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Evaluation of Apaf-1 and procaspases-2, -3, -7, -8, and -9 as potential
prognostic markers in acute leukemia
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Yuri A. Lazebnik, and Scott H. Kaufmann

Recent studies have suggested that varia-
tions in levels of caspases, a family of
intracellular cysteine proteases, can pro-
foundly affect the ability of cells to un-
dergo apoptosis. In this study, immuno-
blotting was used to examine levels of
apoptotic protease activating factor-1
(Apaf-1) and procaspases-2, -3, -7, -8, and
-9 in bone marrow samples (at least 80%
leukemia) harvested before chemotherapy
from adults with newly diagnosed acute
myelogenous leukemia (AML, 42 patients)
and acute lymphocytic leukemia (ALL, 18
patients). Levels of each of these polypep-

tides varied over a more than 10-fold
range between specimens. In AML
samples, expression of procaspase-2 cor-
related with levels of Apaf-1 ( Rs = 0.52,
P < .02), procaspase-3 ( Rs = 0.56, P < .006)
and procaspase-8 ( Rs = 0.64, P <.002). In
ALL samples, expression of pro-
caspases-7 and -9 was highly correlated
(Rs = 0.90, P < .003). Levels of these
polypeptides did not correlate with prog-
nostic factors or response to induction
chemotherapy. In further studies, 16
paired samples (13 AML, 3 ALL), the first
harvested before induction therapy and

the second harvested at the time of leuke-
mia regrowth, were also examined. There
were no systematic alterations in levels
of Apaf-1 or procaspases at relapse com-
pared with diagnosis. These results indi-
cate that levels of initiator caspases vary
widely among different leukemia speci-
mens but cast doubt on the hypothesis that
this variation is a major determinant of drug
sensitivity for acute leukemia in the clinical
setting. (Blood. 2000;96:3922-3931)
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Introduction

Studies performed over the last decade indicate that chemotheraea-activated by different cellular proces$e¥. Interactions be-
tic agents induce apoptosis in human leukemia cell lines in*itrotween cell surface death receptors and their ligéidsrigger the
and in clinical leukemia in viv8:¢ Additional experiments have apoptotic process by activating procaspase-8. For example, bingjng
suggested that failure to activate the apoptotic machinery can reafltCD95 ligand to CD95 results in recruitment of the adaptgr
in resistance to the cytotoxic effects of multiple chemotherapeuticolecule FADD, binding of procaspase-8 to the FADD-containiﬁg
agents-1° These observations raise the possibility that factoomplex, and cleavage of procaspase-8 to an active form that?:z?an
regulating the apoptotic process might play a role in drug resistanmeteolytically activate downstream caspa¥e®.n contrast, apo- g
in the clinical setting. ptosis-inducing stimuli that cause release of cytochrome ¢ fr@n
Recent experiments have pointed to caspases, members ofitochondrid®26 initiate the apoptotic process by activatiné
unique family of intracellular cysteine proteases, as critical partictaspase-9. Once released to the cytosol, cytochrome ¢ intei@cts
pants in the apoptotic proce¥sts According to current mod- with the docking protein Apaf-27 causing a dATP-dependeng
els1315 different caspases play 2 distinct roles during apoptosisonformational change that enables Apaf-1 to bind and activgte
Effector or downstream caspases selectively cleave a small sulpgetaspase-&*° which in turn proteolytically activates pro-g
of cellular polypeptide$114These cleavages destabilize certaicaspases-3 and 2731
structural components of the cell; inactivate polypeptides involved A growing body of evidence has suggested that levels opraﬁl
in DNA repair, replication, and transcription; and activate a limitednd caspase precursors can affect sensitivity to apoptotic Stlnfg.lh
set of intracellular enzymes, including the caspase-activated deox@ierexpression of the Drosophila caspase drICE sensmzes‘"sz
bonuclease CAE and certain kinased;!”18thereby setting into dipteran tissue culture cells to etoposide-induced apop%bs%
motion many of the biochemical and morphologic changes th&tmilarly, overexpression of Apaf-1 sensitizes HL-60 human
constitute the apoptotic process. The effector caspases are in teuakemia cells to paclitaxel and etoposideConversely, deletion ¢
activated by initiator or upstream caspases, molecules that afethe procaspase-9 gene sldtver abolishe® the triggering of ¥
uniquely capable of transducing various signals into proteolytapoptosis in mouse embryonic stem cells, fibroblasts, or thymo-
activity. cytes treated with doxorubicin, etoposide, and/or glucocorticoids.
Procaspases-8 and -9, the most widely studied initiator caspadekewise, deletion of the Apaf-1 gene renders thymocytes resistant
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to killing by etoposide, staurosporine, dexamethasone;yang-  Tissue culture

diation®® Collectively, these. Observationls.SUQQeSt. that Ievells. PFL—GO cells were cultured in RPMI 1640 medium containing 10%
caspase-9 and/or Apaf-1 might play a critical role in determiningsat-inactivated fetal bovine serum, 100 U/mL penicillin G, 3agmL
sensitivity to various anticancer drugs. streptomycin, and 2 mmol/L glutamine. To induce granulocytic maturation,
The roles of other caspases have proven unexpectedly controwefis were diluted to a density of 8 10° per milliliter, treated for the
sial. Some experiments have suggested that chemotherapeiitisated length of time with 1.3% dimethylsulfoxide (DMS®BJ? and
agents might also trigger apoptosis by activating the cDdgwrvested on Ficoll-Hypaque step gradients (densit.119 gm/crd).
pathway?’38 Consistent with this possibility, Jurkat cells that lack
procaspase-8 are less sensitive to etoposide-induced apoptosis E%Jgﬁ s
parental cell$? In contrast, however, fibroblasts from mice containBuffer A contained RPMI 1640 medium with 10 mmol/L HEPES (pH 7.4 at
ing a targeted deletion of the procaspase_S gene remain fuﬂyC).AIkylation buffer consisted of 6 mol/L guanidine hydrochloride, 250
sensitive to etoposide-induced apoptd8ikikewise, it has been MMOV/L Tris-HCI (pH 8.5 at 21°C), and 10 mmol/L EDTA, with 1%
ol/vol) B-mercaptoethanol and 1 mmol&-phenylmethylsulfonyl fluo-

reported that oocytes lacking procaspase-2 are resistant to dOX(S)l e added to each aliquot immediately before use. Sodium dodecylsulfate

bicin-induced apoptosi. Other studies, however, have indicate SDS) sample buffer contained 4 mol/L deionized urea, 2% (wt/vol) SDS,
that procaspase-2 is activated downstream of the principal effecgars mmol/L Tris-HCI (pH 6.8), and 1 mmol/L EDTA. Blocking solution_
caspasés or is not even activated during chemotherapy-inducegbntained 10% (wt/vol) powdered milk, 150 mmol/L NaCl, 10 mmol/g
cell death’® Finally, targeted disruption of the caspase-3 gene hass-HCI (pH 7.4 at 21°C), 100 U/mL penicillin G, 100g/mL streptomy-
been reported to diminish doxorubicin-induced apoptosis in onc@n, and 1 mmol/L sodium azide.
genically transformed fibroblagtsbut was not observed to have
any effect on drug-induced apoptosis in thymocyeSollectively, E
these observations raise the possibility that altered levels of somem September 1987 through December 1992, samples were pre@lred
procaspases might affect drug sensitivity in a cell type-spediom all patients with newly diagnosed acute leukemia admitted to the
fic manner. Adult Leukemia Service of the Johns Hopkins Hospital, except patieBts
Evaluation of procaspase expression in clinical neoplasms H'_(:fsated emergently at night or on weekends. In conjunction with instif-

