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Background: Duration of apoptosis, from onset to final
disintegration of the cell, is often short and variable. The
apoptotic index (AI), as a snapshot of a transient event of
variable length, does not truly represent incidence of
apoptosis in the studied cell population. We recently
proposed to estimate the cumulative apoptotic index
(CAD by inducing stathmo-apoptosis. A fluorescent inhib-
itor of caspases (FLICA) FAM-VAD-FMK is used to arrest
the process of apoptosis and thereby prevent cell disinte-
gration. Simultaneously, the arrested/apoptotic cells be-
come FLICA-labeled. In the present study, this approach
was applied to measure kinetics of HL-60 cell entrance
into apoptosis induced via cell surface death receptor or a
mitochondria-initiated pathway.

Materials and Methods: Cultures of HL-60 cells were
treated with either TNF-a or camptothecin (CPT) in the
absence or constant presence of 10-50 uM FLICA. The
CAI was measured at different time points for up to 48 h
by flow cytometry. Bivariate analysis of DNA content and
cell labeling with FLICA was used to correlate apoptosis
with the cell-cycle position.

Results: Selective loss of apoptotic cells seen in HL-60 cell
cultures exposed to either TNF-a or CPT alone was pre-
vented in cultures containing FLICA. Addition of FLICA
alone had no effect on cell viability. The percentage of
FLICA-labeled cells was plotted as a function of time after

addition of TNF-a or CPT. The rate of cell entry to apop-
tosis was subsequently estimated from the slopes of the
stathmo-apoptotic plot. The slopes revealed that the
TNF-a or CPT-treated cells asynchronously underwent ap-
optosis with a stochastic-like kinetics and at two different
rates. About 50% of cells in the TNF-o-treated cultures
underwent apoptosis during the initial 6 h at a rate of ~8%
of cells per hour; the remaining cells were undergoing
apoptosis at a rate of ~2.5% of cells per hour for up to
24 h. Also, about 50% of the CPT-treated cells, predomi-
nantly those in S phase of the cell cycle, underwent
apoptosis within the initial 8 h of CPT exposure, at a rate
of ~7% of cells per hour. Remaining cells were undergo-
ing apoptosis at a rate of ~1% of cells per hour during up
to 48 h exposure to CPT. Spontaneous apoptosis in the
untreated cultures occurred at a rate of 0.2% of cells per
hour.

Conclusions: This approach provides a means for mea-
suring the kinetics of cell entrance to apoptosis (caspase
activation) in large populations of cells in relation to the
cell-cycle position. Cytometry 47:143-149, 2002.
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Apoptosis plays a critical role in the etiology, pathogen-
esis, and therapy of a variety of diseases (1-4). The esti-
mation of the incidence of apoptosis, therefore, is of
importance in many disciplines of biology and medicine.
Cytometric methods of apoptosis can provide a “snap-
shot” estimate of the percentage or fraction of apoptotic
cells (apoptotic index, Al) at a particular time-point (5-7).
However, because apoptosis is a transient, kinetic event,
such estimates can be inaccurate. The entire apoptotic
process, from onset to ultimate cell disintegration, when

the cell is no longer detectable, is often short and of
variable duration (1-3,8). The time-window during which
the individual cell displays its characteristic apoptotic
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feature (marker) is dependent on type of assay, cell lin-
eage, and nature of the apoptosis-inducing agent. The
longer the duration of time-window through which a
particular assay recognizes the apoptotic cell, the higher
the Al is determined in the same cell population (9). In
addition, some inducers of apoptosis or factors in the
cellular environment may alter the duration of the apopto-
tic process, e.g., by affecting formation and/or shedding of
apoptotic bodies, proteolysis, or DNA degradation. When
the duration of apoptosis is shortened, the Al is dimin-
ished. Conversely, prolongation of the apoptotic process
results in an increase in Al, even if the incidence rate of
apoptosis induction remains unchanged (9).

