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Use of the Microculture Kinetic Assay of Apoptosis to Determine
Chemosensitivities of Leukemias

By Vladimir D. Kravtsov, John P. Greer, James A. Whitlock, and Mark J. Koury

Chemotherapeutic agents exert their antitumor effects by
inducing apoptosis. The microculture kinetic (MiCK) assay
provides an automated, continuous means of monitoring
apoptosis in a cell population. We used the MICK assay to
determine the chemosensitivities of the human promyelo-
cytic HL-60 and lymphoblastic CEM cell lines and leukemia
cells freshly isolated from patients with acute nonlympho-
cytic (ANLL) or acute lymphocytic (ALL) leukemias. Continu-
ous monitoring of apoptosis in the MICK assay permits
determination of the time to the maximum apoptosis (T,)
and its two components which are initiation time (T;) and
development time (Tg4). Duration of the three timing compo-
nents of apoptosis varies from hours to days depending on
the drug, drug concentration, and type of target cells. In the
MIiCK assay, the extent of apoptosis is reported in kinetic
units of apoptosis. Kinetic units are determined by the slope
of the curve created when optical density caused by cell
blebbing is plotted as a function of time. Using the leukemia
cell lines, we define the relationship between kinetic units
determined by the MiCK assay and the percentage of morpho-
logically apoptotic cells in the culture. Flow cytometry
analysis of apoptosis in Annexin-V-fluorescein isothiocya-
nate-labeled preparations of HL-60 and CEM cells was also

feasibility of the MiCK assay of apoptosis as a chemosensitiv-
ity test was confirmed by its comparison with a 3H-
thymidine incorporation assay. We show that samples from
10 ANLL and ALL patients patients tested for sensitivity to
various doses of idarubicin (IDR), daunorubicin (DNR), or
mitoxantrone (MTA) gave the same percentages of apop-
totic cells when calculated by the MICK assay as when
determined by morphological analysis. The MiCK assay was
used for dose-response analyses of the sensitivities to IDR,
DNR, and MTA of leukemia cells from 4 other patients (2
ANLL and 2 ALL). The results from both cell lines and patient
samples indicate that ANLL cells are more sensitive than ALL
cells to all three of these chemotherapeutic agents. How-
ever, for individual patients the chemosensitivities varied
significantly among the three chemotherapeutic agents.
These varying responses to IDR, DNR, and MTA indicate that
the MiCK assay results can be of potential use in designing a
treatment regimen for a specific patient with acute leuke-
mia. Among several drugs of presumed similar efficacy, the
MICK assay can permit the selection of the specific chemo-
therapeutic agent that causes the most apoptosis in the
patient’s leukemic cells.

© 1998 by The American Society of Hematology.

used to compare with data obtained by the MiCK assay. The

ABORATORY TESTS for chemosensitivity of leukemia cells are exposed to a chemotherapeutic agent in vitro, apoptosis
cells can be separated into two major groups: (1) long-in the population can be determined at a specific time by
term assays based on clonal growth of the leukemic stem cellsnicroscopic examination, electrophoretic separation of DNA
and (2) short-term assays of the total cell population relying onfragments'® or flow cytometry® However, apoptotic cells exist
loss of cell viability-® Technical and theoretical limitations of in vitro for a limited time, after which they promptly disinte-
these methods have been reviewed by several investigétors gratel?18Thus, apoptosis in vitro occurs in a relatively narrow
with the common conclusion that development of new chemo+emporal window such that an accurate determination of
sensitivity assays based on alternative methodologies is needegpoptosis in a population of cells requires either frequent
Apoptosis is a distinct mode of cell death that occurs underdeterminations or continuous monitoring. The above-mentioned
physiological conditions and yet can be induced in normal andests for apoptosis require multiple steps and yet they permit
malignant cells by low doses of chemical and physical factorsonly one time point per sample to be examined. These
Because chemotherapeutic agents exert their in vivo antitumodrawbacks make current assays of apoptosis cumbersome and
activity by triggering apoptosis in susceptible tumor c&lf%’ impractical for clinical use.
the in vitro measurement of drug-induced apoptosis should We have recently described a microculture kinetic (MiCK)
provide a mechanism-based test for the chemosensitivity of thessay for determining apoptosis in a population of ¢élls.this
tumor cells isolated from an individual patient. When malignantmethod, the cells are cultured in a 96-well microtiter plate and
serial measurements of optical density (OD) are made auto-
matically every 5 minutes over a period of hours to days. By

From the Department of Medicine, the Division of Hematology and pIOtt!ng oD .as sffL'Jnctlon of time, bth the, extent of apOptO.SIS
the Department of Pediatrics, the Division of Pediatric Hematology/ @Nd its precise timing can be determined in the cell population.
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Submitted August 13, 1997; accepted March 13, 1998. MiCK assay is unique for three reasons. First, the MiCK assay
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tisement”in accordance with 18 U.S.C. section 1734 solely to indicate 81€d, the MICK assay is completely automated such that no
this fact. further procedures, technician time, or instruments are re-

© 1998 by The American Society of Hematology. quired. These unique qualities of the MiCK assay for apoptosis
0006-4971/98/9203-0029$3.00/0 make it especially useful for determining the in vitro sensitivity
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of a leukemia cell population to specific chemotherapeuticin Table 1. The heparinized samples were diluted twofold with
agents. RPMI-1640 medium and the mononuclear cell fractions were collected

In the present study, the MiCK assay is used to determine thafter centrifugation on a Ficoll-Hypaque gradient (Nicomed Pharma
in vitro chemosensitivities for (1) the human promyelocytic AS: Oslo, Norway). T lymphocytes and monocytes were removed from
HL-60 and lymphoblastic CEM leukemia cell lines, and (2) the mononuclear fractions using magnetic beads conjugated with monoclo-
leukemia cells isolated from the blood or bone marrO\,N (BM) of nal antibodies (MoAbs) to CD2 and CD14, respectively (Dynal, Inc, Lake

. . . . Success, NY). The resulting leukemia cell populations contained more than
patients with acute nonlymphocytic (ANLL) or lymphocytic

