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The relationship between apoptosis and the cell cycle remains unclear.
In the present study we have investigated the relationship between
cell cycle progression and the activation of caspases (caspase-3 and
caspase-8) in Fas (CD95)-mediated apoptosis in asynchronously
growing leukemia cells. We found that cells expressing the active form
of caspase-3 were cyclin A/B1 and Ki-67 negative but cyclin E positive,
whereas expression of the active form of caspase-8 was detected in
cyclin A/B1/E-negative and Ki-67-negative cells. In addition, both the
activation of caspases and Fas-mediated apoptosis were completely
abolished when leukemia cells were arrested in early G, phase.
Using post-sorting western blot analysis, we demonstrated that
caspase-3 and caspase-8 were activated in p27-negative cells. These
results suggest that caspase-3 would be activated in cells entering
into late G, or early S phase, and caspase-8 would be activated in
middle or late G, phase. The speed of cell cycle progression from G, to
S phase might be influential in the speed of caspase activation and
induction of Fas-mediated apoptosis. (Cancer Sci 2007; 98: 1174-1183)

Apoptosis is a mechanism of cell death that is
fundamental in the control of cellular homeostasis in
most multicellular organisms. A major mechanism controlling
cell apoptosis relies on the interaction of the Fas receptor
(CD95) with its ligand, FasL. Fas receptor activation first
requires its trimerization by FasL. The trimerized receptor binds
the receptor-specific adaptor protein Fas-associated protein with
death domain (FADD) through interaction of the death domain
(DD), which is present in the cytoplasmic region of the Fas
receptor.!’! FADD, in turn, recruits pro-caspase-8 to form the death-
inducing signaling complex (DISC).® In DISC, pro-caspase-8 is
cleaved and then propagates the apoptotic signal via a mitochondria-
independent or -dependent (type I or type II, respectively) pathway
to cleave and activate downstream caspase-3.?) In the mitochondria-
dependent pathway, Bid is cleaved by activated caspase-8, and
cleaved Bid conveys apoptotic signals to the mitochondria.®
The truncated Bid then translocates to the mitochondria and
induces the release of apoptosis factors, such as cytochrome c,
which form an essential part of the apoptosis complex to trigger
activation of downstream caspases, including caspase-3 and
caspase-9.©) Activated caspase-3 cleaves the substrate, such as
DNA fragmentation factor,® and apoptosis then occurs.
Cyclins and cyclin-dependent kinases (cdk) have been shown
to be subunits of cell cycle-dependent protein kinases that regulate
key events during progression of the cell cycle. Some cyclins
are expressed discontinuously during the cell cycle, their syn-
thesis and degradation being strictly scheduled. Cyclin E is
expressed and forms complexes with cdk2 in middle-to-late G,,
several hours before the onset of S phase, and promotes cell
entry into S phase.”™ The cyclin A—cdc2 complex is formed in
S phase.'® Cyclin Bl is necessary for mitosis to occur; its
expression is normally low in G,/G,, increases in S, is maximal
during G,/M, and it is rapidly degraded at the end of mitosis.""'?
Immunocytochemical detection of cyclins by multiparameter flow
cytometry has provided an approach to cell cycle studies.!*!¥
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The relationship between apoptosis and the cell cycle remains
unclear, although more and more evidence has accumulated in the
past decade. Apoptosis is almost exclusively found in proliferat-
ing cells,"> such as activation-induced cell death (AICD) in T
cells."!” Our group found that activation-induced T cell death
occurs at the G,, phase of the cell cycle."® In our previous work,
we showed that Fas-mediated apoptotic signals can be transduced
into cells in G, phase, and G,, to G, transition might support
the induction of Fas-mediated apoptosis.®??

In the present study we have investigated the relationship
between cell cycle progression and the activation of caspases in
Fas-mediated apoptosis in asynchronously growing leukemia
cells. We demonstrated that cells expressing the active form of
caspase-3 were cyclin A/B1 negative but were positive for cyclin
E, whereas expression of the active form of caspase-8 was
detected in cyclin A/B1/E-negative cells. We also demonstrated
that the expression of both caspase-3 and caspase-8 was detected
in Ki-67-negative cells. In addition, activation of caspase-8 or
caspase-3 was abolished when cells were arrested in early G,
phase of the cell cycle. These results suggest that caspase-8 was
cleaved in middle or late G, phase, whereas caspase-3 was
activated in late G, or early S phase. Using post-sorting western
blot analysis, we confirmed that active caspase-3 and -8 were
detected in p27-negative cells. These findings are the first to link
the activation of caspases (caspase-3 and caspase-8) with cell
cycle progression in asynchronously growing leukemia cells.