The duration of apoptosis is also different in different
cell types and tissues, as well as in vivo and in vitro. Cells
of hematopoietic tumor lines (e.g., Jurkat, HL-60, U937),
when triggered by internal stress or cell surface death
ligands, progress through the entire process of apoptosis
rapidly, often disintegrating within 4-06 h after the treat-
ment. The same treatment of cells of epithelial or fibro-
blast lineage often triggers apoptosis with a 24-h delay,
and the apoptotic process is of much longer duration (10).
It should be noted that duration of apoptosis in vivo
appears to be short, as reflected by the fact that in tissue,
under conditions of homeostasis, Al values often approx-
imate the mitotic index (1,2,8). Because mitosis lasts ~1
h, apoptosis must be of comparable duration.

To obtain a more accurate assessment of the incidence
of apoptosis, we propose to estimate the cumulative ap-
optotic index (CAD (11). The fluorescent inhibitor of
caspases (FLICA) FAM-VAD-FMK (12,13) is used in this
approach to arrest cells in apoptosis, thereby preventing
their disintegration and loss from analysis (11). Because
the arrested (apoptotic) cells become fluorochrome-la-
beled, they could easily be identified by fluorescence
microscopy, as well as flow or laser-scanning cytometry.
We also propose to define the event in which cells are
arrested in apoptosis as stathmo-apoptosis (11). This pro-
cess is analogous to stathmo-kinesis, the assay that is
commonly used to estimate cell birth rate from a slope of
the plot representing mitotic cell accumulation during
their arrest by a mitotic poison (14-16).

In the present study, this method was used to measure
the kinetics of HL-60 cell entrance to apoptosis (cell death
rate) after induction either along cell surface death recep-
tor (TNF-a)- or DNA-damage mitochondrial-apoptotic
pathways (17,18). Different concentrations of FAM-VAD-
FMK were tested to find optimal conditions, which fully
halt the process of apoptosis and at the same time, pro-
vide adequate cell labeling. Additionally, the method was
extended to reveal a relationship between cell position in
the cell cycle and kinetics of entrance to apoptosis.

MATERIALS AND METHODS
Cells

Human promyelocytic leukemic HL-60 cells obtained
from the American Type Culture Collection (ATCC; Rock-
ville, MD) were cultured in 25 ml (12.5 cm?) Falcon flasks

(Becton Dickinson Co., Franklin Lakes, NJ) in RPMI-1640
supplemented with 10% fetal calf serum, 100 units/ml
penicillin, 100 mg/ml streptomycin, and 2 mM L-glu-
tamine. Cell cultures were maintained in a humidified
incubator at 37.5°C in 5% CO,. Cell concentrations at the
onset of these experiments were less than 5 X 10’ cells
per ml. Cell growth rate at this concentration and time-
point was exponential and asynchronous. All media, sup-
plements, and antibiotics were obtained from Life Tech-
nologies (Grand Island, NY).

FLICA

FAM-VAD-FMK was obtained from Intergen Co. (Pur-
chase, NY). This inhibitor, which is commercially avail-
able as a component of the CaspaTag™ Fluorescein
Caspase Activity Kit, was dissolved in dimethylsulfoxide
(Sigma Chemical Co., St. Louis, MO) as specified in the
protocol provided with the kit, to obtain a 150X concen-
trated (stock) solution. Aliquots of this solution were
stored at —20°C in the dark. The solution of FAM-VAD-
FMK was mixed with a solution of the unlabeled inhibitor
z-VAD-FMK (R&D Systems, Inc., Minneapolis, MN) in a 1:4
molar ratio. This mixture was added to the cell cultures to
obtain a 20 -50-wM final concentration of inhibitor. Other
cultures were treated with 10 puM FAM-VAD-FMK that did
not contain the z-VAD-FMK inhibitor. Other details are
presented in the figure legends.