. . . 95% blast cells and had viabilities exceeding 90%.
(ALL) leukemia. We introduce a unit for measurement of \;ck assay for apoptosis. The MICK assay for apoptosis was

apoptosis in the MiCK assay, the kinetic unit (KU) of apoptosis, performed as described previoulwith minor modifications. Cells
which is correlated with the percentage of morphologically were suspended in complete medium and plated in 240-uL aliquots in
apoptotic cells within the leukemic population. We demonstrate96-well microtiter plates (Corning-Costar, Cambridge, MA). Seeding
that the leukemia cells of the same patient can show differentiatell concentrations were determined in preliminary experiments and
sensitivities to drugs with similar mechanisms of action, ie, thevaried depending on the size of the cells. Appropriate dilutions of
anthracyclines, daunorubicin and idarubicin, and the synthetigl@unorubicin (DNR), idarubicin (IDR), or mitoxantrone (MTA) were
anthracenedione, mitoxantrone. Because these chemotherapégded to wells in 10-uL aliquots to yield final concentrations of 0.05,
tic agents are used clinically for the treatment of acute leukemias, th@ 1 0-5: 1, 2:5. 5, 10, and 20 pmol/L. The microtiter plates were
- - - - - . incubated at 37°C for 30 minutes in a completely humidified atmo-
information provided by the MiCK assay may help in the clinical S

decisions about which specific chemotherapeutic agents are mo£
likely to induce remission in an individual patient.

here of 5% C@in air. Next, 50 pL of sterile mineral oil (Sigma, St
uis, MO) was layered on the top of each microculture. The microtiter
plate was placed in the incubated chamber of a spectrophotometer
(SPECTRAmMax 340; Molecular Devices Corp, Sunnyvale, CA), incu-
MATERIALS AND METHODS bated at 37°C, and the OD at 600 nm was read every 5 minutes for a
Cell lines. Human HL-60 acute promyelocytic leukemia cells period of 24 to 48 hours. The reader was calibrated to zero absorbance
(purchased from American Type Culture Collection, Rockville, MD) using wells containing only complete medium without cells. The
and lymphoblastic CEM cells (a gift of Dr W.T. Beck, St Jude AUTOmix feature of the reader was used to shake the microtiter plate
Children’s Research Hospital, Memphis, TN) were maintained inbefore each OD reading.
RPMI-1640 medium without phenol red and supplemented with 10% Data processing. During the assay, the OD readings are plotted
heat-inactivated fetal bovine serum (FBS; Hyclone, Logan, UT), 100against time providing a kinetic representation of the drug responses.
U/mL penicillin, and 100 pg/mL streptomycin (complete medium) in Apoptosis is graphically indicated by an “apoptotic curve” with a
completely humidified air with 5% Cgat 37°C. The cultures were characteristic portion showing a steep increase of the OD of the culture
diluted every third day to a concentration 0661 cells/mL. Before  (Fig 1). The slope of this steep increase in OD is called the maximum
use, exponentially growing cells were obtained, washed with pre-kinetic rate (Vmax) and can be calculated automatically by the
warmed RPMI-1640 medium, and resuspended at various concentra&omputer software (SOFTmax Pro; Molecular Devices) provided with
tions in complete medium. Cell counts and viability were determinedthe microtiter plate reader. We have previously shown that the value of
using a hemocytometer and trypan blue dye exclusion. the Vmax of the apoptotic curve is correlated directly with the
Patient leukemia samplesVenous blood samples or BM aspirates percentage of morphologically apoptotic cells in the cultdr&his
were obtained with informed consent from 8 patients with a diagnosis ofautomatic determination of the Vmax rate of the apoptotic curve
primary ANLL, 3 patients with a diagnosis of primary B-lineage ALL, 1 provides an objective and convenient measure of the extent of apoptosis
patient with a diagnosis of T-cell ALL, and 2 patients with biphenotypic in cultures. Our observations with a variety of myeloid and lymphoid
acute leukemia before treatment. Profiles of the patients are summarizddukemia cells have shown 3 hours as the minimal time that elapses

Table 1. Patient Characteristics

Patient No. Age/Sex Diagnosis Presentation WBC (X10°/L) Cytogenetics
1 20/M ALL-early B Relapse 830 t(4;11)(9q21;923)
t(der4;11)(g21;p13)
2 24/M ALL-T cell Relapse 77.8 Normal
3 70/M AML/RAEBIt Relapse 21.3 ND
4 19/M ALL-early B De novo 3.0 Complex, including —8,—13,der(14),
1(8;14)(q11;q31)

5 48/F AML (M2) De novo 219 Normal
6 61/M MBC/CGL De novo 2.4 1(9;22)(q34;q11)
7 15/M AML/ALL De novo 302 Normal
8 17/M ALL-early B Relapse 31.2 +21
9 12/M AML/ALL De novo 66.6 del(9)

10 31/M APL (M3) Relapse 50.5 ND

11 78/M AML (NOS) De novo 30.1 Normal

12 30/F AML (M4) Relapse 16.7 +8

13 3/M AMMolL (M5a) De novo 159 Normal

14 46/F AML (M2) Relapse 6.0 -7

Abbreviations: AML, acute myelocytic leukemia; RAEBIt, refractory anemia with excess blasts in transformation; MBC, myeloid blast crisis; CGL,
chronic granulocytic leukemia; AML/ALL, biphenotypic acute leukemia; APL, acute promyelocytic leukemia; AMMoL, acute myelomonocytic
leukemia; NOS, not otherwise specified; ND, not done.
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Fig 1. Changes in OD as a function of time in microcultures of leukemic cells: control and drug-treated HL-60 cells (A), freshly isolated ANLL
cells (B), and ALL cells (C). The OD data were imported from SOFTmaxPro software to a spreadsheet program (MicroCal Origin) and plotted
against time. Exponentially growing control cultures of HL-60 cells display a consistent OD increase over time which is due to an increase in cell
number in the microculture. OD versus time curve from control ANLL cells shows a pattern of a slow autonomous cell growth while control ALL
cells do not grow, resulting in a flat OD versus time curve. In all three cell types, exposure to IDR, MTA, or DNR causes apoptosis which is
indicated by steep increases of the OD in cultures. Extent of apoptosis in HL-60, ANLL, and ALL cells varies and is proportional to the slope of the
best fit line (shown as dotted lines) of the apoptotic curves. OD in the blank wells was 0.045 + 0.001.

between the initiation of the steep rising portion of the apoptotic curveprotrusions, aggregated chromatin, fragmented nuclei, and condensed
and its maximum. Based on these data, the Vmax of the steep risingasophilic cytoplasm.
portion of the apoptotic curve was always determined over a 3-hour Fluorescein-conjugated Annexin V (Annexin V-FITC) binding assay.
period. This determination was made by setting the SOFTmaxPrq_abeling of cells with Annexin-V-FITC conjugate was performed using
software to detect Vmax over 36 consecutive OD points which werean Apoptosis Detection Kit (R&D Systems, Minneapolis, MN) in which
taken with a periodicity of 5 minutes. With this setting, the slopes of the popnexin V-FITC, propidium iodide (PI), and binding buffer were
multiple lines derived from the 36 consecutive OD measurements Were, . ded as standard reagefftslow cytometry was performed on a
galculated over the entire period of the assay and the steepest one Wag ~scan flow cytometer (Becton Dickinson, Mountain View, CA) with
d'SpIaye(_j bY the software as \{max. . excitation at 488 nm. FITC fluorescence was measured at 515-545 nm
Quantitation of apoptosis in cell culturesDuring 48 hours of and fluorescence of DNA-PI complexes at 565-606 nm. Cell debris was

culture, varying proport_lons .Of leukemic cells die by spontaneousexcluded from analysis by appropriate forward light scatter threshold
apoptosis. Also, in proliferating cultures, cell number may increase_ . :
setting. Compensation was used wherever necessary.