Materials and Methods

Cell lines and cell culture. The leukemia cell lines PEER and
Jurkat were maintained in RPMI-1640 (Sigma, St Louis, MO,
USA) supplemented with 10% heat-inactivated fetal bovine serum
(Life Technologies, Tokyo, Japan) and incubated in a humidified
incubator with 5% CO, at 37°C. Cell concentration was main-
tained at 0.1-20 x 10° cells/mL by subculturing every 5 days.
Viability was calculated using trypan blue dye exclusion. If
viability was greater than 95%, cells could be harvested.

Antibodies and reagents. The following antibodies and reagents
were used in the present study: agonistic anti-Fas monoclonal
antibody (clone CH-11; MBL, Nagoya, Japan), anticaspase-3 mono-
clonal antibody (clone 19; Immunotech, Marseille, France),
anticaspase-8 monoclonal antibody (clone 5F7; MBL), rabbit
antiactin antibody (Sigma), anti-FLICE inhibitory protein (FLIP)
monoclonal antibody (clone G-11; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), fluorescein isothiocyanate (FITC)-conjugated
antiactive caspase-3 monoclonal antibody (clone C92-605; BD
PharMingen, San Diego, CA, USA), ribonuclease A (Sigma),
phycoerythrin (PE)-conjugated anticyclin A antibody reagent set
(clone BF683; BD PharMingen), PE-conjugated anticyclin Bl
antibody reagent set (clone GNS-1; BD PharMingen), anticyclin

3To whom correspondence should be addressed. E-mail: komada@clin.medic.mie-u.ac.jp

doi: 10.1111/j.1349-7006.2007.00523.x
© 2007 Japanese Cancer Association



E monoclonal antibody (clone HE12; BD PharMingen), PE-
conjugated rat antimouse IgGl monoclonal antibody (clone
A85-1; BD PharMingen), anti-p27 polyclonal antibody (sc-528;
Santa Cruz Biotechnology), APO LOGIX carboxyfluorescein
caspase-8 detection kits (Cell Technology, Minneapolis, MN,
USA), and phorbol 12-myristate 13-acetate (PMA) (Sigma).

DNA content and caspase-3 double staining analysis. Cells (10%/
tube, cell density 5 x 10° cells/mL) were treated with agonistic
anti-Fas (clone CH-11, final concentration 50 ng/mL) for the
desired treatment time at 37°C before being collected and
processed for cell cycle analysis. Briefly, cells were harvested
and washed with 2 mL phosphate-buffered saline (PBS). Cells
were incubated with 20 uL FITC-conjugated active caspase-3
and 100 uL of 20 ug/mL propidium iodide (PI)-containing
RNase A at 37°C for 15 min, washed with 4 mL PBS and
resuspended in 500 pL. FACScan fluid. They were then
analyzed immediately on a FACScan flow cytometer
(Becton Dickinson, Tokyo, Japan) using CELL-Quest software
(Tokyo, Japan).

Cyclin/Ki-67 and caspase-3 double staining analysis. Cells were
pretreated with anti-Fas antibody using the desired method as
mentioned above, and then collected and processed for cell
cycle analysis. Before intracellular staining, cells were fixed and
permeabilized according to the manufacturer’s directions (IntraStain,
Fixation and Permeabilization Kit, Dako Cytomation, Tokyo, Japan).
Cells were stained as follows: (i) incubated with anticyclin A and
antiactive caspase-3 antibodies for 15 min at room temperature
in the dark; (ii) incubated with anticyclin B1 and antiactive
caspase-3 antibodies for 15 min at room temperature in the
dark; (iii) incubated with anti-Ki-67 and antiactive caspase-3
antibodies for 15 min at room temperature in the dark; or (iv)
cells were first incubated with anticyclin E antibody at room
temperature for 15 min in the dark then washed with 2 mL PBS,
followed by incubation with secondary antibody PE-conjugated
antimouse antibody and antiactive caspase-3 antibody at room
temperature for 15 min in the dark. All of these treatment
groups were then washed with 2 mL PBS and resuspended in
500 uL FACScan fluid and analyzed immediately on a FACScan
flow cytometer (Becton Dickinson, Tokyo, Japan), and analyzed
using CELL-Quest software. Control cells were stained with
isotype-matched control antibodies at room temperature or the
secondary PE-labeled antibody and analyzed. At least 50 000
cells were analyzed in all experiments.

