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Acute myelogenous leukemia (AML) is a
heterogeneous disease consisting of a
variety of different leukemic subtypes.
While acute promyelocytic leukemia dis-
plays marked sensitivity to the differenti-
ating effects of trans-retinoic acid (tRA),
other subtypes of AML display resis-
tance. We now describe a novel com-
pound (E)-4-[3-(1-adamantyl)-4-hydroxy-
phenyl]-3-chlorocinnamic acid (3-Cl-
AHPC/MMO002) that induces apoptosis in
the tRA-resistant leukemiacell lines M07e,
KG-1, and HL-60R, and in tRA-resistant
patient leukemic blasts. The 3-CI-AHPC
totally inhibits leukemia colony formation

at concentrations that inhibit committed
human bone marrow stem cell prolifera-
tion, that is, granulocyte/macrophage
colony-forming units (CFU-GMs) by only
30%. Exposure to 3-CI-AHPC results in
caspase activation and the cleavage of
poly(adenosine diphosphate) (poly(ADP))
ribose polymerase. While activation of
the extracellular signal-regulated kinase
(ERK) and p38 pathways is not necessary
for 3-CI-AHPC—mediated apoptosis, maxi-
mal apoptosis requires c-Jun N-terminal
kinase (JNK) activation. The 3-CI-AHPC-
mediated cleavage of the antiapoptotic
B-cell leukemia X, (Bcl-X_) protein to a

proapoptotic 18-kDa product is found in
both the M07e cell line and patient leuke-
mic blasts. The 3-CI-AHPC treatment of
mice bearing the AML 1498 cell line re-
sults in a 3.3-log kill in the leukemic
blasts. While 3-CI-AHPC does not activate
retinoic nuclear receptors, it is a potent
inducer of apoptosis in AML cells and
may represent a novel therapy in the
treatment of this disease. (Blood. 2003;
102:3743-3752)
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Introduction

Acute myelogenous leukemia (AML) is a heterogeneous disease
composed of numerous subclassifications displaying a wide
spectrum of phenotypes.»:2 The major therapeutic approach to
this disease has been the use of chemotherapeutic agents with
associated life-threatening toxicity. Although nonspecific in
their effects, these regimens have significantly increased the
survival of AML patients.3> Recently, more targeted therapy has
been developed. Treatment of acute promyelocytic leukemia
(APL) patients with trans-retinoic acid (tRA) results in the
differentiation of the leukemic cells, with 90% of the patients
achieving a complete remission.®8 The tRA exerts its effect by
modulating gene expression through its role as a ligand to the
retinoic acid nuclear receptors, RARs, with the subsequent
binding of this complex to the retinoic acid response element
(RARE) consensus sequences located in the regulatory regions
of retinoid-responsive genes.® The selective sensitivity of APL
cells to tRA-mediated differentiation resides in their specific
expression of a unique promyelocytic leukemia (PML)-RAR«
fusion product that results in the subsequent maturation arrest of
these cells at the promyel ocyte stage'®1?; exposure of these cells

to amicromolar concentration of tRA allows for the degradation
of the PML-RAR« fusion product, with subsequent maturation
of the APL cells.13-14 Unfortunately, the other AML subtypes as
classified by the French-American-British (FAB) classification
demonstrate inherent resistance to tRA-mediated differentiation
and induction of apoptosis.1516

We and others have recently described a novel retinoid 6-[3-(1-
adamantyl)-4-hydroxyphenyl]-2-naphthal enecarboxylic  acid
(AHPN/CD437), which is a potent inducer of apoptosisin avariety
of cell types and which displays resistance to tRA-mediated
differentiation and apoptosis.’”-?* The mechanistic pathways by
which AHPN induces apoptosis in malignant cells are not clearly
defined. AHPN binds and transactivates both the RARB and RARy
receptors.?22® The roles of these retinoid nuclear receptors in
AHPN-mediated apoptosis are controversial. While some studies
have suggested that binding and transactivation of RARy are
essential for AHPN/CD437-mediated apoptosis,®*?> others have
indicated that neither the RARs nor the retinoid X receptors
(RXRs) to which AHPN does not bind or transactivate are
involved.?021,.26
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In the present study, we assessed the ability of the AHPN analog
4-[3-(1-adamanty!)-4-hydroxyphenyl]-3-chlorocinnamic acid (3-Cl-
AHPC/MMO002) to induce apoptosis in a number of human AML
cell linesaswell asin primary cultures of leukemic blasts obtained
from patients. The 3-CI-AHPC differsfromAHPN initsinability to
recruit RAR coactivators and transactivate the RARs (Zhang et al?’
and data not shown). We found that 3-CI-AHPC is a potent inducer
of apoptosis in these cells, which display resistance to the
antiproliferative/differentiating effects of tRA. The 3-CI-AHPC—
mediated apoptosisis preceded by activation of the p38, extracellu-
lar signal—regulated kinase 1/2 (ERK1/2), and c-Jun N-terminal
kinase (INK) protein kinases and accompanied by caspase-3—
mediated cleavage of Bcl-X| to an 18-kDa proapoptotic form. The
3-Cl-AHPC isless toxic than AHPN/CD437 in vivo, and treatment
of AML-bearing mice with 3-CI-AHPC results in a significant
leukemic cell kill and prolongation of survival.