slightly over the time when the steep OD increase caused by apoptosis iS SH-thvrmidi H-TAR) i . The sh
developed (usually this period lasts from 3 to 10 hours). These t ymi |nlef ) ) incorporation assay. The s ort-term assay
spontaneous apoptosis-related changes in cell morphology and sligrlﬂy Dosik et a#*was used to study effects of chemotherapeutic agents on

increase in cell number can contribute to the rate of the OD increases dffoliferating activity of HL-60 and CEM cells. Chemotherapeutic
both the drug-treated and control cells. To distinguish these backgroung9ents were added to cultures in a 96-well microtiter plate that was
0D changes from OD changes due to drug-induced apoptosis, the Vmacubated in a C@incubator at 37°C for various periods of time.
was determined in the control wells (cells in complete medium with noDuring the final 2 hours of incubation, 10-uL aliquots #4-TdR
chemotherapeutic agents added) over the same period of culture whegpecific activity of 6.7 Ci/mmol; NEN Life Science Products, Inc,
the steep OD increase was observed in the wells containing drugs. Thisoston, MA) were added to each well for a final concentration of 2.5
Vmax value for the control wells was subtracted from the Vmax valuespCi/mL. Cells were collected on a filter paper using an automated cell
of the apoptotic curves for each of the drug-treated wells: harvester (Scatron Instruments Inc, Sterling, V&)-TdR incorpora-
tion was measured using a liquid scintillation analyzer (Beckman

VMaXapopiosis = (VMorug-reated™ VMaXconto) Instruments Inc, Irvine, CA) and results were expressed as counts per
Resulting values of Vmayoposis Were used to quantitate extent of minute (cpm) per 1®cells. Data obtained from control and treated
apoptosis in cell cultures. microcultures were used to calculate the percentagiiahymidine

Cell morphology. Percentages of cells with morphological evidence incorporation inhibition.

of apoptosis were counted on Giemsa-stained cytospin preparation of Statistics and graphics. Polynomial and linear regression analyses
control and drug-treated cultures. A total of 200 cells was counted orof correlations between KU of apoptosis and percentages of morphologi-
each preparation. Apoptotic cells were identified by plasma membraneally apoptotic cells in cultures as well as all graphics and other
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statistics were performed using Origin Scientific Software (MicroCal as well as between fresh leukemia cells isolated from different

Software, Inc, Northampton, MA). patients.
KU of apoptosis. The manufacturer’s software (SOFTmax-
RESULTS Pro; Molecular Devices) is preset to display Vmax for kinetic

o . ) reactions in milli-optical density units per minute (mOD/min).

.Sensmwty I'm',ts and optimal cgll (?oncentratlonsThe This often results in extremely small numbers that are cumber-
MiCK assay monitors OD changes in microcultures caused bysome and inconvenient for analyses. For convenience of
the apoptosis-associated modifications in cell morphology. Wepresentation, we multiplied the software-determined value of
have shown that membrane blebbing is the main determinant O\f/max by 60, thus converting data from mOD/min to mOD/h.
th_e steep OD increases in apoptot_lc cultufes. prl_nmpl(_e, the Taking into account the Vmax value of the control cultures and
MiCK assay should be able to monitor apoptosis in a single Ce”‘normalizing the data with SCDC, the equation for determining
In practice, however, the sensitivity of the MICK assay is \hq axtent of apoptosis in the MiCK assay is:
limited by the technical capabilities of commercially available
spectrophotometers which require a certain number of cell€Extent of Apoptosis= (VMaXpg reated™ VM&Xcontro)
undergoing apoptosis to produce a collective signal that can be
detected. An initial cell density that ensured both consistent

growth of immortalized cell lines and maintenance of slowly The units of measurement of the resulting number is mOD/h. To
dividing or nondividing cells for 48 to 72 hours and yet gmphasize that the MiCK assay provides real time monitoring
provided an adequate signal due to apoptosis-related morphg apoptosis, we have designated mOD/h as KU of apoptosis.
logical changes in the cells is referred to here as an optimal celiyys hereafter, the results of the MiCK assay for apoptosis will
concentration. It follows from our observations that, in the pe expressed in KU.
range of the optimal cell concentrations, a minimum of 5% of Because the MiCK assay relies on morphological changes in
cells must undergo apoptosis to produce a signal which could bgells undergoing apoptosis, we compared results of the MiCK
“visible” for the reader. We determined empirically the optimal assay expressed in KU to results of the measurement of
cell concentrations for some human myeloid and lymphocyticapoptosis in percentage of morphologically apoptotic cells. In
leukemia cell lines (HL-60, U-937, AML-2, AML-3, CEM,  Fig 2, the results of the MiCK assay expressed in KU are related
Raji) and for freshly isolated human leukemic myeloblasts,to percentage of apoptotic cells as calculated in Giemsa-stained
lymphoblasts, B-cell chronic lymphocytic leukemia (CLL), and preparations of the same cultures. As can be seen, the relation-
T-cell CLL cells. The optimal initial cell concentrations varied ship between KU and the percentage of apoptosis for both
fivefold from 3 X 10° cells/mL for HL-60 cells to 1.5< 10°  HL-60 and CEM cells is described by a polynomial regression
cells/mL for B-CLL cells and depended on cell size such that(y = 0.321+ 0.063x+ 0.002%) with a resulting curve that can
larger cells required lower initial cell concentrations than serve as a nomogram. In cultures containing from 9% to 51% of
smaller cells. The common criterion used to determine themorphologically apoptotic cells, there is an approximate linear-
optimal cell concentration at the initiation of the culture was theijty (correlation coefficient= .994) between value of KU and
difference between the initial OD of the control microcultures percent apoptosis (Fig 2, inset). Thus, when the MiCK assay
and the OD of a blank well containing only complete medium results are in a range from 1.0 to 8 KU, the percentage of
(ODgeil — ODyiani)- The best results of the MiCK assay in terms apoptosis in the cultures can easily be determined as follows:
of its sensitivity and reproducibility were always achieved when )
this difference was 0.03t 0.01 OD. Before a previously Apoptosis (%)= (KU + 0.644)/0.165,
untested cell type was studied in the MiCK assay for apoptosisyhere KU are kinetic units of apoptosig—) 0.644 is the
serial dilutions of the cells were prepared and their ODSy.inercept, and.165is the slope of the correlation curve (Fig
compared with the OD of a blank well in single point 3 jyset) Although this equation was obtained with myeloid and
measurements at 600 nm. Once a cell concentration prOduc'”Qmphoblastic leukemia cell lines, it can also be used when
ODcei — ODpjank Of 0.03 was established, it was used for all fresh |eukemic cells are studied in the MiCK assay. This was
experiments. In practice, because of unavoidable inaccuracieg,own when cells from 10 patients with various forms of
of both cell counting and diluting procedures, the value of jgykemia were cultured with various doses of DNR, IDR, or
ODceii — ODpiank may deviate somewhat from 0.03. This may MTA (Table 2). Apoptosis was determined by the MiCK assay
affect the maximum rate of the OD change that occurs as a resulfnq by counting morphologically apoptotic cells in Giemsa-
of apoptosis: a greater starting OD indicates that more cells argiained cytospin preparations of the same cultures at times
present and that a higher Vmax rate can be achieved duringihere the apoptotic curves reached their OD maxima. Similar
apoptosis. Therefore, the MICK assay results were alwaygercentages of apoptotic cells were calculated from the MiCK
normalized against the standard value of the QP ODuankbY  assay results and observed in Giemsa-stained preparations
multiplying the Vmax value of the apoptotic curve by a standard tap|e 2).
cell density coefficient (SCDC), which is calculated as follows:  \1ick assay for apoptosis in HL-60 and CEM cellsHL-60
SCDC= 0.03/(00; — ODyary) and CEM cells were exposed tq a vyide range of concentrations
of DNR, IDR, or MTA and studied in the MiCK assay for 48
Normalizing the results of the MiCK assay to a standard OD athours. The maximum concentration of each drug was based on
the initiation of the culture enables direct comparisons betweemeported peak plasma concentrations in leukemia patients
apoptotic responses of different types of immortalized cell linesduring induction therap$?-26 The KU obtained for each drug