DNA content and caspase-8 double staining analysis. Cells were
pretreated with anti-Fas antibody as mentioned above. Cells
(3 x 10° cells/tube, density of 10° cells/mL) were incubated for
1 h at 37°C under 5% CO, with 10 pL 30x working dilution
FAM-Peptide-FMK, and incubated with 100 uL of 20 pug/mL PI
containing RNase A at 37°C for 15 min, then analyzed immediately
on a FACScan flow cytometer (Becton Dickinson, Tokyo, Japan)
using CELL-Quest software.

Cyclin/Ki-67 and caspase-8 double staining analysis. Cells were
pretreated with anti-Fas antibody as mentioned above. Cells (3 X 10°
cells/tube, density of 10° cells/mL) were incubated for 1 h at 37°C
under 5% CO, with 10 L. 30x working dilution FAM-Peptide-FMK,
and washed with 2 mL 1x working dilution wash buffer. They were
then fixed and permeabilized according to the manufacturer’s
directions (IntraStain, Fixation and Permeabilization Kit, Dako
Cytomation). Cells were stained as follows: (i) incubated
with anticyclin A antibody for 15 min at room temperature in
the dark; (ii) incubated with anticyclin B1 antibody for 15 min at
room temperature in the dark; (iii) incubated with anti-Ki-67
antibody for 15 min at room temperature in the dark; or (iv)
cells were first incubated with anticyclin E antibody at room
temperature for 15 min in the dark then washed with 2 mL PBS
followed by incubation with 5 uL secondary antibody PE-
conjugated antimouse antibody at room temperature for 15 min
in the dark. All of these treatment groups were then washed
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with 2 mL PBS and resuspended in 400 pL. FACScan fluid and
analyzed immediately on a flow cytometer (Becton Dickinson,
Tokyo, Japan), and analyzed using CELL-Quest software.

Cell cycle analysis. Cells were arrested in early G, phase by
treatment with PMA. Jurkat and PEER were preincubated with
PMA (final concentration 10 nM) for 24 h, cells (2 x 10°) were
harvested and incubated with 370 pL. PI-Triton X-containing
RNase A at room temperature for 15 min in dark, then analyzed
immediately on a flow cytometer using ModFit LT software
(Tokyo, Japan).

Western blot analysis. Before generating cytoplasmic extracts,
cells (1 x 107) pretreated under various conditions were washed
in ice-cold PBS then lysed at 4°C by gentle pipetting after 5 min
in hypotonic buffer (20 mM HEPES [pH 7.9], 10 mM KClI,
0.1 mM Na,VO,, 1 mM ethylene diamine tetra-acetic acid, 10%
glycerol, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 ug/
mL aprotinin, 1 ug/mL pepstatin, 1 pg/mL leupeptin and 1 mM
dithiothreitol) with 0.2% Nonidet P (NP)-40. After centrifugation
at 4°C (8000g in a microcentrifuge) for 10 s, supernatants were
collected as cytoplasmic extracts. Protein concentrations were
determined using the Total Protein Assay system according to
the manufacturer’s directions (Pierce, Rockford, IL, USA) and
normalized for protein content (30 pg/lane). The proteins were
subjected to 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis followed by semidry transfer to a nitrocellulose
membrane (Millipore Corporation, Bedford, MA, USA).
Transferred nitrocellulose blots were blocked with 5% non-fat
dry milk in PBS and incubated with primary antibody against
caspase-3 (1:1000), caspase-8 (1:1000) or actin (1:1000) at 4°C
overnight. The membranes were washed three times with
0.05% PBST at room temperature and incubated with
horseradish peroxidase-conjugated antimouse IgG or antirabbit
secondary antibody (1:1000) for 1 h at room temperature.
After three washes with 0.05% PBST, antibodies bound to
protein blots were detected using Western Lightening
Chemiluminescence Reagent Plus (Perkin Elmer Life Science,
Boston, MA, USA).