. . . . ional review board—approved treatment protocols, heparinized bone rar-
been limited. Immunohistochemical examination revealed an as§8- bp P P g

iation b 1 L bl f rﬁgaspirates obtained from the posterior iliac crests of these patients begpre
Ciation between procaspase-1 expression in marrow blasts fromyid ;nsiation of chemotherapy were prospectively prepared for SD&-

patients with AML and response to induction chemothef&py.polyacrylamide gel electrophoresis. Within 2 hours of aspiration, marrogs
Subsequent studies, however, failed to reveal a role for caspase-léfe sedimented on Ficoll-Hypaque step gradients (dersity077 and %
chemotherapy-induced apoptoig? Estrov et a8 reported that 1.119 gm/crf). Cells collected from the upper interface were diluted wi
high levels of procaspase-2 and procaspase-3 in peripheral bldifer A, sedimented at 2@Cfor 10 minutes, and resuspended in buffer A3
mononuclear cells from patients with AML portended poor sufAliquots were removed for counting and to prepare Wright's stain&d
vival, whereas the presence of cleaved caspase-3 correlated Wi%t Sfpms for ‘morphologllc examination. ngpleg were then sedimentef] at
. or 10 minutes and immediately solubilized in alkylation buffer.
favorable prognosis. In contrast, Campos €f albserved no
relationship between procaspase-2 or procaspase-3 and responﬁﬁrg&nobbnmg and quantitation
patients with AML to therapy. Levels of Apaf-1 and the initiator 2
caspases were not previously measured in human leukemia. After sonication, samples were treated with iodoacetamide and dialyzeg at

. L - . s °C into 0.1% (wt/vol) SDS as describ&tMultiple separate aliquots wereg
In view of these limited previous studies, we have utilize " . ; Q
. . . . . yophilized to dryness and stored a20°C. Immediately before electro-N
immunoblotting to examine the relative expression of Apaf-1 a%oresis, aliquots were solubilized in SDS sample buffer at a fial

procaspases-2, -3, -7, -8, and -9 in bone marrow aspirates frgghcentration of 5< 107 cell equivalents per milliliter and heated to 65°(§
patients with AML and ALL. These studies were designed to ass&s6 20 minutes. Aliquots containing & 10° cells were applied to gels§
the degree of variability of these polypeptides among individuabntaining linear 5% to 15% acrylamide gradients. To provide a standard
leukemia specimens, determine whether expression correlates Wifye, aliquots containing 0.8 10°, 1.25X 10°, 2.5x 10°, and 5.0 16> g
leukemia subtype, examine the relationship between expressioﬁ"bfso cells were also applied to each gel. To insure that this standard @as

. reproducible from gel to gel, a large aliquot of HL-60 cells was prepared for
these polypeptides and response to therapy, and explore (teectrophoresis as described previously and lyophilized in multiple sin&e-

possibility that levels of these polypeptides might change dur'qge vials. After samples were transferred to nitrocellulose, blots were
the course of therapy. stained with 0.1% (wt/vol) Fast Green FCF in 50% (vol/vol) methanol-5%
(vol/vol) acetic acid; treated with blocking solution for at least 6 hours at
21°C; incubated overnight with primary antibodies diluted in fresh blocking
solution, washed, and reacted with peroxidase-coupled affinity-purified

Ny woyy papeoju

Sample preparation

8U/LELOLIL/

Materials and methods secondary antibodies using techniques previously described in Hetail.
Bound secondary antibody was detected using enhanced chemilumines-
Antibodies cence reagents from Amersham (Arlington Heights, IL). Signals on the

o resulting x-ray film were scanned on a Kodak UMax Supervista S-12
Monoclonal antibodies to procaspases-2, -3, and -7 were purchased f@éﬁnner, quantified (arex intensity) using NIH Image version 1.61

Transduction Laboratories (Lexington, KY). Monoclonal antibodies tQofyware, and compared with signals resulting from the serial dilution of
procaspase-9 and Apafi,as well as rabbit sera that recognize roy| .60 cells on the same blot. When the signal in the clinical sample was
caspase-3, procaspase-8, and B2, were generated as describedhigher than the signal in the undiluted HL-60 cells, the relative quantity of
Monoclonal antibodies to histone H1 and poly(ADP-ribose) polymerasge polypeptide in question was estimated by linear extrapolation from the
(PARP) were provided by Drs James Sorace (Veteran’s Affairs Medicaighest 2 points on the HL-60 standard curve. To correct for loading
Center, Baltimore, MD) and Guy Poirier (Laval University, Ste-Foydifferences, blots were reprobed with antibody to histone H1, a polypeptide
Quebec, Canada), respectively. Peroxidase-coupled antibodies were fresent in constant amounts in diploid cells. The relative caspase expression
KPL (Gaithersburg, MD). values in the text represent the caspase:histone H1 ratio in the clinical
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sample divided by the caspase:histone H1 ratio in HL-60 cells. A value &ble 1. Comparison of clinical leukemia specimens obtained and analyzed

1.0 indicates that the average leukemia cell contains as much caspase as an Samples Samples analyzed
average HL-60 cell; a value of 0.1 indicates that the average leukemia cell obtained in present study
contains one tenth as much caspase as an average HL-60 cell. AML
. Number of patients 140 42
Patient treatment FAB classification
The vast majority of patients with newly diagnosed AML were treated MO 3 1
on protocol 84138 which involved induction therapy with cytarabine ~ M1 17 9
(667 mg/n? per day by continuous infusion, days 1-3), daunorubicin M2 34 10
(DNR, 45 mg/n? per day, days 1-3), and amsacrine (200 n¥gper day, M3 1 1
days 8-10). Etoposide (400 mg#mer day, days 8-10) was substituted =~ M4 33 7
for amsacrine if there was a contraindication to amsacrine therapy or if M5 17 8
patients received infusions of granulocyte-macrophage colony-stimulat- M6 16 4
ing factor (GM-CSF3® or interleukin-3 (IL-3§7 before cytotoxic M7 9 2
therapy. Patients who achieved a complete response (CR) receivefeatment
consolidation therapy on day 60 7, as previously describ&%” and Timed sequential Ac-D-X* 129 38
were then followed without further therapy until relapse. Patients with Individual therapy 8 2 o
newly diagnosed ALL received induction therapy on protocol 8802, Notreatment 3 2 (§i
which consisted of prednisone (60 md/per day by mouth, days 1-21), Age, median (range) 52 (18-79) 56 (18-79) g
vincristine (1.4 mg/rintravenously [IV], days 1, 8, and 15), etoposide WBC, median (range) 4800 (400-313 000) - 9400 (800-258 000) 3
AHDT, no. (%) 32 (22%) 8 (19%) 3
Secondary leukemiat, no. (%) 16 (11%) 2 (5%) g
0 CD34-positive, no. (%) 85/135 (63%) 30/42 (71%) g
Time in DMSO (d) 1 2 3 4 5 6 7 Poor risk karyotype§, no. (%) 58/131 (44%) 21/38 (55%) é’
- % blasts in analyzed sample, median 67 88 S
CR with first cycle, no. (%)|| 80/116 (69%) 18/34 (53%) S
Apaf-1— - - L ;
Number of patients 29 18 3
T-cell phenotype, no. (%) 10 (34) 5(28) EE
Procaspase-Q = L 8 i 4 4 L. Age, median (range) 34 (18-74) 29 (18-74) %
WBC X 1083, median (range) 26 (0.8-600) 46 (3-312) =
Ph! chromosome, no. (%) 7/28 (25) 2/17 (12) g
Procaspase-& o | 5 m- - % blasts, median 85 88 3
\ CR by day 60, no. (%)|| 11/21 (52%) 9/12 (75%) %
AML = acute myelogenous leukemia; ALL = acute lymphocytic leukemia; %
WBC = white blood cell count; CR = complete response. =
Procaspase-a — . m *Includes patients treated with cytarab[:ne, daugorubicin, and amsacrine®® as well g
‘ as a small number of patients treated with cytarabine, daunorubicin, and etoposide §
with or without priming doses of GM-CSF>6 or interleukin-3.57 In cases where cytokine g
was administered, samples harvested before cytokine were analyzed. N
Procaspase.?“ . " m TAHD, antecedent hematologic disorder, ie, myelodysplastic or myeloprolifera- §
w - - tive syndrome. 2
- - FLeukemia occurring after prior cytotoxic chemotherapy for a nonhematologic _§
Procaspase-2 —|#hes « & EEDEBEbERaS| &~ Mcionanc. _ =
§Deletions involving chromosomes 5 or 7, trisomy 8, and complex karyotypes. <
[Number of CR + (number of CR + NR). 2
a
o
Bel-2 — - e - - %
- £ (400 mg/n? per day 1V, days 1-3), and-asparaginase (10 000 U?per £