X 60 X 0.03/(0D — ODyand)
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drugs (Fig 3B). At 0.05 pmol/L only DNR but not IDR or MTA
induced apoptosis in CEM cells during 48 hours of culture.
Maximum apoptotic responses of 7.5, 6.3, and 4.7 KU were

-
D
]

14 - caused by 5 umol/L IDR, 2.5 umol/L DNR, and 5 pumol/L MTA,
respectively. These maxima corresponded to morphological
apoptosis ranging from 35% to 47% (Fig 2). Higher doses of

12 1 IDR and DNR resulted in decreased apoptosis (Fig 3B) whereas

increasing of the MTA concentrations from 0.05 to 5 pmol/L
was always accompanied by an increase of apoptosis.

Analysis of Giemsa-stained cytospin preparations of both
HL-60 and CEM cells showed that along with nonaffected and
apoptotic cells, a varying proportion of necrotic cells was
present in cultures exposed to all concentrations of the drugs.
Comparisons between results of the MiCK assay and those of
microscopic studies have shown that decreases in the proportion

N
o
1

A=-0.644
B=0.165
R=0.994

o &

Kinetic Units of Apoptosis
(0]

61 % of apoptotic cells observed after a specific maximum were
2, always accompanied by increases in the proportion of necrotic
b S cells in the cultures. Figure 4 gives an example of these changes
4+ g ol in proportion of necrotic cells. Most of HL-60 cells exposed to
0.05 umol/L IDR (Fig 4A and B) displayed either nonaffected or
01 apoptotic morphology; however, a small proportion of necrotic

cells was also seen. At 10 umol/L IDR (Fig 4C and D), only
apoptotic or necrotic cells were observed with the proportion of
necrotic cells being increased significantly.

Annexin V binding an@H-TdR incorporation assays.HL-

—_——
0 10 20 30 40 50

% Apoptosis

Ol rYrrrrrrrvrvrrrvrrTrvi
0 10 20 30 40 50 60 70 80 90100
% Apoptosis

Fig 2. Relationship between KU of apoptosis and percentage of
cells with apoptotic morphology. HL-60 (O) or CEM (@) cells were
exposed to the drugs and distributed in two 96-well microtiter plates.
One plate was placed into an incubated spectrophotometer and
apoptosis was studied in the MiCK assay as described in Materials
and Methods. The second plate was incubated in a humidified
CO,-incubator. At the time points when the MICK assay reported
maximum apoptosis, cytospin preparations were made from cell
aliquots from appropriate wells of the second plate. Apoptosis was
measured with the MiCK assay in KU and determined microscopically

60 and CEM cells were exposed to the drug concentrations
which in the MICK assay were found to induce maximum
apoptosis in the cells (Fig 3). The time of the drug exposure
corresponded to the time at which the MiCK assay reported a
maximum extent of apoptosis in each cell type (see Fig 9A and
B). At the end of the incubation, cells were double labeled with
Annexin V-FITC and propidium iodide (PI) to distinguish the
early apoptotic cells, or studied with tBe-TdR incorporation
assay for antiproliferative effects of the drugs. Simultaneously,
cells were subjected to the MiCK assay of apoptosis.

In control HL-60 and CEM cells, less than 5% of the early

in Giemsa-stained preparations as described in Materials and Meth- apoptotic cells, Annexin VPI~, were usually detected (Fig 5A,

ods. A total of 50 cell cultures exposed to various inducers of
apoptosis were studied. Table 2. Percentages of Apoptotic Cells as Calculated From the MiCK

Assay and as Measured by Light Microscopy

was plotted against drug concentration resulting in dose- patient % of Apoptotic Cells

Leukemia Drugs KU of

response curves (Fig 3A and B). The extent of apoptosis varied No*  Cell Type (umollL)  Apoptosis  Calculated ~ Observed
significantly depending on the drug, the drug concentration,and 3 amL MTA, 0.1 05 71 8
the cell line tested. In HL-60 cells, IDR and MTA caused 6 MBC/CGL DNR, 0.5 1.23 11.4 11
maximum apoptosis at 0.5 pmol/L and 2.5 umol/L (14.2 and 9 AMUALL IDR,05 1.25 11.5 12
14.9 KU, respectively; Fig 3A). This extent of apoptosis 1 AL DNR, 1.0 13 11.8 11
corresponded to approximately 80% morphologically apoptotic 2 ALL IDR, 5.0 2.31 17.9 14
cells (Fig 2). Further increases in doses of both drugs were 10  APL MTA, 2.5 32 232 215
followed by a decrease of apoptosis in the MiCK assay. A ¥ AMt IDR, 5.0 425 295 28
different dose-response curve was obtained for HL-60 cells AML/ALL IDR, 10.0 63 42.9 405