Cell sorting. Cell sorting was carried out using FACSAria
(Becton Dickinson). To sort active caspase-3-positive and -negative
groups, the cells were pretreated with anti-Fas antibody for 4 h,
then fixed and permeabilized according to the manufacturer’s
directions (IntraStain, Fixation and Permeabilization Kit, Dako
Cytomation) and stained with antiactive caspase-3 antibody. To
sort peptide caspase-8-positive and -negative groups, the cells
were pretreated with anti-Fas antibody for 6 h, then incubated at
a density of 10° cells/mL for 1 h at 37°C under 5% CO, with 30x
working dilution FAM-Peptide-FMK. They were then washed
with 1x working dilution wash buffer and fixed according to
the manufacturer’s directions. The labeled cells were sorted
into tubes precoated with a buffer containing 0.5 mL PBS. The
sorting windows were selected to include cells that were positive
or negative for active caspase, based on the active caspase
fluorescence and distribution. The sorted cells were then
analyzed by western blotting.

Post-sorting western blot analysis. Cells were lysed with Laemmli
sample buffer (2% sodium dodecyl sulfate, 62.5 mM Tris HCl
[pH 6.8], 2.5% sucrose, 5% 2-mercaptoethanol, 0.02% bromo-
phenol blue). Samples were boiled for 5 min and then superson-
icated. Total cellular proteins from 5 x 10° cells per sample per lane
were subjected to western blot analysis as mentioned above. The
blots were incubated with primary rabbit antihuman p27 antibody
(1:200), mouse antihuman cyclin E antibody (2 pg/mL), mouse
anticyclin D1 antibody (2 pg/mL) or mouse anti-FLIP antibody
(1:100) at 4°C overnight then incubated with horseradish
peroxidase-conjugated antimouse IgG or antirabbit secondary
antibody (1:1000) for 1 h at room temperature. The proteins
were detected using Western Lightening Chemiluminescence
Reagent Plus.

Cancer Sci | August 2007 | vol.98 | no.8 | 1175
© 2007 Japanese Cancer Association



O hr

2 hr

4 hr

6 hr

A o PEER Casp3 (control) o PEER Casp3 (Fas2 h) o PEER Casp3 (Fas4 h) o PEER Casp3 (Fas6 h)
o | & e g E
0]
2 1281 £g £g £8
a |E=® [ragea) (g} T®
5] (5] 5] (5] 5]
8 |28 38 83 g9
[&] 3D o D o 3 s 3
e |2 g g g PEER
= |584 S8 08 08
e o+ o ' o<
< |z EN 2 2
£o 2 2 2
E3=3 24 2§ 2§
o T . T T T T T o T T T T T T o T T T T T T ° T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Pl-triton X Pl-triton X Pl-triton X Pl-triton X
g Jurkat Casp3 (control) o) J.urkat Casp3 (Fas2 h) o) Jurkat Casp3 (Fas4 h) ) Jurkat Casp3 (Fas6 h)
‘o_‘ S 8 S I Lo o7
6]
281 g g E 81 28 084
T = = T ®q. T ® £
o (0] = © ) oy y
£3 - ¢ 81 23 22
s c ©l < D 225
a ) & a 3
2o 8o 3ol 2q Jurkat
=3 Qo Qo =]
T o< o 7 < -
g ) 2 2 2
=59 - g fil=% DO =9
<8 Vo <g <83 28
o T T T T T (=4 ' | T T T T (=] T T T T T T o T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Pl-triton X Pl-triton X Pl-triton X Pl-triton X
» DNA content
Fig. 1. DNA content and active caspase-3 double staining analysis of leukemia cells treated with anti-Fas antibody. Cells (PEER and Jurkat) were

pretreated with anti-Fas antibody (50 ng/mL) for 0, 2, 4 and 6 h. After incubation, cells were harvested and stained with fluorescein isothiocyanate-
conjugated antiactive caspase-3 antibody and propidium iodide (PI)-Triton X for DNA content, then analyzed by flow cytometry. Similar results

were obtained in three repeated experiments.