day, days 10-14), followed by cytarabine (2 gn/per day continuous @
infusion, days 22-24) and DNR (45 mg?nper day, days 22-24 and°
30-32)%8 For purposes of this study, response of patients with ALL was
assessed at recovery from cytarabine and DNR.

Patients who died before day 10 with leukemia or before day 45 with no
Lamin B — e - m evidence of leukemia were considered unevaluable (UE). Patients who had
regrowth of leukemia or who died beyond day 45 with persistent aplasia
were considered to have no response (NR). Patients who had less than 5%
marrow blasts and reconstitution of normal hematopoiesis that was
sustained for at least 30 days beyond discharge without intervening

Histone H1 —{ e - DS cytotoxic therapy were considered to have a CR.

PARP —| = =" we=e--

- -
- ‘--F

1234567891011 Statistics

Figure 1. Alterations in Apaf-1 and procaspases during granulocytic matura- Correlation coefficients were calculated using Instat2 software (Graphpad
tion of HL-60 cells. After cultures were treated with 1.3% DMSO for 0 to 7 days as  Software, San Diego, CA) with a Bonferroni correction Pivalues for
iodi ; ini 5 5 5 5 un- . ’ - ! . . . .
indicated, aliquots containing 3 x 10% 1.5 10% 0.75 X 10° and 0.3 X 10° un- 1, 1iinle comparisons. The relative frequencies of various parameters in the

treated cells (lanes 1-4, respectively) or 3 X 10° treated cells (lanes 5-11) were | d sub dth Il AML or ALL lati d
subjected to SDS-PAGE, followed by transfer to nitrocellulose and blotting with ~ analyzed su sets and the overa or populations were compare

reagents that recognize the indicated polypeptide. Note that histone H1 and lamin B, USing 2-tailed Fisher exact tests. Sample means were compared using
served as loading controls. 2-tailed unpaired tests.
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Expression of Apaf-1 and procaspases in AML
Results and ALL samples at diagnosis

Expression of Apaf-1 and various procaspases was examined in
bone marrow aspirates from patients with acute leukemia using the
same reagents. As previously describet, samples were har
This study was undertaken to evaluate expression of Apaf-1 avested from 140 patients with AML and 29 patients with ALL
procaspases in AML and ALL specimens from cohorts dbefore initial chemotherapy. Of these 169 specimens, 60 (42 AML
patients who received relatively uniform chemotherapy at @ad 18 ALL) contained at least 80% blasts and yielded sufficient
single institution. Before studying the clinical specimens, weells to allow a new set of gels to be run. These 60 specimens are
investigated the possibility that levels of these polypeptidé®mpared with the original 169 specimens in Table 1. For the AML
might vary during granulocytic maturation. In initial experi-SPecimens, the distribution of FAB subtypes, patient age, and white
ments, HL-60 cells were treated with DMSO under condition8!00d cell count (WBC) at diagnosis were roughly equivalent.
previously shown to induce granulocytic maturatié3 and Likewise, the frequency of poor risk karyotypes, CD34 expression,
harvested for immunoblotting. As indicated in Figure 1, th@nd antecedent hematologic malignancies did not differ signifi-

reagents used for this study recognized single polypeptlﬁgntly For the ALL specimens, the patient age, WBC, and

species of Apaf-1 and procaspases-2, -3, -7, and -9 as well ageéquency of T-cell phenotype were similar. Although the ALE

previously described splice variants of procaspase-8. Wlthmsamples analyzed in this study came from a subset of patients \gnth
ower incidence of t(9;22) translocations and a slightly hlgrﬁr

24 hours of adding DMSO, procaspases-3, -7, -8, and -9 beg%rln
to increase. Levels of these procaspases peaked at various tinjagonse to therapy, these differences did not reach statlsgcal

during the course of granulocytic differentiation and theS"‘:]mﬂC{jlnce 5
declined toward (procaspases-3, -7, and -9) or even bel?ra

(p;trocazf)jatse 8)fb§'\s/lesllge L(f\t’ﬁ Is chTaf clj ‘1'\33 Eose f‘ to ‘Il da anety of expression patterns. Many specimens contained at%m-
arter addition o an en decline itional ana ySIaant levels of each of these polypeptides (eg, lanes 8, 9, 11, anda‘L3)

using the same blots revealed that Bcl-2 decreased by 5 8me specimens, however, expressed low levels of Apaf-1 (f@g,

within one day of the addition of DMSO and declined furthe[anes 6 and 7), procaspase-9 (eg, lanes 12 and 14), or both of tﬁese
during the course of granulocytic maturation. The DNA repair;

polypeptides (eg, lane 5). Other specimens (eg, lane 10) expreésed
associated protein PARP also decreased after the addition|Qf |evels of procaspase-3, as well as procaspase-9 and Ap@f 1.

DMSO, albeit with a different time course. In contrast, levels ofjtja| examination did not reveal an obvious correlation betwegn

2 housekeeping proteins, histone H1 and lamin d&d not  expression of any of the polypeptides and response to |nducgon
change, providing a loading control. The patterns observed wighemotherapy (indicated by and — signs above each lane |n§
these other polypeptides argue against the possibility that thgyure 2A).

changes observed in Apaf-1 and procaspases-3, -7, -8, and -9 aref the 42 AML specimens, 2 contained mononuclear céjl
an artifact of aberrant loading or transfer. Instead, thesgctions with more than 80% blasts and granulocyte fractions with
observations raised the possibility that Apaf-1 and certaifiore than 80% neutrophils. Immunoblotting (Figure 2B) demo;a-
procaspases might change as cells undergo granulocytic matigtated increased Apaf-1 and decreased procaspases-2 and c»? in
tion. As a result of this concern, subsequent studies were limitedth granulocyte samples. Procaspases-3, -8, and -9 also decr@sed
to leukemia samples that contained at least 80% blasts. in one granulocyte fraction. These differences between blasts fﬁnd

Changes in expression of Apaf-1 and procaspases during
granulocytic maturation of HL-60 cells

The 60 specimens were analyzed by immunoblotting as |III§-
ted in Figure 2A. Examination of the results revealed a Wrae