. . AML MTA, 5.0 7.1 46.9 45.2
exposed to DNR. Here, two maximum apoptotic responses were 13 AMMoL  DNR,20.0 8.2 53.6 519

seen at 0.1 pmol/L (9.4 KU) and 10 pmol/L (9.5 KU). These
may reflect a cell-cycle phase-related heterogeneity in sensitivi- A i e

ties of the subsets of the cell population to DNR such that mor NR, IDR, or MTA and distributed in two 96-well microtiter plates. One
susceptible cells undergo ap‘z)ppt)osis at 0.1 pmol/L DNR Whileplate was subjected to the MiCK assay while the other was incubated

X X . in a CO,-incubator. Apoptosis was measured in KU and determined in
for more resistant cells higher doses of DNR were required tOcytospin preparations as described in the legend to Fig 2. Calculated

initiate apOptOSi§- _ percentages of apoptotic cells were determined using the equation:
Compared with HL-60 cells, lymphoblastic CEM cells apoptosis (%) = (KU + 0.644)/0.165 [see text].

showed less apoptosis upon exposure to the same doses of thePatient numbers as they were assigned in Table 1.

Cells from 7 ANLL, 2 ALL, and 1 AML/ALL patients were exposed to
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18- A To confirm that the measurement of drug-induced apoptosis
| may reflect chemosensitivity of leukemia cells, the MiCK assay
—0O0— DNR was compared with adH-TdR incorporation assay, a long-
15 —e— IDR standing standard chemosensitivity t&3te antiproliferative
. | . MTA )( effects of the drugs were expressed as the percentages of the
=) 12 3H-TdR incorporation inhibition (Fig 5B). In drug-treated
X } HL-60 cells, the degree of th#l-TdR incorporation inhibition
~ varied from 51% to 93% (Fig 5B), which correlated well with
% 94 é the proportion of apoptotic cells in the cultures (Fig 5C). In
Q CEM cells, inhibition of3H-TdR uptake varied from 74% to
Q 6- 91% (Fig 5B) whereas the proportion of apoptotic cells in the
8_ same cultures was in the range of 40% to 52% (Fig 5C). Thus, in
< + HL-60 cells, drug-induced decreases®pfTdR incorporation
3 were mainly caused by the cell death via apoptosis. In CEM
cells, apoptotic cell death accounted for more than half of the
0- decrease iAH-TdR incorporation.
MICK assay for apoptosis in human ANLL and ALL cells.

-1 r+rrr1rrr1r 1T+t T1°
00050105 1 25 5 10 20 Freshly isolated leukemic myeloblasts and lymphoblasts were
exposed to increasing concentrations of DNR, IDR, and MTAIn
a 40-hour MICK assay. Apoptotic responses were determined
10- B and plotted against drug concentrations yielding drug-response
curves (Figs 6 and 7). All three agents induced apoptosis in cells
of ANLL patient no. 5 while only IDR was effective with cells

8 - of ANLL patient no. 14 (Fig 6A and B). The greatest apoptotic
/%\ responses were seen in cells of patient no. 5 and patient no. 14 at
] 20 pmol/L IDR (8.2 KU or 53% of apoptotic cells and 5.6 KU,
6 or 37.6% of apoptotic cells, respectively). By comparison, in
myeloid HL-60 cells a similar extent of apoptosis could be

Apoptosis (KU)
+

apoptosis compared with cells of the above described ANLL
patients (Fig 7). The greatest apoptotic responses were seen in
cells of ALL patient no. 4 at 20 pmol/L IDR (4.3 KU or 29.7%
et e e T of apoptotic cells, Fig 7A) and in cells of ALL patient no..8 at20
0 0050.105 1 25 5 10 20 pmol/L DNR (4.6 KUf or 31.5% of apoptotic ce!ls,_ Fig 7B).
MTA was unable to induce significant apoptosis in cells of
Drugs (P«M) either ALL patient. Similarly, the decreased effectiveness of
MTA compared with DNR and IDR in the induction of
Fig 3. Effects of DNR, IDR, and MTA on apoptosis in cultures of apoptosis was observed in lymphoblastic CEM cells (Fig 3B).
HL-60 (A) and CEM (B) cells. Control and drug-treated cells were Timing of apoptosis. Because the MiCK assay measures
distributed in a 96-well microtiter plate at 0.75 x 105 (HL-60) or 1.25 x apoptosis Continuous|y’ it provides a unique Opportunity for
10° (CEM) cells per 250 pL. complete medium and studied for48 hours — iming of the apoptotic process. A typical apoptotic curve from
in the MiCK assay. Each point represents the mean (+SD) of three . . .
independent experiments. the MICK assay of apoptosis is shown (see Fig 9). The
maximum point of the apoptotic curve corresponds to the time
when the greatest percentage of cells form membrane Hebs,
lower right quadrants). Exposure of the cells to the chemotheraie, undergo the initial stage of apoptosis. We have designated
peutic agents was followed by more than 10-fold increases irthe period of time from the exposure of the cells to an apoptotic
subpopulations of the early apoptotic cells (Fig 5). Nonethelessstimulus until the maximum apoptotic OD as the time to
in drug-treated HL-60 cells, the proportion of the early apop-maximum apoptotic response (U If apoptotic stimuli are
totic cells measured by the Annexin V-FITC binding assay wasadded to cells shortly before initiation of the MiCK assay, T
from 10% to 25% lower than the extent of apoptosis determinedvould correspond to the time from onset of the assay until the
by the MiCK assay (Fig 5A and C). In CEM cells exposed to maximum OD. As is seen in Figure 8,,Tconsists of two
DNR, IDR, and MTA, the percentages of the early apoptoticcomponents. The first component is the initiation time) (T
cells determined with the Annexin V-FITC binding assay (Fig which is the period between exposure of the cells to an
5A) were found to correlate well with the extent of apoptosis asapoptotic stimulus and the beginning of the steep rising portion
measured in the MiCK assay (Fig 5C). of the curve. The second component is the development time

induced by 0.1 pumol/L of any of the three drugs (Fig 3A). This
indicates that freshly isolated myeloblasts from these two
| patients were less sensitive to chemotherapeutic drugs than
HL-60 cells.
21 In cells from two ALL patients, the three agents induced less

o
1
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& 5y

Fig 4. Morphological changes in HL-60 cells at low or high IDR doses. Cells were exposed to 0.05 umol/L IDR for 24 hours (A and B) or 10
rmol/L IDR for 6 hours (C and D). At these time points, maximum apoptosis was reported by the MiCK assay in respective cultures (see Fig 8).
Giemsa-stained cytospin preparations show three distinctive morphological types of cells: (1) Cells displaying morphological features of
interphase or mitotic promyelocytes with no visible changes in cell structure; two large cells in (A) and predominant cells in (B); (2) cells in the
early stage of apoptosis (ap, in [A] and [C]) with aggregated chromatin abutting the nuclear membrane, and condensed, basophilic cytoplasm; (3)
necrotic cells (nec, in [A] and [C]) with faintly stained nuclear “ghosts,” indistinct vacuolated cytoplasm which appears light due to loss of
basophilia, and ruptured plasma membranes; predominant cells in (D). Low magnification (B and D) is used to show proportions of apoptotic and
necrotic cells in cultures. Scale marker indicates 10 wm for (A) and (C) and 50 um for (B) and (D).