Cell Staining and Fluorescence Measurement

The cells from 25-ml Falcon flasks were transferred into
two parallel sets of 96-well plate cultures containing a
300-pl cell suspension per well (Corning Glass Works,
Corning, NY). Plates were treated at time 0 with either a
combination of 0.3 nM TNF-a and 5 pM cycloheximide
(CHX; both from Sigma) or with 0.15 uM DNA topoisom-
erase I inhibitor camptothecin (CPT; Sigma) as described
before (12,13) for different periods of time, as specified in
the figure legends. FAM-VAD-FMK was introduced into
one set of cultures at a final concentration range between
10-50 uM, as indicated in the figure legends. The other
set of cultures was treated with FAM-VAD-FMK only dur-
ing the final hour of incubation. All cells were then
washed 2X (2 ml, 200g, 5 min) with the “wash buffer”
(component of the CaspaTag™ kit, Intergen), diluted as
recommended in the kit protocol. Cell pellets were then
resuspended in 1 ml of the “wash buffer” containing 1 g
of propidium iodide (PI; Molecular Probes, Inc., Eugene,
OR). The samples were placed on ice, and cell fluores-
cence was measured during the next 15 min by the FAC-
Scan (Becton Dickinson, San Jose, CA) flow cytometer,
using the standard green (FL1) and red (FL3) emission
filters. After washing, some samples were fixed for 15 min
in PBS containing 1% v/v methanol-free formaldehyde.
These samples were subsequently postfixed in 70% etha-
nol, followed by another wash in PBS. Fixed cells were
then stained with PI (10 pwg/ml in PBS) in the presence of
100 pg/ml of RNase A (Sigma), as described previously
(13). Red and green fluorescence was measured by FAC-
Scan as described above. Still other samples after postfix-
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Fig. 1. Dualfluorescence staining of HL-60 cells treated with TNF-a + CHX or CPT or untreated (control) in the continuous presence or absence of
FAM-VAD-FMK, using FAM-VAD-FMK (FLICA) and propidium iodide (PD) reagents. Apoptosis was induced in cultures by administering TNF-a + CHX (top)
or CPT (bottom) at time 0. In one set of cultures, FAM-VAD-FMK (20 uM) was included in the media from the outset, along with TNF-a + CHX or CPT
(TNF-a + FLICA, CPT + FLICA). Twenty micromoles of FAM-VAD-FMK were added to a second set of TNF-a + CHX- or CPT-treated cultures 1 h prior to
culture termination (I'NF-a — FLICA CPT — FLICA). TNF-a and CPT-treated cultures were maintained for 24 and 48 h, respectively. Cells from all cultures
were supravitally stained with PI (1 pg/ml), 5 min prior to fluorescence measurement. Green (FAM-VAD-FMK) and red (PD) cellular fluorescence was
measured by flow cytometry. Four cell subpopulations (A-D) can be identified on these scattergrams, differing in their capability to bind FAM-VAD-FMK
and PI, as described in the text. They represent the progressive stages of apoptosis, starting with caspase activation (B), loss of plasma membrane ability
to exclude PI (C), and loss of caspase reactivity with FAM-VAD-FMK (D). Note that in cultures continuously treated with FLICA, very few cells underwent

the transition from C to D.

ation in 70% ethanol were washed in PBS and stained with
2 pg/ml of 7-aminoactinomycin D (7-AAD, Molecular
Probes), and their green and far red fluorescence was
measured with a laser scanning cytometer (CompuCyte,
Cambridge, MA), as described (13). Other details are pro-
vided in the figure legends.

RESULTS

The bivariate distributions (scatterplots) of green and
red fluorescence intensity levels, from cells “supravitally”
stained with FAM-VAD-FMK (FLICA) and PI, revealed the
presence of four distinct subpopulations which differed in
fluorochrome binding (Fig. 1). Nonapoptotic cells, which
predominated in the control untreated samples, showed
neither FLICA nor PI fluorescence (FLICA—/PI—; sub-
population A). Cells that made up the second subpopula-
tion (B) were FLICA+/PI—. There were two subpopula-

tions of PI-stained cells: one comprised the cells that were
FLICA-positive (subpopulation C; FLICA+/PI+), and the
other, of FLICA-negative cells (subpopulation D; FLICA—/
PI+). The B, C, and D subpopulations represented the
consecutive stages of apoptosis: the initial activation
phase, when caspases become enzymatically activated but
the plasma membrane was still able to exclude PI
(FLICA+/PI—), followed by loss of the cell’s ability to
exclude PI (FLICA+/PI+) and by loss of its ability to bind
FLICA (FLICA—/PI+). Because the late phase of apoptosis
during which the plasma membrane becomes permeable
to cationic dyes such as PI or Trypan blue has been
defined as the “necrotic stage” of apoptosis (2), the
FLICA+/PI+ and FLICA—PI+ cells thus represent two
consecutive phases of the “necrotic stage.”