A ﬂ B I HL-60 AML samples

Response = === #34 | |#258
11 Blasts (%) 85 3|92 0
Apaf-1 |y =~ T T PMN (%) 285|682

$20Z dunr g0 uo 1sanb Aq ypd

Apaf-l e — == e

Procaspase-9 —{# == el — -

o8 iee.azeel

Procaspase-9 — = - R
Procaspase-8 ]

®

_ o o Procaspase8 | 8% - ] '
Figure 2. Variations in Apaf-1 and procaspases in vari-

ous pretreatment bone marrow samples.  (A) Aliquots Procaspase-3—{@ee - & Sad  Sabe
containing 5 X 10° marrow mononuclear cells (at least 80%
blasts) from patients with newly diagnosed AML (lanes 5-14) Procaspase-3—| @ - -- ’
were subjected to SDS-PAGE, followed by blotting with
reagents that recognize the indicated polypeptide. To pro- Procaspase-7—{ « - *
vide a standard curve, aliquots containing 5 X 105, 2.5 X 105,
1.25 X 105, and 0.5 X 10° untreated HL-60 cells (lanes 1-4, Procaspase-2 |« -« —w  —a——"—— - -
respectively) were loaded onto each blot. The response of Procaspase-2 —| S = = -
each patient to the first cycle of induction therapy is denoted
above each lane as follows: — indicates NR; + indicates CR;
0 indicates UE. (B) Aliquots containing 5 X 10%> mononuclear Histone H1 [ - -
cells (lanes 5 and 7) or granulocytes (lanes 6 and 8) from the -

istone H1 | D= QD @D
same AML marrows were analyzed as in panel A. Differential

counts in each sample are indicated above each lane. 123456 78910-12-14 1234 56 78

Procaspase-7—|™ = « L
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Figure 3. Evaluation of the reproducibility of caspase quantitation by immuno-
blotting. Duplicate blots containing AML samples and a serial dilution of HL-60 cells
were prepared as described in the legend to Figure 2. (A) Results obtained when one
pair of blots was probed with affinity-purified polyclonal rabbit anticaspase-3 anti-
serum (top) or monoclonal anticaspase-3 antibody (middle). Histone H1 (bottom)
served as a loading control. Responses to therapy are indicated as described in the
legend to Figure 2. (B) The blots shown in panel A, along with an additional pair of
blots, were probed with both caspase-3 reagents, scanned, and quantitated as
described in the “Materials and methods.” A value of 1.0 indicates that a particular
leukemia sample contained as much procaspase-3 as an equal number of HL-60
cells after correction for loading by normalization of histone H1 contents.

neutrophils further reinforced the decision to limit the present

analysis to samples containing at least 80% blasts.

In subsequent analyses, the blots were scanned, the signal
(areax intensity) was quantitated for each sample, and the results ¢ ,
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Results of this analysis revealed that both antibodies yielded
qualitatively (Figure 3A) and quantitatively (Figure 3B) similar
results. Second, a subset of 15 AML samples and an HL-60 cell
dilution were applied to another gel 2 years after the initial analysis.
After the resulting blot was probed with 4 irrelevant antibodies and
erased twice, it was probed with yet another anticaspase-3 anti-
serum. Quantitation of the signal on this highly manipulated blot
revealed correlation coefficients &f0.83 compared with either

of the blots shown in Figure 3A. These results illustrate both
the reproducibility and limitations of attempting to quantitate
immunoblots.

Analysis of the results obtained in newly diagnosed AML
patients revealed that levels of Apaf-1 varied over 20-fold at the
time of diagnosis, from 0.04 to 0.9 times the levels observed in
HL-60 cells (Figure 4). There was a weak correlati® € 0.52,

P < .02) between levels of Apaf-1 and procaspase-2 (Table 2 %ﬂd
Figure 5A) but no significant correlation between Apaf-1 and ottger
caspases, patient age, WBC, FAB classification, or responsé’_ to
therapy (Table 2, Figure 4, and data not shown). A similar degreéof
variation was observed in relative expression of the 2 initia@r
caspases, procaspases-8 and -9 (Figure 4). Although relative leg/els
of procaspase-8 correlated with expression of procaspa%\g-Z
(Rs = 0.64,P < .002, Figure 5B), levels of the 2 initiator caspasés
did not correlate with prognostic factors, including age (Table £),
WBC (Table 2), FAB classification (not shown), or presence of an
antecedent hematologic disorder (not shown), nor did they coiie-
late with response to therapy (Figure 4). Likewise, there was %10

were compared with the serial dilution of HL-60 cells that was

included on each blot as a positive control. To correct for variations
in sample loading, the blots were probed with antibodies to histone
H1, a polypeptide that is present in equal amounts in all diploid a
cells. Data were recorded as the polypeptide:histone H1 ratio of the £
sample divided by the polypeptide:histone H1 ratio of HL-60 cells.
A value of 1.0 indicates that a sample contained as much
polypeptide per unit histone as HL-60 cells. For purposes of

comparison, we also determined that HL-60 cells contain approxi- <°

mately 2X 1P copies of Apaf-1, 3 10* copies of procaspase-9,
4 X 10 copies of procaspase-8, andx21(® copies of pre

Figure 4. Relationship between expression of Apaf-1 or procaspase-2, -3, -7, -8,

caspase-3 per cell (PAS., YAL., and S.HK., unpublisheg .o and response of previously untreated patients with AML to induction

observations), chemotherapy. From the blots shown in Figure 2, as well as 3 additional sets of blots
The reproducibility of this quantitation was assessed in 2 Way“gptaining 29 more AML samples, relative levels of Apaf-1 and the indicated
rocaspases were quantitated. The relationship between relative polypeptide content

fd response of patients to the first cycle of induction chemotherapy is indicated.

First, blots containing 24 AML specimens were probed with mou§

monoclonal and rabbit polyclonal antiprocaspase-3 (Figure 3/Bars represent median peptide levels.
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Figure 5. Correlations between levels of various polypeptides in pretreatment
specimens of newly diagnosed leukemia.  (A) Relationship between Apaf-1 and
procaspase-2 in AML. (B) Relationship between procaspase-8 and procaspase-2 in
AML. (C) Relationship between procaspase-7 and procaspase-9 in ALL.
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limitations in sample volume, Apaf-1 and procaspases-7 and -9
could not be analyzed in a few of these samples. Nonetheless, this
analysis revealed that Apaf-1, procaspase-7, and procaspase-9
varied over a 2-log range. There was a strong correlaRor-(0.9,

P < .003) between the expression of procaspases-7 and -9 (Table 2
and Figure 5C). Levels of procaspases-2, -3, and -8 also varied over
a greater than 10-fold range. Nonetheless, there was no discernible
relationship between relative polypeptide levels and prognostic
factors such as white count, age, or presence of the Philadelphia
chromosome (Table 2 and data not shown). The overlap in
expression between responders and nonresponders (Figure 6)
suggested that expression patterns in the 2 groups would not be
distinct, but the number of nonresponders was too small to directly
assess the relationship between polypeptide expression and re-
sponse to therapy.