(Tg), which is a period between the beginning of the steep risingow apoptotic response of the cells of these three patients to all
portion of the curve and its apoptotic OD maximum. Figure 9 tested concentrations of MTA (Figs 6B and 7A and B).

shows that increases in concentrations of DNR, IDR, and MTA

were always accompanied by shortening gfiTboth leukemia DISCUSSION

cell lines and freshly isolated leukemic cells. These shortenings This study examined the applicability of the MiCK assay of
of Ty, resulted from shortening of both; Bind Ty (data not  apoptosis for determining sensitivities of myeloid and lymphoid
shown). Although Tdid not have a definite lower limit,swas  leukemia cells to chemotherapeutic agents. The use of apoptosis
never less than 3 hours. A relationship was seen between thas an indicator of drug effectiveness is based on the concept that
degree of sensitivity of cells to a drug and the differenceactivation of cellular self-destructive machinery is the main
between T, at the minimal and maximal drug concentrations. In mechanism by which antitumor agents exert their therapeutic
cells from both ANLL and ALL patients exposed to IDR, effects!1-14.27-29

significant differences between duration gf & minimal and In the MiCK assay, apoptosis is indicated by a steep increase
maximal drug concentrations are evident (Fig 9C through F).of the OD. We have shown that membrane blebbing is the major
This progressive shortening of,Twith increasing IDR dose determinant of these steep OD increases in cells undergoing
corresponds to the effectiveness of IDR in the induction ofapoptosis? Formation of membrane protrusions, or blebs, is
apoptosis in cells of both groups of patients (Figs 6 and 7)termed zeiosis and is considered to be an obligatory and early
Conversely, an increase in concentration of MTA had little stage of apoptosis for most types of céfi$? Zeiosis causes
effect on T, in cultures of ANLL patient no. 14 (Fig 9D) and dramatic changes of the cell shape that, in turn, result in an
both ALL patients (Fig 9E and F). The absence of significantincreased side scattering of light by the cells. The increased side
changes of the Jwith increasing MTA dose corresponds to the light scattering is detected by a spectrophotometer as an
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Fig 5. Effects of DNR, IDR, and MTA on HL-60 and CEM cells as measured with the Annexin V binding assay, the 3H-TdR incorporation assay,
and the MiCK assay of apoptosis. HL-60 cells were exposed to 0.1 mm DNR for 36 hours and to 0.5 pmol/L IDR or 2.5 pmol/L MTA for 6 hours. CEM
cells were exposed to 2.5 pmol/L DNR for 16 hours and to 5 pmol/L IDR or 5 pumol/L MTA for 7 hours. (A) Flow cytometry analyses of Annexin
V-FITC/PI stained cells; 5,000 cells were analyzed in each condition. Quadrants were set using negative controls. The lower left quadrants of the
cytograms show viable, An—PI-, cells. Numbers in the lower right quadrants refer to the percentage of apoptotic cells with preserved plasma
membrane integrity (An*PI-, early apoptotic cells). Upper right quadrants show cells that have lost their plasma membrane integrity and became
An*P+. The results of one of three independent experiments are shown. (B) Percentages of drug-induced inhibition of 3H-thymidine incorporation
in HL-60 and CEM cells. Mean (£SD) of three independent experiments, each performed in three replicates. (C) Extent of apoptosis in
drug-treated cells as determined with the MiCK assay of apoptosis. Results of the MiCK assay in KU were converted into percentages of
apoptotic cells. Mean (£SD) of three independent experiments.

increase of the OD of the cultures. Because the plasmaesults from severe changes in molecular structure of the cell
membrane blebbing is a rapidly developing stage of themembrane which include alteration of both the membrane
apoptotic process, the associated OD increase is very steep aptiospholipid packing and distribution of the phospholipids
can easily be distinguished from the gradual OD increase due tbetween the two leaflets of the cell membréh&. These and
cell growth®:33When the steep rising portion of the apoptotic other molecular changes affecting the cell membrane not only
curve reaches its maximum, the greatest proportion of cellcontribute to blebbing but also facilitate recognition and
display membrane blebbing. The stage of membrane blebbinghagocytosis of the apoptotic cells by macroph&jeluffi-
coincides with the initial stages of the nuclear morphologicalciency of the early membrane changes to prime the apoptotic
changes of apoptosis and may precede the internucleosomal DNéell for elimination suggests that membrane blebbing occurs
cleavage by several hourst®3234t has been suggested that zeiosis after the “point of no return” in the sequence of events in
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9- Various apoptosis detection kits are available commercially.
A a These kits are mostly based on detecting products of internucleo-
81 l:l/. somal DNA fragmentation by either light or fluorescent micros-
— 7 1 —o— DNR ./ copy or by flow cytometry. These tests are widely used for
> ] research purposes; however, their application for testing apopto-
Y 1 —e—IDR A R o . .
= 6- sis in clinical samples is impractical for several reasons. First,
» —A— MTA these apoptosis tests are expensive, multistep procedures requir-
8 51 ® ing substantial labor and time. Second, the cells under study
- 1 d must be either fixed or destroyed. As a result, each of these tests
o 4 : )
o) ] A must be used as an endpoint assay that allows detection of
< 3
2- 91
O—-opn A
1 A
14 8}: .
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Fig 6. Effects of DNR, IDR, and MTA on apoptosis in cultures of 8 0 ®
ANLL leukemia cells. Purified leukemia cells from patient no. 5 (A) and "5_ /
patient no. 14 (B) were distributed in a 96-well microtiter plate at 2.5 o) /':I
x 105 cells per 250 pL complete medium and studied for 40 hours in Q. 1 N —_— A
the MICK assay. Patients numbered according to Table 1. Each point < .74————.
represents apoptotic response measured in one experiment. A N
0-
apoptosis. To our knowledge, zeiosis has never been reported i
cells undergoing necrosis. Therefore, zeiosis can serve as a T o T e T T
early, reliable, and specific hallmark of the apoptotic process. 0105 1 25 5 10 20
Although zeiosis had long been known as a classical element it
the sequence of morphological changes of apop#83ist has Drugs (“M)