Results

Cell cycle dependency of caspase activation. We hypothesized
that activation of caspases might be dependent on cell cycle
progression. To investigate whether caspase-3 or caspase-8 would
be activated in the specific phase of the cell cycle, we carried out
simultaneous flow cytometric analysis of cell cycle markers and
the active forms of caspases (Figs 1-6). Leukemia cells (PEER
and Jurkat) treated with anti-Fas antibody were analyzed using dual
analysis of DNA content and expression of active caspase-3 (Fig. 1).
As shown by the continuity of the G, cluster and active caspase-
3-expressing cell population, it is most likely that caspase-3 would
be initially activated in the G, compartment of the cell cycle. In
addition, we found that cells expressing active forms of caspase-3
were negative for cyclin A and cyclin B1 (Fig. 2). Interestingly,
the majority of cells expressing active forms of caspase-3 were
positive for cyclin E, although a small population of cyclin E-
negative cells expressed active forms of caspase-3 (Fig. 2). Cells
expressing the active form of caspase-3 first appeared in the
cyclin E-positive fraction (data not shown). As expression of
cyclins A, B1 and E were induced in S, G,/M and late G /early
S phase of the cell cycle, respectively, these results indicate
that caspase-3 is activated in cells entering late G, and early S
phase. To confirm this conclusion, we used the antibody Ki-67
(widely used as a proliferation marker) whose expression in
cycling cells is maximal during mitosis and decreases during
G,, only to increase again during the S phase of cell cycle."
We found that cells expressing active forms of caspase-3 first
appeared in the cell population negative for Ki-67 (Fig. 3).

Similarly, we analyzed the expression of active forms of
caspase-8 in leukemia cells treated with anti-Fas antibody. The
continuity of the G, cluster and active caspase-8-expressing cell
population suggested that activation of caspase-8 would be started
in cells in the G, compartment (Fig. 4). We also found that caspase-8
was activated in cells negative for cyclins A, B1 and E, and Ki-67

1176

(Figs 5,6). These data indicate that caspase-8 would be initially
activated in early or middle G, phase prior to the activation of
caspase-3 in late G, and early S phase of the cell cycle.
Activation of caspases is abolished when cells are arrested in early
G1 phase. We previously demonstrated that PMA can stop cell
cycle progression of MML-1 cells in early G, phase and com-
pletely inhibits Fas-mediated apoptosis.!” To further confirm
that caspases are activated in middle or late G, phase of the cell
cycle, PEER and Jurkat cells were arrested in early G, phase by
treatment with PMA. Cells were preincubated with 10 nM PMA
for 24 h; more than 70% of cells were arrested in early G, phase
(Fig. 7a). When PMA-treated cells were further incubated with
anti-Fas antibody the activation of caspase-3 or caspase-8 was
almost completely abolished (Fig. 7b). The inhibition of caspase
activation in PMA-treated cells was also confirmed by western
blot analysis (Fig. 7c). Both caspase-3 and caspase-8 were cleaved
rapidly in control cells but not at all in PMA-treated cells. It is
of note that the amounts of membrane Fas receptor, procaspase-3
and procaspase-8 remained unchanged by treatment with PMA
alone (data not shown). These data suggest that neither caspase-3
nor caspase-8 can be activated in early G, phase of the cell cycle.
Caspase activation in p27-negative cells. To further confirm that
caspases are activated in middle or late G, phase of the cell cycle,
we sorted cells based on active caspase-3 and caspase-8 fluorescence
and distribution after cells were pretreated with anti-Fas antibody
for 4 h or 6 h, respectively. The active caspase-3-positive and -negative
cells were sorted (Fig. 8a), and p27(Kip1) levels were analyzed
by western blotting. As shown in Fig. 8b, the level of p27(Kipl)
in active caspase-3- and caspase-8-positive cells was markedly
decreased compared with that in active caspase-3-negative cells.
Because p27(Kipl) levels are high in resting early G, cells but are
rapidly reduced in activated cells in late G, phase,*® caspases
are most likely to be activated in cells entering into late G,
phase of the cell cycle. Cyclin D1/E or FLIP was equal between
active caspase-3- and caspase-8-positive and -negative cells.
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Fig. 2. Cyclins and active caspase-3 double staining analysis of leukemia cells treated with anti-Fas antibody. (a) PEER and (b) Jurkat cells were
pretreated with anti-Fas antibody (50 ng/mL) for 0, 2, 4 and 6 h. For intracellular staining, cells were first fixed and permeabilized, then stained
with fluorescein isothiocyanate-conjugated antiactive caspase-3 antibody and phycoerythrin (PE)-conjugated anticyclin A/B1/E, then analyzed by flow
cytometry. Similar results were obtained in three repeated experiments.
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Fig. 4. DNA content and active caspase-8 double staining analysis of leukemia cells treated with anti-Fas antibody. Cells (PEER and Jurkat) were
incubated with anti-Fas antibody (50 ng/mL) for 0, 2, 4 and 6 h. After incubation, cells were harvested and stained with FAM-peptide-FMK (peptide
caspase-8) and propidium iodide (PI)-Triton X for DNA content, then analyzed by flow cytometry.