Relative expression of Apaf-1 and procaspases at the time of
leukemic relapse

1 papeojumoq

An alternative approach to determining the significance of polypé&p-
tide expression levels would be the examination of serial samg#es
that came from individual patients before treatment and at the tighe
of relapse. If diminished levels of a particular polypeptide (e’%,
Apaf-1 or procaspase-9) were responsible for resistance of leigke-
mia cells to chemotherapy, then diminished expression of tat
polypeptide might be observed in samples obtained at the tlma of
relapse. To assess this possibility, we examined the expressmﬁ of
Apaf-1 and procaspases-2, -3, -7, -8, and -9 in paired samples%the
first harvested before induction chemotherapy and second at::"[he
time of leukemic regrowth, whether separated by a remlssmnvor
not. Samples from 16 adult patients (13 AML and 3 ALL) werze
available for this analysis. Seven of these patients achieved alCR
with their initial therapy, whereas 9 patients did not. The pair§d
specimens were obtained a median of 196 days apart (range & to
380 days) and were run in adjacent wells of polyacrylamide ge}s
Representative immunoblots are presented in Figure 7, andghe
results of this analysis are summarized in Figure 8. §

Relative levels of Apaf-1 increased at least 2-fold in 2 of 5
paired specimens (eg, Figure 7, lanes 5 and 6) and decreasé’d at
least 2-fold in 2 specimens (Figure 7, lanes 15, 16, 19, 20).9 8n
contrast, changes were less than 2-fold in either direction in 1%01‘
16 specimens. Likewise, relative levels of procaspase-9 increased
at least 2-fold in 3 of 16 specimens at relapse and decreased Ziiold
in 3 of 16 specimens at relapse. Similarly, procaspase-8 Ie\'Z’eIs
increased at least 2-fold in 2 of 16 samples and decreased at Feast
2-fold in one sample. Collectively, these results failed to prov@e
any evidence for systematic changes in Apaf-1 or initiator pro-
caspase at the time of relapse. Procaspase-7 levels decreased 2-fold
in one of 16 samples and did not increase 2-fold in any sample. In
contrast, relative procaspase-3 levels increased at least 2-fold (eg,
Figure 7, lanes 3, 4, 11, 12) in 6 of 16 samples, whereas it decreased
2-fold in only 2 of 16 pairs (Figure 8).

relationship between relative levels of procaspases-2, -3, or -7 and

various prognostic factors (Table 2 and data not shown) or respoiBgcussion

to therapy. Results of this analysis also failed to correlate with

response to therapy when levels of Apaf-1 or various procaspastsadies performed in tissue culture cell lines and in cells derived
were examined without correction for histone H1 content (efrom animals after targeted gene deletion have suggested that levels

Figure 2).

of Apaf-1 or procaspases-2, -3, -8, and -9 might affect sensitivity to

Similar variations in expression of Apaf-1 and procaspases-zarious agents, including anthracyclines and etoposide (see “Intro-
-3, -7, -8, and -9 were observed in marrow specimens obtainddction”). On the basis of these data, we have examined the
from patients with newly diagnosed ALL (Figure 6). Because giotential prognostic significance of levels of expression of these
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Table 2. Correlations between levels of Apaf-1 and procaspases-2, -3, -7, -8, and -9

Apaf-1 Procaspase-2 Procaspase-3 Procaspase-7 Procaspase-8 Procaspase-9

AML

Apaf-1

Caspase-2 .52*

Caspase-3 .39 56T

Caspase-7 .18 .09 .30

Caspase-8 44 .64% .39 .25

Caspase-9 43 41 42 —.04 .40

WBC 22 .02 .09 .01 24 .18

Age —-.30 -.19 —.26 -.02 -.31 —.42
ALL

Apaf-1

Caspase-2 .23

Caspase-3 41 .24

Caspase-7 44 .52 .33

Caspase-8 .73 .48 .24 .35

Caspase-9 .28 .50 .43 .908 .28

WBC -.21 —.26 17 13 -.23 .37

Age —.58 .01 -.39 .01 —.26 .04

AML indicates acute myelogenous leukemia; ALL, acute lymphocytic leukemia; WBC, white blood cell count.
* 1,and t: P < .02, .006, and .002, respectively, after correction for multiple comparisons.
§P < .003 after correction for multiple comparisons.

|gndyse;/:dny wouy papeojumog

polypeptides in blasts from patients with newly diagnosed AMktress variations in components of the apoptotic machinerygas
and ALL. To our knowledge, this study represents the firgotential determinants of drug sensitivity in the clinical setting. :
examination of Apaf-1 and procaspases-7, -8, and -9 in clinical Previous studies of caspase levels in acute leukemia cells gave
leukemia specimens. Our study demonstrated that expressiorfgused on caspases-1, -2, and&%49.60Results of one previoug‘g—’
Apaf-1 and procaspases-2, -3, -7, -8, and -9 varied widelynalysis suggested that elevated levels of procaspase-2 andspro-
However, no relationship was found between the expression of &Wspase-3 were associated with a poor prognosis in AMlhat

of these polypeptides and the response to induction chemotheragyqy examined peripheral blood mononuclear cells containing a
These results have important implications for current models thabgian of 39% blasts. Subsequent investigations have suggested

that procaspase-2 is activated downstream of procaspases-szar{Zél-(S
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Figure 6. Relationship between expression of Apaf-1 or procaspase-2, -3, -7, -8, regrowth (+, even lanes) were subjected to SDS-PAGE, followed by blotting with
or -9 and response of previously untreated patients with ALL to induction reagents that recognize the indicated polypeptide. To provide a standard curve,

chemotherapy. From blots like the one shown in Figure 2, relative levels of Apaf-1  aliquots containing 5 X 10%, 2.5 X 10°%, 1.25 X 10°, and 0.5 X 10° untreated HL-60
and the indicated procaspases were quantitated. The relationship between relative cells were loaded onto each blot as shown in Figures 1 through 3. Blots were scanned
polypeptide content and response of patients to induction chemotherapy is indicated. and quantitated as described in “Materials and methods.”
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and thymocytes, after exposure to a number of different agents,
including glucocorticoids, epipodophyllotoxins, and anthracy-
clines. Because the chemotherapy administered to our patients
relied heavily on the same classes of agents, we predicted that
blasts from patients who failed to respond to this chemotherapy
might have lower levels of procaspase-9 and/or Apaf-1 than blasts
from patients who responded. Despite the strong preclinical data
supporting this hypothesis, a clear-cut relationship between expres-
sion of Apaf-1 or procaspase-9 and therapeutic response was not
discernible (Figures 2 and 4). Further analysis revealed that relative
caspase-9 levels were 24% lower in samples from patients with
AML who did not respond compared with those who achieved a
CR (1.30+ 0.95 vs 1.70t 0.99, P> .1). Given the current
sample size, a 34% decrease (to 1#18.95) would have reached
statistical significance. Even if statistical significance had been
- o1 o reached, however, the wide variation within each group make§ it
Px Resumence Px Recumence bx Resumence difficult to evaluate the biologic importance of a 34% difference &
Figure 8. Graphical representation opraf—l and procaspase Ieve_ls from paired mean caspase-9 levels in the 2 patient populations. Moreover,gfthe
samples after corrections for loading based on content of histone H1 as . .S
described in “Materials and methods.” Analysis using this same methodology same anaIySIS revealed that mean Apaf'l levels were 32% higher
demonstrated increased levels of the apoptotic regulator Mcl-1 in over half of the  (rather than lower) in samples from patients with AML who did nét
same pairgd samples.l5“ Shadetltl circles indicellteApatients who achigved a CR; open respond Compared with those who did (0:2@_23 vs 0.22+ 0.15,
circles, patients who did not achieve a CR; solid lines, AML; dotted lines, ALL. P > .1), suggesting that the population differences probably reﬂéct
chance variation. g
and has little effect on chemotherapy-induced apop#ddiske- As an alternative approach, Apaf-1 and procaspase-9 wgre
wise, deletion of procaspase-3 causes only a mild transient delaygitmined in paired samples harvested at the time of diagnosis%nd
the induction of apoptosis by anthracyctihend has no effect on recurrence (Figures 7 and 8). Although the number of paiéd
sensitivity to other agents (T.J. Kottke, A.L. Blajeski, and S.H.Kgamples with sufficient blast percentages was small, this appragch
unpublished observation&In this study, we did not observe anypreviously demonstrated that the antiapoptotic Bcl-2 homolnég
correlation between pretreatment levels of procaspase-2 or pife|-1 was more than 2-fold higher at the time of relapse in ov&r
caspase-3 and response of patients with newly diagnosed AML{g¢ of the same pair® In contrast, the present analysis indicateij
induction chemotherapy (Figures 2 and 4). It should be notegl; Apaf-1 and procaspase-9 changed by a factor of 2 in onlg a