never been used for quantitation or timing of apoptosis. The
MiCK assay of apoptosis uses the cell membrane blebbing as arig 7. Effects of DNR, IDR, and MTA on apoptosis in cultures of
specific marker of apoptosis and provides an integrative analyALL leukemia cells. Purified leukemia cells from patient no. 4 (A) and
sis for the multiple occurrences of single-cell zeiosis over thepatient no. 8 (B) were distributed in wells of a 96-well microtiter plate
. . t 2.5 x 10° cells per 250 pL complete medium and studied for 40
culture period. All cells that ever entered apoptosis are score ; . : .
. X ! o ours in the MIiCK assay. Patients numbered according to Table 1.
by the MiCK assay and thus contribute to the final quantitationgach point represents apoptotic response measured in one experi-

of the apoptotic response of the cell population. ment.
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follows that if drug-induced apoptosis develops in the patient’'s
cells without internucleosomal DNA breakage, a falsely nega-
tive result would be reported by a test based on DNA breakage.
Another problem stems from the fact that cell death via necrosis
is accompanied by random fragmentation of DNA by multiple
endonucleases. Degradation of DNA in necrotic cells can result
in formation of 180- to 200-bp-length fragments, thus suggest-
ing that internucleosomal DNA cleavage is not an exclusive
prerequisite for apoptos®:#*4-46 This makes the biochemical
discrimination between apoptosis and necrosis problematic. For
example, commercial cell death kits using the TdT-mediated
dUTP nick end labeling (TUNEL assay) cannot distinguish
between necrotic and apoptotic cells. Thus, the TUNEL assay
may be accurate for apoptosis only in those rare cases in which
no necrotic deaths occur in culture. However, in vitro testing of
a patient’s sample for chemosensitivity requires the use of a
wide range of drug concentrations to distinguish between those
doses of drugs which are ineffective, those which induce
apoptosis, and those which induce necrosis. As doses of drugs
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Fig 8. Timing of apoptosis in the MIiCK assay. Typical plot of the
OD versus time changes obtained from a microculture of cells
exposed to an inducer of apoptosis is shown. Interval T, (time to the
maximum response) corresponds to the time when the maximum
apoptotic response is achieved in the culture. Interval T; (initiation
time) corresponds to the time between adding an apoptosis inducer
to the culture and the beginning of the steep rising portion of the
curve. Interval T4 (development time) corresponds to the time be-
tween the beginning of the steep rising portion of the curve and its
maximum. B is the best fit line of the steep rising portion of the curve;
earliest point of intersection between the B line and the OD versus
time curve is used as a uniform indicator for the beginning of the

are increased, progressively larger proportions of necrotic cells
are found in cultures (see Fig 4). In such cases, results of
apoptosis tests relying on the DNA cleavage would be falsely
positive.

It is generally agreed that a characteristic sequence of
morphological alterations is the sine qua non of apopf8sis.
32,3839 In both our previous publicatiéh and in the present
study, the MiCK assay results were correlated with morphologi-
cal evidence of apoptosis in Giemsa-stained cell preparations.
To further validate the MiCK assay of apoptosis, we compared
it with an Annexin V binding assay for detection of apoptdSis.
Annexin V is a calcium-dependent phospholipid-binding pro-
tein with high affinity for phosphatidylserine. It has been shown
that cells become capable of binding Annexin V early in the

steep rising, apoptotic portion of the curve. course of apoptosis due to loss of the plasma membrane
phospholipid asymmetry with exposure of phosphatidylserine
apoptosis only at one specific time during a drug-cell interac-on the outer plasma membrane lea#fe€ Use of the two-color
tion. The timing of apoptosis induced by a drug can vary greatlyflow cytometry analysis of Annexin V-FITC and PI-labeled
depending on the drug concentration and the type, metabolicells makes the Annexin V binding assay a convenient test for
status, and cell-cycle phase of the target cells. Thus, the choicdistinguishing between nonaffected cells (A1), apoptotic
of the time point at which cells are tested for drug-inducedcells with preserved plasma membrane integrity {RfT), and
apoptosis is critical for its accurate detection. Nonetheless, wittcells that have lost their membrane integrity (AH*). We
any of the endpoint tests for apoptosis it must be choserbelieve thatthe Annexin V binding assay is the most appropriate
arbitrarily. When these tests are used with a well-characterizedgest to be compared with the MiCK assay of apoptosis because
established cell line, this problem can partly be overcome bytranslocation of phosphatidylserine in the cell membrane which
performing multiple experiments that help to determine theis detected with the Annexin V binding assay may precede or
timing of apoptosis. However, this approach is unsuitable forcoincide with the cell membrane blebbing—the event which is
studying drug-induced apoptosis in cell samples obtainednonitored in the MiCK assay.
directly from a patient because such cells comprise a unique When apoptosis was measured in CEM cells, a good
population of limited size that differs from cells obtained from correlation was found between results of both assays (Fig 5A
other patients. Therefore, the timing of apoptosis in samples oind C). With HL-60 cells, the percentage of apoptotic cells was
one patient may only be of minimal help when apoptosis is10% to 25% lower when measured with the Annexin V binding
tested in cells of another patient. assay as compared with the MiCK assay (Fig 5A and C). One of
In addition to the above-mentioned technical drawbacks ofthe possible explanations of these observations is that drug-
the assays relying on DNA cleavage, there are also theoreticalffected CEM cells preserve their plasma membrane integrity
limitations for their use with patient's samples. It is still not longer while HL-60 cells promptly proceed to the final steps of
clear whether double-stranded cleavage of DNA is the criticalthe apoptosis, lose their cell membrane integrity, and become
event in apoptosis. A growing body of evidence shows thatAn*PI*. Indeed, substantially lower proportions of Apl*
apoptosis can be observed without internucleosomal DNAcells were always observed in drug-treated CEM cells as
breakage and can even be induced in enucleated3géfidt compared with HL-60 cells (Fig 5A, upper right quadrants).
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Fig 9. Relationship of drug dose and time to the maximum drug-induced apoptosis (T,,). (A) HL-60, (B) CEM, (C) ANLL patient no. 5, (D) ANLL
patient no. 14, (E) ALL patient no. 4, and (F) ALL patient no. 8 leukemic cells were tested with varying doses of DNR, IDR, or MTA. For HL-60 and
CEM cells, each point represents the mean (+SD) T,, of three independent experiments; for patient’s cells, each point shows T,, determined in a
single experiment.