Discussion

Caspases have been recognized as cysteine proteases that play a
major role in the execution of the death signal mediated by Fas
receptor (CD95). We hypothesized that caspase-3 and caspase-8
might be activated when cells enter into a specific phase of
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the cell cycle. Numerous studies have been done to clarify the
relationship between the apoptotic process and cell cycle
progression. Sensitivity to Fas-mediated apoptosis has been
reported to differ among different compartments of cell cycle
phases, 18202326 whereas one group has shown no variation in
cellular sensitivity to Fas-mediated apoptosis during cell cycle
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Fig. 5. Cyclins and active caspase-8 double staining analysis of leukemia cells treated with anti-Fas antibody. (a) PEER and (b) Jurkat cells were
incubated with anti-Fas (50 ng/mL) antibody for 0, 2, 4 and 6 h. Before intracellular staining, cells were preincubated with FAM-peptide-FMK (peptide
caspase-8), then fixed and permeabilized and stained with phycoerythrin (PE)-conjugated cyclin A/B1 and analyzed by flow cytometry. For cyclin E
staining, cells were additionally stained with PE-conjugated secondary antibody. Similar results were obtained in three repeated experiments.
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were obtained in three repeated experiments.

progression.?” In the present study, dual analysis of DNA
content and expression of active forms of caspases demonstrated
the continuity of the G, cluster and cells expressing active forms
of caspases (Figs 1,4). These results suggest that activation of
both caspase-3 and caspase-8 could be initiated in G, phase of
the cell cycle. To further identify the specific phase of the cell
cycle for caspase activation, we analyzed the expression of
cyclin molecules in cells expressing active forms of caspases. It
was clearly demonstrated that cells expressing active caspase-3
and caspase-8 were negative for cyclin A and cyclin B1 (Figs 2,5),
indicating that caspase-3 and caspase-8 could not be activated
in S or G,/M phase. More importantly, cells expressing active
forms of caspase-8 were negative for cyclin E, whereas cells
expressing active forms of caspase-3 were positive for cyclin E
(Figs 2,5). Because cyclin E is expressed from late G, phase to
early S phase,” we concluded that caspase-3 was activated in late
G, phase and early S phase, and caspase-8 was activated before cells
started to express cyclin E in late G, phase. Taken together, it is most
likely that caspase-8 was activated in cells entering middle G, phase
before cyclin E started to be expressed in late G, phase prior to
the activation of caspase-3 in late G, phase and early S phase.

The expression of Ki-67 in cycling cells reaches a peak dur-
ing mitosis then decreases in G, and increases again in S phase;
some cells with a long G, phase can become negative for Ki-67
at the end of G, phase.? We also found that cells expressing
active forms of caspase-3 and caspase-8 were negative for Ki-67
(Figs 3,6). In addition, cells arrested in early G, phase became
resistant to Fas-mediated apoptosis and activation of both caspase-
3 and caspase-8 were completely abolished (Fig. 7). Although
PMA was reported to disrupt the recruitment of FADD to the
DD of the Fas receptor,®® the present study clearly demonstrates
that PMA arrested cells at early G, phase and completely inhibited
Fas-mediated apoptosis.