The distributions shown in Figure 1 represent two par-
allel sets of cultures: (1) the cultures that contained FLICA
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Fig. 2. Percent of FLICA—/PI+ cells (subpopulation D, see Fig. 1) in
cultures of HL-60 cells treated with TNF-a + CHX or CPT that either had
FAM-VAD-FMK included at time O (TNF + FLICA; CPT + FLICA, open
symbols) or only during the final hour (TNF — FLICA; CPT — FLICA, solid
symbols) prior to culture termination.

throughout the whole period of incubation with the drug
(TNF + FLICA, CPT + FLICA), and (2) the cultures into
which FLICA was added only for the final hour before
their termination (TNF — FLICA, CPT — FLICA). It is quite
evident that the accumulation of FLICA—/PI+ cells was
markedly reduced in the continuous presence of FLICA,
indicating that the transition of cells from the FLICA+/
PI+ to FLICA—/PI+ was prevented in these cultures (Fig.
2). The process of apoptosis, thus, was halted at the
FLICA+/PI+ stage both in TNF-a and CPT-treated cultures
maintained with FLICA.

Continuous exposure to FLICA prevented cell loss in
the TNF-a or CPT-treated cultures (Figs. 3, 4). Thus, in the
absence of FLICA, ~40% of the cell population was lost
after a 24-h exposure to TNF-«. In a parallel experiment,
70% of the cell population was lost in the absence of
FLICA, after 48-h exposure to CPT. In the absence of
FLICA, cell loss was detected as early as 2 h into the
treatment process.

The plots representing cell loss in both TNF-a- and
CPT-treated cultures have two distinct slopes revealing
different rates of cell disappearance. The rate of cell loss
during the initial 6 h (TNF-o) or 8 h (CPT) of treatment
was distinctly faster than at later time points. Cell loss was
markedly suppressed in the cultures containing FLICA at
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Fic. 3. Cell number in cultures treated at time 0 with TNF-a + CHX and
maintained in the absence or presence of FAM-VAD-FMK for up to 24 h.
Cultures were treated with TNF-a + CHX alone (TNF-a — FLICA; [J) or
with TNF-oo + CHX plus 20 pM FAM-VAD-FMK (TNF + FLICA; l). Cell
number in these cultures was periodically measured by hemocytometer.
Data are expressed as a fraction of cell number with respect to parallel
cultures treated with 20 pM z-VAD-FMK alone.
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FiG. 4. Cell number in cultures treated at time 0 with CPT and main-
tained in the absence or presence of FAM-VAD-FMK for up to 18 h.
Cultures were treated with CPT alone (CPT — FLICA; <) or with CPT
plus 10 uM (H), 20 pM (@), 30 uM (¥), or 40 pM (A) FAM-VAD-FMK
(CPT + FLICA). Cell number in these cultures was periodically measured
by hemocytometer. Data are expressed as a fraction of cell number with
respect to 0 time control.

10-uM concentration and was essentially eliminated at the
20-pM or higher concentration of inhibitor. These data, in
conjunction with the results shown in Figure 1, clearly
demonstrate that the presence of FLICA in the cultures
prevented the disappearance of apoptotic cells by halting
apoptosis (stathmo-apoptosis) at the “necrotic stage”
(FLICA+/PI+) prior to loss of cell reactivity with FLICA.

