. G1 arrest induced by staurosporine is cytostatic,
but not cytocidal in normal cells [9] and staurosporine-
induced G1 and G2/M arrest is reversible [1, 20]. We
investigated cell viability using Trypan blue exclusion
and by clonogenic assays to clarify whether staurospo-
rine-induced G1 (low concentration) or G2/M arrest
(high concentration) is cytostatic under our conditions
with or without AXCA-hpl16 or AXCA-hp21 infection.
Our results showed that cell death was induced by
both low and high concentrations of staurosporine with
or without Ax-hp16 or Ax-hp21 infection and regardless
of whether cells accumulated in the G1 or G2/M phase.
Moreover, cell viability in the presence of staurosporine
was the same according to both the clonogenic assay and
Trypan blue staining. Other glioma cell lines gave the
same results (data not shown). Our previous study and
those of others show that GI1 arrest prevents sensitivity
to cell death induced by anticancer drugs. However,

Days

forced G1 arrest does not prevent staurosporine-induced
cell death. The mechanisms of cell death induced by
DNA-damaging agents such as alkylating agents, and by
PKC inhibitors such as staurosporine, are different. Cell
death caused by DNA-damaging agents is induced at
any phase after the G1-S checkpoint, while that caused
by PKC inhibitors is induced specifically in the G1 and
G2/M phases.

We investigated the nature of the cell death induced by
staurosporine. Since staurosporine induces apoptosis, we
investigated the expression of caspase-3 by Western
blotting. Caspase-3 was cleaved after adding both low and
high concentrations of staurosporine with or without
AxCA-hpl6 or AxCA-hp2l infection. These results
showed that staurosporine induced apoptosis not only at
G2/M arrest, but also at G1 arrest. Thus, we demon-
strated that staurosporine causes apoptosis through two
pathways, one in the G1 and the other in the G2/M phase.
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inhibition in U251MG cells
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6 h after (b) the addition of
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The role of c¢dc2 and pRb in initiating apoptosis re-
mains controversial [10, 27, 39, 46, 47, 51]. Our results
showed that apoptosis could arise when cdc2 activity is

Fig. 6 Immunoblot analysis. Cellular protein (20 pg) extracted
from cells under each condition was blotted against anti-caspase-3
antibody that recognizes both 32 kDa unprocessed pro-caspase-3
and the 17 kDa subunit of active caspase-3. Sample loading: lane 1
positive control, Jurkat cell lysate; lame 2 blank; lanes 3-5
noninfected control U251MG cells, without staurosporine (lane
3), with 10 nM staurosporine (lane 4), with 30 nM staurosporine
(lane 5); lanes 6-8 AxCA-mock infection, without staurosporine
(lane 6), with 10 nM staurosporine (lane 7), with 30 nM staurosp-
orine (lane 8); lanes 9—11 AXCA-hpl6 infection, without staurosp-
orine (lane 9), with 10 nM staurosporine (lane 10), with 30 nM
staurosporine (lane 11); lanes 12—14 AXCA-hp21 infection, without
staurosporine (lane 12), with 10 nM staurosporine (lane 13) with
30 nM staurosporine (lane 14)

T T 0 T T T T T
10 30 0 0.3 1 3 10 30

(nM) staurosporine

inhibited and/or pRb phosphorylation is prevented. We
suggest that exhaustion of these factors is associated
with cell-cycle arrest induced by staurosporine and that
this finally induces apoptosis. Moreover, none of p16 or
p21 transfection or p53 status was associated with
apoptosis under our conditions, indicating the presence
of pl6-, p21- and p53-independent pathway(s). The
apoptotic pathway and cell cycle arrest could not be
caused by p53, p21, pl6, pRb and cdc2, so a novel
pathway remains to be discovered.

Our study has some limitations. First, the response to
some agents such as staurosporine, that influence cell
cycle regulation, may be affected by the genotypic features
of the cell lines. Therefore, further studies are necessary
using other glioma cell lines. Second, staurosporine in-
hibits many kinases including PKC. Other selective PKC
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inhibitors should be used to examine the association be-
tween PKC inhibition and GO0/1 cytotoxicity.

Low and high concentrations of staurosporine
therefore regulated U251MG cells under G1 and G2/M
arrest, respectively, and finally induced apoptosis via a
caspase-3-activated pathway from both phases. How-
ever, pRb was dephosphorylated and cdc2 was inhibited
at both low and high concentrations of staurosporine,
indicating mechanisms of cell cycle regulation more
complex than simple p53-Rb- or cdc2-dependent path-
ways. In conclusion, forced G1 arrest by transfection
with pl6 or p2l genes did not alter the rate of stau-
rosporine-induced cell death, implying the existence of
an unknown apoptotic pathway from the G1 phase.
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