To further confirm our conclusion, we carried out post-sorting
western blot experiments and showed that cells expressing active
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caspase-3 were clearly negative for the cyclin E-cdk2 complex
inhibitor p27(Kip1), which is a hallmark of the negative regulation
of G, progression.*>*? A previous study has shown that p27(Kip1)
is expressed in resting early G, cells, whereas its expression is rapidly
reduced when cells are activated and enter into late G,/S phase.®"
It is also reported that thymocytes undergoing apoptosis degrade the
cdk inhibitor p27(Kip1) and upregulate cdk?2 kinase activity.®**» Our
results showed that cells expressing active forms of caspase-3 and
caspase-8 were negative for p27(Kip1), which means that caspase-
3 is most likely activated in late G, phase of the cell cycle. This
result is in agreement with others and with our own previous
results.®® We also found that the expression level of p27(Kipl)
distinctly increased when MML-1 cells were arrested at early G,
phase with PMA treatment (data not shown). Our results also
clearly showed that cells expressing the active form of caspase-8
were negative for p27(Kipl). Therefore it can be concluded that
caspase-3 and caspase-8 were activated in cells undergoing
Fas-mediated apoptosis when p27(Kipl) expression was down-
regulated in late G, phase of the cell cycle.

Why are caspases activated mainly in middle/late G, phase or
early S phase of the cell cycle? It is assumed that the Fas-mediated
death signal can be transduced effectively when the expression
of antiapoptotic molecules is downregulated or when the expression
of proapoptotic molecules is upregulated. Recently, the expres-
sion of FLIP, an inhibitory molecule of caspase-8, has been
shown to be cell cycle dependent. The distinct decrease in FLIP
protein levels occurs during late G,-to-early S phase transition.
Using cell cycle-blocking agents, it has been reported that acti-
vated T cells in G, phase contain high levels of FLIP protein,
whereas the amount of FLIP protein is decreased significantly in
activated T cells entering into S phase.?**> In addition, Bcl-2, the
another antiapoptotic molecule, which can inhibit the activation
of both caspase-3 and caspase-8, is highly expressed in memory
T cells, whereas Bcl-2 expression is downregulated in effector
T cells, implying a role for this molecule in modulating the
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Fig. 7. Activation of caspases was abolished when cells were arrested in early G, phase. (a) Cells (PEER and Jurkat) were incubated with 10 nM
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pretreated with 10 nM PMA for 24 h then apoptosis was induced with anti-Fas antibody (50 ng/mL) for 0, 2, 4 and 6 h. Caspase expression was

analyzed by western blotting.

susceptibility of T cells to undergo AICD.®%3? Furthermore, it has
been shown that Bcl-2 retards S phase entry by increasing p27
and p130 expression and by negatively regulating E2F1, which
promotes the transcription of Bid and caspase-8.°%4® However,
we could not find any decrease in FLIP or Bcl-2 expression in
caspase-3-activated cells (Fig. 8b and data not shown). Interest-
ingly, it was demonstrated that caspase-3 is capable of cleaving
pl6, p21¢P-/WAFT and retinoblastoma (RB),“V to promote cell

Li etal.

cycle progression in late G,/S phase transition. In early G, phase,
procaspase-3 is bound to p21P"WAF1 which inhibits the function
of cdk, leading to dephosphorylation of the pocket proteins p107
and p110Rb.“? Caspase-3 inactivation in early G, phase could
be induced by the formation of a procaspase-3—p21 complex,“
resulting in resistance to Fas-mediated apoptosis. These results
suggest the close relationship between caspase activation and
G,/S phase cell cycle progression.
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The data presented here clearly demonstrate that caspase-3 is
activated in late G, phase or early S phase and caspase-8 is activ-
ated in middle or late G, phase. It would be worthwhile to further
clarify the molecular mechanisms for caspase-3 and caspase-8
activation in the G, and early S phases of the cell cycle. More
importantly, the cell cycle dependency of caspase activation
might be influential in the speed of caspase activation and
induction of Fas-mediated apoptosis.

Conclusion

We have investigated the relationship between cell cycle pro-
gression and the activation of caspases in Fas-mediated apoptosis
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in leukemia cells. The data presented clearly demonstrate that
caspase-3 is activated in late G, phase or early S phase and
caspase-8 is activated in middle or late G, phase. The speed of
cell cycle progression from G, to S phase might be influential in
the speed of caspase activation and induction of Fas-mediated
apoptosis.
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