Materials and methods

Materials

Recombinant interleukin 3 (IL-3), granulocyte-colony stimulating factor
(G-CSF), granulocyte/macrophage colony-stimulating factor (GM-CSF),
and stem cell factor (SCF) used in the human leukemiaprimary cell cultures
were obtained from Biosource International (Camarillo, CA). Mouse
recombinant GM-CSF was obtained from R&D Systems (Minneapalis,
MN). INK1 antibody was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). The p38, phospho-p38, ERK, and phospho-ERK antibodies
were obtained from Cell Signaling (Beverly, MA). Poly(adenosine diphos-
phate) [poly(ADP)], ribose antibodies were obtained from Pharmingen (San
Diego CA).The ERK inhibitor PD98059, the p38 inhibitor PD169316, and
the INK inhibitor SP600125 were obtained from Cal Biochem (San Diego,
CA). The 3-CI-AHPC was synthesized as we recently described.?”

Cell growth

IL-3-transfected MO7e cells as well as the KG-1 and HL-60R cells have
been previously described.?83! The cells were grown in RPMI supple-
mented with 5% heat-inactivated fetal bovine serum (FBS) and 25 pg/mL
gentamicin in a 95% O,, 5% CO,, and 100% humidity environment.
Leukemic cells were obtained from patients who met the criteria for the
diagnosis of AML or chronic myelogenous leukemia (CML) in blast crisis
(Table 1). Samples were obtained from patients at Harper Hospital (Detroit,
MI) and the Southwestern Oncology Leukemia Cell Bank. Studies were

Table 1. Patient characteristics

Patient Leukemia
no. type Karyotype
1 CML - blast 46, XY, t(9;22) (934;q11.2)[20]
crisis
2 AML-M1  No metaphases
3 AML-MO  47,XY,+8[15]/46XY[5]
4 AML-M2,  46,XY,del(9)(q21.2q32)[8]/46XY[12]
5 AML-M4  46,Y,add(X)(p22),add(2)(q12),del(3)(q22),add(10)(q21)[20]
6 AML-M5  46,XY,inv (16)(p13 q22)[5]/47 idem,+8[18]
7 AML-M4  46,XX,inv(16)(p13722)[9]/46,XX [11]
8 AML-M1 46 XX[20]
9 AML-M3  46,XY,t(15:17)(Q22;21)[20]
10 AML-MO  46,XX[20]
11 AML-M2  56-57, XX, +1, +2, del(4)(q31), del (5)(q13)(q33)x2 +6,
+9, +11, +13, +14, +15, +22[CP20]
12 AML-M4  46,XX,del(11)(q23)[15]/46XX[5]
13 AML-M4  46XX,inv(16)(p13922)[20]

Patient leukemia cell types were classified according to the FAB classification
system.16
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approved by the Wayne State University Institutional Review Board
(Detroit, MI). Informed consent was obtained from all patients. Briefly,
leukemic blasts from patients were isolated by means of Ficoll hypaque.
Cells at the interface between plasmaand red blood cells were diluted with
sterile phosphate-buffered sadine (PBS) and then layered over Ficoll
hypague (1.077 density), and the leukemic cells were collected at the
interface. Samples studied represented more than 90% blasts and were
grown in RPMI medium supplemented with 10% FBS, gentamicin (25
pg/mL), 1L-3 (20 ng/mL), SCF (25 ng/mL), GM-CSF (20 ng/mL), and
G-CSF (20 ng/mL). Cell growth was assessed by means of a cell
proliferation kit (Promega, Madison, WI) according to the manufacturer’'s
directions.

Western blot

Western blots were performed according to our previously published
protocol.®? Logarithmically growing cells were treated with 3-Cl-AHPC for
various times, and cells were harvested and lysed in Laemmli lysis buffer
(0.5 M Tris-HCI [tris(hydroxymethyl)aminomethane-HCI], pH 6.8, 0.002
M EDTA [ethylenediaminetetraacetic acid], 10% glycerol, 10% sodium
dodecyl sulfate [SDS], and 5% B-mercaptoethanol). Protein lysates (50 g
per lane) were electrophoresed on 12% SDS-polyacrylamide gels and
transferred to nitrocellulose membranes. Membranes were blocked with 5%
nonfat dried milk in PBS/0.5% Tween 20 and then incubated with the
appropriate antibodies. Horseradish peroxidase—-conjugated rabbit anti-
mouse immunoglobulin G (1gG) (Sigma, St Louis, MO) was used as the
secondary antibody, and bands were developed by means of the Amersham
(Arlington Heights, IL) electrochemiluminescence (ECL) nonradioactive
method following the manufacturer’sinstructions.