Induction of stathmo-apoptosis allowed us to measure
the kinetics of apoptotic cell accumulation during treat-
ment with TNF-a (Fig. 5) or CPT (Fig. 6). The plots
representing accumulation of apoptotic cells as a function
of treatment time with either TNF-a or CPT each exhibit
two distinct slopes revealing different rates of cell transi-
tion into apoptosis. Thus, in the TNF-a-treated cultures,
about 50% of cells underwent apoptosis during the initial
6 h at an approximate rate of 8% of cells per hour. The
remaining cells underwent apoptosis between 6 and 24 h
at a rate approximating of 2.5% of cells per hour (Fig. 5).
CPT-treated cells also exhibited a ~50% conversion to
apoptosis during the initial 8 h at a rate of about of 7% of
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FiG. 5. Kinetics of FAM-VAD-FMK-labeled cell accumulation in cultures
treated with TNF-a + CHX and maintained in the absence or presence of
FAM-VAD-FMK for up to 24 h. Cultures of HL-60 cells were treated at time
0 with either TNF-a« + CHX alone ([J) or with TNFa + CHX plus 20 uM
FAM-VAD-FMK (lD). The former cultures ([J) were treated with 20 pM
FAM-VAD-FMK during the final hour prior to fluorescence measurement.
All cells were exposed to 1 pg/ml of PI, 5 min before fluorescence
measurement. Subpopulations of cells were differentiated on the scatter-
grams on the basis of differences in intensity of FAM-VAD-FMK (FLICA)-
and PIfluorescence, as shown in Figure 1. The percentage of FLICA-
positive cells (subpopulations B plus C in Fig. 1) is plotted as a function
of time.
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Fic. 6. Kinetics of FAM-VAD-FMK-labeled cell accumulation in cultures treated with CPT and maintained in the absence or presence of FAM-VAD-FMK
for up to 48 h. Cultures were treated at time 0 with either CPT alone (CPT — FLICA; <) or with CPT plus 20 pM FAM-VAD-FMK (CPT + FLICA; 4). The
former cultures () were treated with 20 .M FAM-VAD FMK during the final hour prior to fluorescence measurement. All cells were exposed to 1 pg/ml
of PI, 5 min before fluorescence measurement. Subpopulations of cells were differentiated on the scattergrams on the basis of differences in intensity of
FAM-VAD-FMK (FLICA)- and PI-fluorescence, as shown in Figure 1. The percentage of FLICA-positive cells (subpopulations B plus C in Fig. 1) is plotted

as a function of time.

cells per hour. Remaining cells in this culture were enter-
ing apoptosis for up to 48 h at a rate of ~1% of cells per
hour (Fig. 6). Control cell cultures exposed to FLICA in
the absence of either TNF-~ or CPT showed a minor
increase in the percentage of FLICA+/PI— (up to 4%) and
FLICA+/PI+ (up to 5%) after a 48-h culture period (data
not shown). The percent of FLICA—/PI+ cells in this
population was very low (less than 1%). This indicates that
the rate of spontaneous apoptosis in untreated cell cul-
tures was low, exhibiting an apoptosis conversion rate
approximating of 0.2% cells per hour.

We were able to fix the cells that reacted with FLICA,
make them permeable, and counterstain their DNA in
such a way that unlike in the case of “supravital” cell
staining (Fig. 1), the intensity of PI fluorescence was in
stoichiometric relationship to DNA content (Fig. 7). Be-
cause FLICA was covalently attached to the caspase enzy-
matic centers, the cell-fixation process did not result in
the loss of fluorochrome-tagged inhibitor from the cell.
The bivariate analysis of cells stained in this manner there-
fore allowed us to correlate caspase activation with cell-
cycle position. Bivariate analysis of cellular DNA content
versus FLICA binding performed on cell cultures at the 5-h
TNFa + CHX exposure time-point, i.e., when cells were
entering apoptosis at a faster rate, is shown in Figure 7.
This analysis revealed that cells from all phases of the cell
cycle were undergoing apoptosis. There was a selectivity,
however, as the proportion of G;-phase cells among the
FLICA-positive cells in TNF-a was higher as compared
with the FLICA-negative cell subpopulation. Namely, over