however, that the present study differs from that of Estrovéiml = g 1 nymber of samples, with equal numbers showing increase$ or
several respects: (i) we examined bone marrow aspirates ratagf:reases (Figure 8) =

than peripheral blood mononuclear cells; (ii) we focused on In evaluating the present negative study,
samples containing at least 80% leukemia cells rather th
examining samples that in some cases lacked blasts; and (iii)
examined response to induction chemotherapy rather than survi
as an endpoint. One or more of these differences might account
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several potenﬁal
fifhitations must be kept in mind. First, because many of t@e
unologic reagents utilized in this study gave good signals ?y
i\fﬁmunoblotting but not immunolocalization or flow cytometryg
the different conclusions of the 2 studies. While the present stut g's study was limited to a subset of leukemia samples with a hg_i;h_
. 4 . percentage of blasts and a large enough number of cells to pefmit
was in progress, Campos et*alreported that expression of . . ; . . g
. Hnning of a new set of gels. This practical requirement might have
procaspase-2 and procaspase-3 in AML blasts as assessed by flow . . . . <
resulted in a slightly skewed subset of leukemia specimens that

cytometry also failed to correlate with response to induction . .
c{[emoth}érapy P underrepresents certain leukemia subgroups. Second, the Ieveﬁ;‘, of

N
In view of these negative results, we investigated the possibili‘tA af-1 and procaspases were measured before_ drgg _exposurg. In
that expression of procaspase-8, procaspase-9, or Apaf-1, Jew of recent reports that procaspase-3 expression in tissue cufiure

ecules involved in the initiation of apoptosis, might vary among€!lS can change after drug expostitét is conceivable that ax
different leukemia specimens. Procaspase-8 clearly plays a roldGiftionship between induced levels of these molecules and re-
initiating apoptosis after ligation of various death recepSPONse was missed because of the design of the present study.
tors1415202240The role of this procaspase in chemotherapy-[h'rd*'t is possible that an u.r?d.erlylng relatlonshlp.between caspase
induced apoptosis is less well defifdSeveral studies have eXPression and drug sensitivity of the clonogenic leukemia cells
demonstrated that procaspase-8 is activated in leukemia cell lif§$ been obscured by analyzing the bulk leukemia population.
treated with various anticancer dr@§® but it appears that this Untila means of rapidly separating large numbers of leukemia stem
might reflect cleavage of procaspase-8 downstream from otif&lls for biochemical analysis becomes widely available, this
caspases rather than a caspase-8—initiated ca&c&dsthough potential limitation will apply to all studies that attempt to correlate
the present experiments revealed a 10-fold variation in procaspaii@chemical parameters with clinical response. Fourth, the samples
8—levels among various leukemia specimens, there was no appaféidlyzed in the present study came from patients enrolled in phase
relationship between procaspase-8 expression and responsél tdals of regimens that are not widely used. It should be noted,
antileukemia therapy. however, that these regimens induced CRs in 65% of evaluable
A number of studies have indicated that cells lacking prcAML patients and 77% of evaluable ALL patier¥s38results that

caspase-9 or Apaf-1 exhibit prolonged survival after exposure &ve similar to those reported using other regimens in the same era.
chemotherap¥*-3¢These effects have been observed in a variety doreover, these regimens utilized anthracyclines and epipodophyl-
cell types, including embryonic stem cells, embryonic fibroblastgtoxins, which are among the classes of drugs that have been
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shown to be affected when Apaf-1 and procaspase-9 are adth response to antileukemic ther&pguggests that inhibition of
leted34-36 Although we cannot rule out the possibility that levels ofpoptosis might play an important role in the clinical setting. It is
Apaf-1 or procaspase-9 would have prognostic significance ifpmssible that other factors affecting the ability of cells to trigger
broader group of leukemia patients treated on different regimeagoptosis might be more important in AML and ALL than relative
were examined, our results raise the possibility that levels of thegeels of Apaf-1 and the caspases. The present study did not assess
polypeptides might not have prognostic significance at all. posttranslational modifications of caspaSesspecially phospher
How can this tentative conclusion be reconciled with the resuligation 5869 which has been reported to affect caspase activity.
observed after gene deletion in mice? Two potential explanatiobkewise, variations in expression or posttranslational modification
are possible. First, it is possible that the mouse knockout data failedBcl-2 family member® might contribute to resistance of AML
to adequately predict the prognostic significance of molecules sughthe clinical setting. Finally, it is possible that variations in
as Apaf-1 and caspase-9. In this context, it is important to note thedpression of IAPs, which are polypeptide regulators of caspase
some expression of Apaf-1 and caspase-9 was detectableadtivation and activity? might contribute to drug resistance.
virtually every leukemia specimen (Figures 2, 4, and 6), wheredssting of these alternative hypotheses appears to be warranted.
tissues from knockout mice have no expression of these molecules.
It is possible that low-level expression of Apaf-1 or caspase-9 will
permit cells to undergo apoptosis after treatment with chemo-
therapy. Second, experiments using cells from knockout animakcknowledgments
examined cell survival over a very limited time fraffe® It is
possible that cells deficient in Apaf-1 or caspase-9 underige gratefully acknowledge the assistance of Sharon McLaughﬁn
apoptosis, albeit at later time points after drug treatrdimdeed, Sandra Kiesewetter, Tim Soos, and Lisa Prichard in processng
given the fact that activation of caspase-9 is preceded by releasé¢hefse specimens, as well as the assistance of Deb Strau% in
cytochrome c from mitochondri;1%it is possible that cells treated preparing the manuscript.
with chemotherapeutic agents will ultimately die even if pro- This article is dedicated to the memory of Ken Hall, whoge
caspase-9 is not present or cannot be activitéd. skillful care made possible the clinical and translational rg-
On the other hand, the observation that the rate of growth facwearch on the Adult Leukemia Service of the Johns Hopk@s
withdrawal-induced apoptosis in AML samples in vitro correlate®ncology Center.

peojumoq

usey/:

CD
=9
=3
8
References g
=
S
1. Kaufmann SH. Induction of endonucleolytic DNA 12. Salvesen GS, Dixit VM. Caspases: intracellular ptosis by Bcl-2: release of cytochrome ¢ from mi- _g’
cleavage in human acute myelogenous leukemia signaling by proteolysis. Cell. 1997;91:443. tochondria blocked. Science. 1997;275:1129. S
i i ©
cells by gtopoadde, car'nptothelcm, and oth%r CY10- 13 Thomberry NA, Lazebnik Y. Caspases: enemies 25. Kharbanda S, Pandey P, Schofield L, et al. Role 2
EXIC igggé;g%;%ms' a cautionary note. Cancer within. Science. 1998;281:1312. for Bl-xL as an inhibitor of cytosolic cytochrome &
es.“ ;49: . . A 14. Earnshaw WC, Martins LM, Kaufmann SH. Mam- c'accumulation in DNA damage-induced apopto- E
2 Gur:p H, Khalrg?\‘rjs? S, KUf? ltD In_du;'\:ﬂon of inter- malian caspases: structure, activation, substrates sis. Proc Natl Acad Sci U S A. 1997;94:6939. 2
zlli;delislj(ne";ia ceIIsr?)grz?g-g-gglb?m;umrggggyl_c 5 and functions during apoptosis. Ann Rev Bio- 26. Kim CN, Wang X, Huang Y, et al. Overexpression &
tosine. Cancer Res 1351)91_51,741 yicy chem. 1999;68:383. of Bel-X(L) inhibits Ara-C-induced mitochondrial w
Lo . cance .M ° ; k_. : K - 15. Budihardjo I, Oliver H, Lutter M, Luo X, Wang X. loss of cytochrome ¢ and other perturbations that %
: Per ran v Dgﬂrang ol .eg 'r:. ' ?mgan & Biochemical pathways of caspase activation dur- activate the molecular cascade of apoptosis. s
D(l)\ln:;::g;m.en;a:;inl;;tlonpoui:c;(r:wne(r)asss (I:Ioi:hiagi)tlors ing apoptosis. Ann Rev Cell Dev Biol. 1999:15: cancer Res. 1997:57:3145. S
. W
in human tumor cell lines with amplified 269. 27. Zou H, Henzel WJ, Liu X, Lutsch A, Wang X. E
c-myc expression. Cancer Res. 1991;51:6280. 16. Enari M, Sakahira H, Yokoyama H, Okawa K, Apaf-1, a human protein homologous to C el- 5
4. Bhalla K. Ibrado AM. Tourkina E. et al. High-d Iwamatsu A, Nagata S. A caspase-actived DNase egans CED-4, participates in cytochrome c- 3
- Bhalla K, lorado AM, Tourkina £, et al. High-dose that degrades DNA during apoptosis, and its in- dependent activation of caspase-3. Cell. 1997;90: <
mitoxantrone induces programmed cell death or hibitor ICAD. Nature. 1998:391:43. 405. Q
apoptosis in human myeloid leukemia cells. ’ ) . . ) @
Blood. 1993:82:3133. 17. Emoto Y, Manome Y, Meinhardt G, et al. Proteo- 28. Li P, Nijhawan D, Budihardjo I, et al. Cytochrome S
. X lytic activation of protein kinase C & by an ICE-like ¢ and dATP-dependent formation of Apaf-1/ =
5. Ilsla);yeni?gvjié:;:ezld:pa:)r:)tEo'tiieclglelr d};‘a-:;\agj::: R protease in apoptotic cells. EMBO J. 1995;14: caspase-9 complex initiates an apoptotic pro- ;
) . . Cell. 1997;91:479.
treatment of leukemias. Leuk Lymphoma. 1994; 6148 tease cascade. Cell. 1997:9 o 2
13:65. 18. Datta R, Kojima H, Yoshida K, Kufe D. Caspase- 29. Rodriguez J, Lazebnik Y. Caspase-9 and APAF-1 §
6. Seiter K. Feldman EJ. Halicka HD. et al. Phase | 3-mediated cleavage of protein kinase c theta in form an active holoenzyme. Genes Dev. 1999;13: &
clinical and laboratory evaluation of topotecan gg;f;lon of apoptosis. J Biol Chem. 1997,272: s17e.
and cytarabine in patients with acute leukemia. : 30. Stennicke HR, Deveraux QL, Humke EW, Reed
J Clin Oncol. 1997;15:44. 19. Peter ME, Krammer PH. Mechanisms of CD95 JC, Dixit VM, Salvesen GS. Caspase-9 can be
7. Miyashita T, Reed JC. Bcl-2 oncoprotein blocks (APO-1/Fas)-mediated apoptosis. Curr Opin Im- activated without proteolytic processing. J Biol
chemotherapy-induced apoptosis in a human leu- munol. 1998;10:545. Chem. 1999;274:8359.
kemia cell line. Blood. 1993;81:151. 20. Ashkenazi A, Dixit VM. Apoptosis control by 31. Srinivasula SM, Ahmad M, Fernandes-Alnemri T,
8. Lowe SW, Bodis S, McClatchey A, et al. p53 sta- death and decoy receptors. Curr Opin Cell Biol. Alnemri ES. Autoactivation of procaspase-9 by
tus and the efficacy of cancer therapy in vivo. Sci- 1999;11:255. Apaf-1-mediated oligomerization. Mol Cell. 1998;
ence. 1994;266:807. 21. Wallach D, Varfolomeev EE, Malinin NL, Goltsev 1:949.
9. BediA, Barber JP, Bedi GC, et al. BCR-ABL- YV, Kovalenko AV, Boldin MP. Tumor necrosis 32. Fraser AG, Evan Gl. Identification of a Drosphila
mediated inhibition of apoptosis with delay of f:\cto};recleptor anld f;;;'lgﬁggqg mechanisms. melanogaster ICE/CED-3-related protease,
G2/M transition after DNA damage: a mechanism nn Rev immunol. 39k driCE. EMBO J. 1997;16:2805.
of resistance to multiple anticancer agents. 22. Salvesen GS, Dixit VM. Caspase activation: the 33. Perkins C, Kim CN, Fang G, Bhalla KN. Overex-
Blood. 1995;86:1148. induced-proximity model. Proc Natl Acad Sci pression of Apaf-1 promotes apoptosis of un-
10. Wu GS, El-Deiry WS. Apoptotic death of tumor U SA.1999,96:10964. treated and paclitaxel- or etoposide-treated
cells correlates with chemosensitivity, indepen- 23. Krippner A, Matsuno-Yagi A, Gottlieb RA, Babior HL-60 cells. Cancer Res. 1998;58:4561.
dent of p53 or Bcl-2. Clin Cancer Res. 1996;2: BM. Loss of fL_mction of cyt_ochrome cin _Jurkat_ 34. Kuida K, Haydar TF, Kuan C-Y, et al. Reduced
623. cells underg?lng .Fas—medlated apoptosis. J Biol apoptosis and cytochrome c-mediated caspase
11. Cohen GM. Caspases: the executioners of apo- Chem. 1996;271:21629. activation in mice lacking caspase 9. Cell. 1998;

ptosis. Biochem J. 1997;326:1.

24.

Yang J, Liu X, Bhalla K, et al. Prevention of apo-

94:325.



BLOOD, 1 DECEMBER 2000 « VOLUME 96, NUMBER 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hakem R, Hakem A, Duncan GS, et al. Differen-
tial requirement for caspase 9 in apoptotic path-
ways in vivo. Cell. 1998;94:339.

Yoshida H, Kong Y-Y, Yoshida R, et al. Apafl is
required for mitochondrial pathways of apoptosis
and brain development. Cell. 1998;94:739.

Houghton JA. Apoptosis and drug response. Curr
Opin Oncol. 1999;11:475.

Kaufmann SH, Earnshaw WC. Induction of apo-
ptosis by cancer chemotherapy. Exp Cell Res.
2000;256:42.

Juo P, Kuo CJ, Yuan J, Blenis J. Essential re-
quirement for caspase-8/FLICE in the initiation of
the Fas-induced apoptotic cascade. Curr Biol.
1998;8:1001.