Apoptosis quantification

Staining of apoptotic cells was performed as previously described.33:34
Briefly, after 3-CI-AHPC treatment, cells were harvested, washed with
PBS, and resuspended at 1 X 10¢/mL. Cell suspensions (50 L) were
stained with 5 L acridine orange solution (100 mg/mL in PBS) in the dark.
Cells displaying fragmented DNA were detected by means of a fluorescent
microscope. Five hundred cells were screened. Apoptotic cells were also
detected by means of the Apo-Direct Kit (Pharmingen) according to the
manufacturer’s directions. Cells that had incorporated fluorescein-labeled
deoxyuridine triphosphate were detected by means of flow cytometry.

Flow cytometry

Flow cytometry was performed on a FACScan flow cytometer (Becton
Dickinson Immunocytometry Systems [BDIS], San Jose, CA) equipped
with an argon ion laser tuned to 15 mW at 488 nM for fluorescence
excitation and light scattering, controlled by a Power Macintosh G3 (Apple
Computer, Cupertino, CA) running CELL Quest software (BDIS). Fluores-
cein isothiocyanate (FITC) fluorescence was collected in the fluorescein 1
(FL1) detector by means of a 530/30-nm band pass filter, and propidium
iodide (PI) fluorescence was reflected with a 560 short-pass dichroic filter to
be collected by the FL 2 detector by means of a 585/42-nm band pass filter.
Electronic compensation for the spectral overlap of the fluorochromes was
not used. The doublet discrimination module identified cell aggregates.®
Typically, 20 000 events of list mode data were saved and analyzed with
CELLQuest software run on a Power Macintosh G3 computer. Routine
quality control of the FACScan was performed by means of FACSComp
software with CaliBRITE beads (BDIS) and CELLQuest software with
DNA Quality Control particles (BDIS).

Caspase activation

Activation of caspases 1, 2, 3, 6, 8, and 9 was assessed by means of a
caspase activation kit (BioVision, Palo Alto, CA).

Leukemia colony formation

Leukemic blasts (1 X 10° cells) from patients were isolated as described
above and cultured in StemPro methylcellulose (Gibco BRL, Rockville,
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MD) supplemented with 20% FCS and SCF, IL-3, GM-CSF, and G-CSF,
each at afinal concentration of 10 ng/mL. The cells were then incubated in
the presence and absence of various concentrations of 3-CI-AHPC for 14
days at 37°C in a 5% CO, humidified atmosphere, at which time colonies
were counted.

CFU-GM colony formation

The granulocyte/macrophage colony-forming unit (CFU-GM) assay was
performed as described by Parchment et a.3 Human mononuclear cells
prepared from G-CSF—mobilized peripheral blood or bone marrow from
certified donors were obtained from Poietics (Gaithersburg, MD). Murine
mononuclear cells were isolated from the femurs of femae severe
combined immunodeficiency (SCID) and 6D2F1 mice immediately before
use under a protocol approved by the Wayne State University Institutional
Animal Care and Use Committee (IACUC). The 3-CI-AHPC was added to
the methylcellulose in such a way that the final concentration of the
dimethyl sulfoxide (DMSO) vehicle was 0.05% vol/vol; this was aso the
DM SO concentration in the vehicle-treated controls and had no effect on
human or murine CFU-GM colony formation.

p38 and ERK kinase activation

Activation of p38 and ERK kinase was assessed by determining phospho-
p38 and phospho-ERK levels as we have previously described.2”

JNK kinase assay

Activation of INK was determined by assaying JINK kinase activity. Briefly,
cells were lysed in buffer containing 20 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid), pH 7.4, 2 mM EGTA (ethylene
glycol tetraacetic acid), 50 nM B-glycerolphosphate, 1 mM dithiothreitol
(DTT), 1 mM NagV 04, 5 mM NaF, 1% Triton X-100, 10% glycerol, 10 uM
leupeptin, 10 wM aprotinin, 0.1 mg/mL okadaic acid, and 400 M
phenylmethanesulfony! fluoride (PMSF). Endogenous JNK was immuno-
precipitated from cell lysates with anti-p46 JNK antibody. Beads were then
washed 3 times with lysis buffer and then with kinase buffer (25 mM Tris,
pH 7.5, 5 mM B-glycerolphosphate, 2 mM dithiothreitol, 0.1 mM NagV 0y,
10 mM MgCly,). Pellets were resuspended with 20 pL X 1 kinase buffer
containing 20 wM adenosine triphosphate (ATP), and 5 nCi (0.185 MBq)
v-[32 P]ATP, and incubated for 30 minutes at 30°C with 1 p.g c-Jun peptide
(Santa Cruz Biotechnology). The reaction was terminated by the addition of
40 pL X 2 SDS sample buffer. The samples were boiled, and 10 pL sample
was loaded and resolved by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). Phosphorylated c-Jun peptide was detected by autoradiogra-
phy. INK levels were detected by Western blot.