the course of four separate experiments, the mean per-
centage of G, cells within the FLICA-positive cell subpopu-
lation was 16 * 5% higher than within FLICA-negative
subpopulation. Analysis of the cell cycle of the CPT-
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Fi. 7. Scattergrams represent dual fluorescence (FAM-VAD-FMK ver-
sus 7-AAD) of HL-60 cells treated with TNF-a + CHX (left) or CPT (right)
in the presence of FAM-VAD-FMK for 5 h. Cells were cultured with
TNF-a + CHX or CPT, each in continuous presence of 20 uM FAM-VAD-
FMK, subsequently fixed and stained with 7-AAD. The green (FAM-VAD-
FMK; maximal pixel) and far red (7-AAD; integral) fluorescence of indi-
vidual cells was measured by laser scanning cytometry (39,40), as
described before (13). The intensity of DNA-associated red fluorescence
of 7-AAD allows one to identify cells in G, S, and G,/M, in FLICA-positive
(above dashed line) and FLICA-negative (below dashed line) cell subpopu-
lations. Analysis of cell-cycle distribution within these subpopulations
revealed predominance of G,-phase cells entering apoptosis (FLICA-pos-
itive) in the TNF-o + CHX-treated culture, consistent with our earlier
observations (29,41), and S-phase cells in the CPT-treated culture (see
text).
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treated cultures revealed that S-phase cells were preferen-
tially undergoing apoptosis during the initial 5 h of treat-
ment: the mean percentage of S-phase cells was 7.6+3.1
fold higher among the FLICA-positive than among the
FLICA-negative cells (n = 4).

DISCUSSION

Conventional methods, which rely on apoptotic cell
enumeration as a means of estimating the Al, are inaccu-
rate regardless of the method of identification. Endpoint
analysis fails to take into account the inevitable cell loss
due to apoptosis-induced cell disintegration. Indeed, cell
loss could be detected as early as 2 or 4 h after adminis-
tration of TNF-a. + CHX or CPT, and was progressive with
duration of the treatment. Over 80% of cells were lost in
cultures treated with CPT by the 48-h time-point, com-
pared to the time O control (Fig. 4). Because apoptotic
rather than nonapoptotic cells selectively disappear, the
Al is generally underestimated.

A second cause for underestimation of Al is the fact that
late apoptotic cells, still present in the cell population,
show a loss in their ability to bind FLICA (FLICA—/PI+,
subpopulation D, Fig. 1). Methods of identification of
apoptotic cells based on the detection of caspase activa-
tion, such as those that employ chromogenic or fluoro-
genic caspase substrates (19 -23), assays of PARP cleavage
(24,25), or FLICA binding (11-13), are all unable to detect
such late apoptotic (necrotic stage) cells.

Estimation of Al can be made unbiased if progression of
apoptosis is halted and cell disintegration is prevented.
The caspase fluorescent inhibitor FAM-VAD-FMK was
adapted for this purpose in the present study. This inhib-
itor covalently binds to the cysteine of the enzymatic
active centers of caspase through the fluoromethyl ketone
(FMK) residue forming the thiomethyl ketone (26-28).
The binding leads to irreversible inactivation of the en-
zyme. The three amino-acid (VAD) recognition residue
sequence of the inhibitor lacks specificity. This allows
FAM-VAD-FMK to bind all caspases, with the possible
exception of caspase-2, thus making it the pancaspase
inhibitor/marker (28). Because the process of apoptosis
was halted at the stage of caspase activation, caspase-
mediated events either did not occur in the arrested cell,
or did occur but at a much slower rate. Indeed, at 20 uM
and higher concentrations of FAM-VAD-FMK, cells did not
disintegrate for up to 48 h (Fig. 3). When examined by
microscopy, the arrested cells retained a relatively high-
level interference contrast. By flow cytometry, arrested
cells exhibited a higher intensity of laser light forward and
side scatter signal, compared to the drug-treated cells from
cultures lacking FLICA (data not shown). These arrested
cells could not, however, exclude PI (Fig. 1) or Trypan
blue, and could not be revived when rinsed free of the
inhibitor and grown in fresh medium (data not shown).

Arresting cells in apoptosis by the use of FLICA enabled
us to plot CAI as a function of time after administration of
TNF-a + CHX (Fig. 5) or CPT (Fig. 6) into the cultures.
Our data plots revealed the kinetics of cell entry into
apoptosis during the treatment process. Two distinct rates

of cell death were apparent for both treatments. The fast
rate, when 8% or 7% of cells were undergoing apoptosis
per hour, was seen during the initial 6 or 8 h of treatment
with TNF-a + CHX or CPT, respectively. Subsequently,
cells were dying at a slower rate, with TNF-a + CHX-
exposed cells dying at 2.5 times the rate of CPT-exposed
cells. In the absence of TNF-a + CHX or CPT, cells were
undergoing spontaneous apoptosis at a rate of about 0.2%
of cells per hour.