Unfortunately, the proportion of the late apoptotic cells in the standard chemosensitivity test, thé-thymidine incorporation
fraction of An"PI* cells cannot be determined with the Annexin assay. In HL-60 cells, similar results on drug sensitivity were
V-FITC binding assay because it does not distinguish betweembtained with both assays. In CEM cells, the antiproliferative
the late apoptotic and necrotic cells that both have losteffects of each drug was greater when compared with the
membrane integrity and become ApI*. Subpopulations of percentages of apoptotic cells (Fig 5B and C). It has been shown
An*PI*cells have been variously referred to as late apoptbtic, that apoptosis-inducing concentrations of chemotherapeutic
nonviable/necrotié¢! secondary necrotit® or advanced apop- agents may exceed significantly (up to 25 times) doses that are
totic and necrotid? Because of this unclear nature of Apl* required to inhibit cell proliferatioR? Thus, at least in some
cells and in order to avoid confusion between late apoptotic anagnalignant cell types, tests relying on cell proliferation, eg,
necrotic cells, we decided to exclude #pi* cells from our  2H-thymidine incorporation or clonogenic assays, cannot differ-
analyses. It should also be recalled that the endpoint Annexin \éntiate between arrested cell proliferation that can be potentially
binding assay determines the proportion of the apoptotic cellseversed and cell death that cannot be reversed. In such cases,
with preserved plasma membrane integrity at a certain, singl¢he extent of apoptosis, which indicates irreversible cell loss due
time point of culture and, thus, it may not measure the totalto clinically relevant doses of chemotherapeutics, provides
number of apoptotic deaths over the entire culture period. more reliable measure of drug effectiveness.

The use of apoptosis to measure drug sensitivity has been The MiCK assay automatically reports the maximum extent
previously discussed in the literatufe?’-2°In our study, results  of apoptosis whenever it is achieved during the culture, thus
of the MICK assay of apoptosis were correlated with thestandardizing the measurements of apoptosis under different
antiproliferative effects of the drugs as measured with aconditions. Changes in the OD of each microculture are
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recorded by the computer and presented at the end of the assay2. Park CH, Amare M, Savin MA, Goodwin JW, Newcomb MM,

in a graphic form. Analysis of the OD versus time curves from Hoogstraten P: Prediction of chemotherapy response in human leuke-
wells with cells undergoing apoptosis permits a unique opportuMia using an in vitro chemotherapy sensitivity test on the leukemic
nity for accurate determination of the time to maximum colson);-foimér;g CWe'_'S' 3&0‘;‘:{55&595} 19828 A " . <
apoptotic response {J and analysis of its components—the - rar , viern! » Morrison FS, Amare M, vanSloten K,
N . . Maloney TR: Clinical correlations of leukemic clonogenic cell chemo-
initiation time (T;) and development time (J. We suggest that

. : o . sensitivity assessed b vitro continuous exposure to drugs. Cancer
during T;, an active drug metabolite is reaching a threshold of 43:2346, 1983

intracellular concentration that is required to trigger the molecu- 4 pieters R, Huismans DR, Leyva A, Veerman AJP: Comparison of

lar mechanism of apoptosis; depends on the rate at which the 4 rapid automated tetrazolium based (MTT)-assay with a dye exclusion

drug is taken up by the cell and is converted into its active form.assay for chemosensitivity testing in childhood leukaemia. Br J Cancer

T; can be reduced significantly by increasing drug concentra59:217, 1989

tion. However, we found substantial differences jrb&tween 5. Sargent JM, Taylor CG: Appraisal of the MTT assay as a rapid test

myeloid and lymphoid cells exposed to the same concentratio®f chemosensitivity in acute myeloid leukaemia. Br J Cancer 60:206,

of a therapeutic agent. This finding may reflect inherent1989

differences between the two types of cells in both the rates of the - Twentyman PR, Fox NE, Rees JKH: Chemosensitivity testing of

drug uptake and the mechanisms of the intracellular metabolis 7i_slh9'elugggem'a cells using the MTT colorimetric assay. Br J Haematol

of the. same drugs. . . 7. Weisenthal LM, Dill PL, Finklestein JZ, Duarte TE, Baker JA,
T4 is the period requwed. for all thg susceptible cells of the Moran EM: Laboratory detection of primary and acquired drug

culture to undergo apoptosis. Two points aboyedn be made. resistance in human lymphatic neoplasms. Cancer Treat Rep 70:1283,

First, its duration depends on the rate at which cells arejggg

triggered into an apoptotic response and, therefogemay 8. Veerman AJP, Pieters R: Drug sensitivity assays in leukaemia and

reflect the uniformity of the drug sensitivity of the cell lymphoma. BrJHaematol 74:381, 1990

population. Second,qlcannot be shorter than a minimum time 9. Weisenthal L, Lippman M: Clonogenic and nonclonogémitro

that is required to complete the apoptosis program in a singl€hemosensitivity assays. Cancer Treat Rep 69:615, 1985

cell. For both myeloid and lymphoid cells, the shortest develop- 10- Fruehauf JP, Bosanquet AGh vitro determination of drug

ment time observed was about 3 hours. response: A discussion of clinical applications. Principles Practice
Determining the utility of the MiCK assay of apoptosis in Oncol 7:1, 1993

dicti h itivi f individual leukemi il 11. Gorczyca W, Bigman K, Mittelman A, Ahmed T, Gong J,
predicting chemosensitivity of any Individual leukemia wi Melamed MR, Darzynkiewicz Z: Induction of DNA strand breaks

requ!re the study of a Iarg.e number Of. patients and COmparison&ssociated with apoptosis during treatment of leukemias. Leukemia
of MiCK assay results with standardized treatment outcomesy.gsg, 1993

Nevertheless, our preliminary data have shown the potential 12. Sachs L, Lotem J: Control of programed cell death in normal and
utility of the MiCK assay in making clinical decisions. In Fig 6, leukemic cells: New implications for therapy. Blood 82:15, 1993

only for the leukemia of ANLL patient no. 5 did all three 13. Kerr JFR, Winterford CM, Harmon BV: Apoptosis: Its signifi-
therapeutic agents show similar effectiveness in the MiCKcance incancer and cancer therapy. Cancer 73:2013, 1994

assay (Fig 6A). The leukemia of ANLL patient no. 14 showed 14. Hannun YA: Apoptosis and the dilemma of cancer chemother-
sensitivity to IDR but was resistant to both DNR and MTA (Fig @Py- Blood 89:1845,1997 o
6B). In this latter case, the use of IDR rather than DNR or MTA 15. Wyllie AH: Glucocorticoid-induced thymocyte apoptosis is

. L . . . ., .. _associated with endogenous endonuclease activation. Nature 284:555,
might be beneficial in the patient’s induction and consolldatlon1980 g

f:hemotherapy. _T_h_e leukemia of ALL patl.ent no. 4 s_howed 16. Darzynkievicz Z, Bruno S, Del Bino G, Gorczyca W, Hotz MA,
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