Varfolomeev EE, Schuchmann M, Luria V, et al.
Targeted disruption of the mouse caspase 8 gene
ablates cell death induction by the TNF receptors,
Fas/Apol, and DR3 and is lethal prenatally. Im-
munity. 1998;9:267.

Bergeron L, Perez GI, Macdonald G, et al. De-
fects in regulation of apoptosis in caspase-2-defi-
cient mice. Genes Dev. 1998;12:1304.

Slee EA, Harte MT, Kluck RM, et al. Ordering the
cytochrome c-initiated caspase cascade: hierar-
chical activation of caspases-2, -3, -6, -7, -8, and
-10 in a caspase-9-dependent manner. J Cell
Biol. 1999;144:281.

Martins LM, Kottke TJ, Mesner PW, et al. Activa-
tion of multiple interleukin-18 converting enzyme
homologues in cytosol and nuclei of HL-60 hu-
man leukemia cell lines during etoposide-induced
apoptosis. J Biol Chem. 1997;272:7421.

Woo M, Hakem R, Soengas MS, et al. Essential
contribution of caspase 3/CPP32 to apoptosis
and its associated nuclear changes. Genes Dev.
1998;12:806.

Kuida K, Zheng TS, Na S, et al. Decreased apo-
ptosis in the brain and premature lethality in
CPP32-deficient mice. Nature. 1996;384:368.

Stoetzer OJ, Nussler V, Darsow M, et al. Associa-
tion of Bcl-2, Bax, Bcl-xL and interleukein-13-con-
verting enzyme expression with initial response to
chemotherapy in acute myeloid leukemia. Leuke-
mia. 1996;10:518.

Kuida K, Lippke JA, Ku G, et al. Altered cytokine
export and apoptosis in mice deficient in interleu-
kin-1 beta converting enzyme. Science. 1995;
267:2000.

Estrov Z, Thall PF, Talpaz M, et al. Caspase 2 and

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

APAF-1 AND PROCASPASES IN ACUTE LEUKEMIA

caspase 3 protein levels as predictors of survival
in acute myelogenous leukemia. Blood. 1998;92:
3090.

Campos L, Sabido O, Viallet A, Vasselon C,
Guyotat D. Expression of apoptosis-controlling
proteins in acute leukemia cells. Leuk Lym-
phoma. 1999;33:499.

Krajewski K, Tanaka S, Takayama S, Schibler MJ,
Fenton W, Reed JC. Investigation of the subcellu-
lar distribution of the Bcl-2 oncoprotein: residence
in the nuclear envelope, endoplasmic reticulum,
and outer mitochondrial membranes. Cancer
Res. 1993;53:4701.

Mesner PW Jr, Bible KC, Martins LM, et al. Char-
acterization of caspase processing and activation
of HL-60 cell cytosol under cell-free conditions:
nucleotide requirement and inhibitor profile. J Biol
Chem. 1999;274:22635.

Collins SJ, Ruscetti FW, Gallagher RE, Gallo RC.
Terminal differentiation of human promyelocytic
leukemia cells induced by dimethyl sulfoxide and
other polar compounds. Proc Natl Acad Sci

U S A. 1978;75:2458.

Kaufmann SH, McLaughlin SJ, Kastan M, Liu LF,
Karp JE, Burke PJ. Topoisomerase Il levels dur-
ing granulocytic maturation in vitro and in vivo.
Cancer Res. 1991;51:3534.

Kaufmann SH, Karp JE, Svingen PA, Krajewski
S, Burke PJ, Gore SD. Elevated expression of the
apoptotic regulator Mcl-1 at the time of leukemic
relapse. Blood. 1998;91:991.

Kaufmann SH, Kellner U. Erasure of Western
blots after autoradiographic or chemiluminescent
detection. In: Pound J, ed. Methods in Molecular
Biology. Vol 80. Humana Press; 1998:223.
Kaufmann SH, Karp JE, Jones RJ, et al. Topo-
isomerase Il levels and drug sensitivity in adult
acute myelogenous leukemia. Blood. 1994;83:
517.

Gore SD, Weng L-J, Jones RJ, et al. Impact of in
vivo administration of interleukin 3 on prolifera-
tion, differentiation, and chemosensitivity of acute
myeloid leukemia. Clin Cancer Res. 1995;1:295.
Kaufmann SH, Karp JE, Burke PJ, Gore SD. Ad-
dition of etoposide to initial therapy of adult ALL: a
combined clinical and laboratory study. Leuk
Lymphoma. 1996;23:71.

Scaffidi C, Medema JP, Krammer PH, Peter ME.
FLICE is predominantly expressed as two func-
tionally active isoforms, caspase-8/a and
caspase-8/b. J Biol Chem. 1997;272:26953.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

3931

Faderal S, Thall PF, Kantarjian HM, et al.
Caspase 2 and caspase 3 as predictors of com-
plete remission and survival in adults with acute
lymphoblastic leukemia. Clin Cancer Res. 1999;
12:4041.

Sun XM, MacFarlane M, Zhuang J, Wolf BB,
Green DR, Cohen GM. Distinct caspase cas-
cades are initiated in receptor-mediated and
chemical-induced apoptosis. J Biol Chem. 1999;
274:5053.

Wesselborg S, Engels IH, Rossmann E, Los M,
Schulze-Osthoff K. Anticancer drugs induce
caspase-8-FLICE activation and apoptosis in the
absence of CD95 receptor/ligand interaction.
Blood. 1999;93:3053.

Droin N, Dubrez L, Eymin B, et al. Upregulation of
CASP genes in human tumor cells undergoing
etoposide-induced apoptosis. Oncogene. 1998;
16:2885.

Xiang J, Chao DT, Korsmeyer SJ. BAX-induced
cell death may not require interleukin 1 beta-con-
verting enzyme-like proteases. Proc Natl Acad
Sci U SA. 1996;93:14559.

McCarthy NJ, Whyte MK, Gilbert CS, Evan GlI.
Inhibition of Ced-3/ICE-related proteases does
not prevent cell death induced by oncogenes,
DNA damage, or the Bcl-2 homologue Bak. J Cell
Biol. 1997;136:215.

Deshmukh M, Kuida K, Johnson EM Jr. Caspase
inhibition extends the commitment to neuronal
death beyond cytochrome c release to the point
of mitochondrial depolarization. J Cell Biol. 2000;
150:131.

Smith BD, Bambach BJ, Vala MS, et al. Inhibited
apoptosis and drug resistance in acute myeloid
leukaemia. Br J Haematol. 1998;102:1042.

Martins LM, Kottke TJ, Kaufmann SH, Earnshaw
WC. Phosphorylated forms of activated caspases
are present in cytosol from HL-60 cells during
etoposide-induced apoptosis. Blood. 1998;92:
3042.

Cardone MH, Roy N, Stennicke HR, et al. Regu-
lation of cell death protease caspase-9 by phos-
phorylation. Science. 1998;282:1318.

Gross A, McDonnell JM, Korsmeyer SJ. BCL-2
family members and the mitochondria in apopto-
sis. Genes Dev. 1999;13:1899.

Deveraux QL, Reed JC. IAP family protein—

suppressors of apoptosis. Genes Dev. 1999;13:
239.

20z aunr g0 uo 3senb Aq Jpd'zz6€000€28U/LEL0.L91/ZZ6E/Z |L/96/4Pd-Bl0ILE/POOIGABU  SUOlEDlgNdysE/:d)Y WOl papeojumo]