To unveil whether the observed differences in kinetics
of cell death may be related to cell-cycle phase, we ana-
lyzed the cell-cycle distribution of cells undergoing apo-
ptosis (FLICA-positive cells) at a faster rate, early during
treatment (0-5 h), and compared it to nonapoptotic cells
of the same cultures (Fig. 7). In the cultures treated with
TNF-a,, an increase in the proportion of G, -phase cells
among FLICA-positive cells was noticed. This observation
is consistent with the increased sensitivity of G, cells to
TNF-a reported in the literature (29,30). However, be-
cause the increase in proportion of G, cells among apo-
ptotic compared to nonapoptotic cells was relatively mi-
nor (16%), the observed difference in rate of cell death
between cells entering rapidly (8% of cells per hour)
versus slowly (2.5% of cells per hour) cannot be attributed
solely to cell cyclerelated differences in sensitivity to
TNF-a. It is possible that cell heterogeneity with respect
to density of the TNF-a receptors and/or differences in the
apoptosis regulatory machinery upstream of the caspases
contributed to the difference in the rate of cell death.

In contrast to TNF-o, CPT was much more discrimina-
tory in terms of cell-cycle phase specificity. Namely, in
CPT-treated cultures, predominantly S-phase cells were
undergoing apoptosis at the faster rate (Fig. 7). This indi-
cates that cells progressing through the S phase were
particularly sensitive to CPT, and is consistent with the
wealth of published data demonstrating that DNA repli-
cating cells are overly sensitive to DNA topoisomerase I or
topoisomerase II inhibitors (31-33). The mechanism of
death of these cells involves a collision of DNA replication
forks with topoisomerase inhibitor-generated DNA lesions
(“cleavable complexes™) (34). Suppression of these colli-
sions, e.g., by inhibitors of DNA replication, prevents
apoptosis (32). The slower rate of entrance to apoptosis
detected in the 8-48-h CPT-treated cultures may repre-
sent the death of G, cells that were entering the S phase
of the cell cycle.

The stochastic nature of the stathmo-apoptotic plot
slopes observed in cells treated with TNF-a + CHX (Fig.
5) as well as CPT (Fig. 6) is consistent with the kinetics of
cell progression through the cycle (16). Distributions of
the duration of G, S, or the overall cell cycle generation
time all have a distinct stochastic component (16,35,36).
Likewise, distributions of cell sensitivity to a variety of
drugs or radiation exposure (survival or clonogenicity
curves) all have a characteristic stochastic component
GD.

It should be noted that the stathmo-kinetic approach
works under an assumption that FAM-VAD-FMK does not
affect the kinetics of apoptosis induction. One may ex-
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pect, however, that the caspase inhibitor may not only
arrest the process of apoptosis, but also may affect induc-
tion of apoptosis, upstream of caspase activation. In a
previous study (11), however, we observed that in cul-
tures continuously treated with CPT, the number of non-
apoptotic cells remained similar for up to 48 h, regardless
of whether FAM-VAD-FMK was present in the culture all
the time or was added during the final hour. The data
shown in Figure 1 are consistent with our earlier obser-
vation. They also show that in the TNF-a-treated cultures,
nearly all cells underwent apoptosis after 24 h, regardless
of whether the inhibitor was continuously present or
absent. It is unlikely, therefore, that in the case of HL-60
cells treated with CPT or TNF-a, the presence of FAM-
VAD-FMK affected induction of apoptosis. Controls of
this type, however, are needed in every stathmo-kinetic
experiment to exclude such a possibility.

It should be noted that the stathmo-apoptosis approach
based on the use of FLICA is applicable in analysis of
caspase-mediated apoptosis only. Other means of preven-
tion of apoptotic cell disintegration and other means of
their detection have to be used to apply this principle in
studies of apoptosis that is not caspase-mediated (38).
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