3-CI-AHPC in vivo therapy

In vivo AHPN and 3-CI-AHPC toxicity. Groups of 5 3CH3 mice (20 g, 4
to 6 weeks old) were injected by tail vein with varying total dose of AHPN
or 3-CI-AHPC. The total dose (milligrams per kilogram) was given over a
9-day period, and the mice were weighed daily.

In vivo therapy against AML 1498 cells. MurineAML 1498 cellswere
maintained in the mouse strain of origin (C57BL/6) and transplanted into
thissameinbred strain for the therapy trials. Individual mouse body weights
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at the start of therapy for each experiment were within 5 g, and all mice
were more than 20 g (mean). The mice were supplied food and water ad
libitum. Mice were randomly pooled into groups of 5 and implanted
intravenously with varying numbers of AML 1498 cells (5 X 108, 5 X 10%,
or 5 X 10?) prepared from mouse spleens demonstrating approximately
80% replacement of the spleen with leukemic cells. In all cases, treatment
was started the day after implantation of the AML cells. The following
guantitative end points were used to assess antitumor activity: (1) the
percentage of increasein lifespan and (2) the tumor cell kill. The percentage
of increase in lifespan (%ILS) was calculated as follows: %ILS = T —
C/C X 100 where C is the the median day of death of the control group and
T is the median day of death of the treated group. Survival was the end
point, and moribund mice were killed. Cause of death was verified by
necropsy. The tumor cell kill was calculated as follows: For leukemic
survival trials, the log;o cell kill is calculated from as Log,o cell kill total
(gross) = T — C/3.32 (Td), where T is the median day of death for the
treated group and C is the median day of death for the control group.37-3°
The Td (tumor doubling time) is determined from differencesin the median
days of death of thetitered control groups.

Results
3-CI-AHPC inhibition of leukemic cell growth

Weinitially assessed the ability of 3-CI-AHPC to inhibit the growth
of human myeloid leukemiacells using the human acute megakaryo-
cytic leukemia cell line MO7e. Exposure of these cells to various
concentrations of 3-Cl-AHPC over time resulted in the progressive
increase in the inhibition of proliferation (Figure 1A). Increase in
growth inhibition was accompanied by the onset of apoptosisat 0.5
and 1.0 pM 3-CI-AHPC (Figure 1B). While exposure to 0.2 uM
3-CI-AHPC resulted in aminimal inhibition of growth, no signifi-
cant increase in apoptosis was noted (Figure 1A-B). In contrast,
tRA, a potent activator of the RARs, did not significantly inhibit
MO7e proliferation (Figure 1C) or induce their apoptosis (data not
shown). Induction of apoptosiswas noted in the KG-1 and HL-60R
AML cell lines following exposure to 3-Cl-AHPC (Figure 1D-E).
These cells demonstrated sensitivity to 3-CI-AHPC, while tRA
had no effect on the induction of apoptosis in these cell lines
(Figure 1D-E).

Breitman et al®® previously demonstrated that tRA treatment of
primary AML cultures resulted in the differentiation of APL (M3)
cells but had no effect on the other AML subtypes as classified
according to the FAB classification system.’® Therefore, we
examined whether 3-CI-AHPC induced apoptosisin myeloid blasts
of differing FAB classifications (Table 1). Exposure to 1 uM
3-CI-AHPC resulted in the induction of apoptosis (greater than
80%) in al of the 13 primary cultures examined. Representative
results are presented in Figure 2A. In contrast, exposure to tRA did
not induce apoptosis in these cells (Figure 2A; also data not
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Figure 1. 3-CI-AHPC and tRA inhibition of growth and the induction of apoptosis in human leukemia cell lines. M07e, KG-1, and HL-60R cells were seeded in RPMI
1640 supplemented with 5% FBS and incubated overnight; varying concentrations of 3-CI-AHPC or tRA were added and the cells harvested at various times. The results
represent the mean of 3 independent experiments, with the variation between the experiments being < 10% if error bars are not shown. Error bars represent standard
deviations. (A) The 3-CI-AHPC inhibition of proliferation of MO7e cells. (B) The 3-CI-AHPC induction of apoptosis in MO7e cells. (C) The tRA inhibition of MO7e proliferation.
(D) The 3-CI-AHPC (1 M) and tRA (1 M) induction of apoptosis in KG-1 cells. (E) The 3-CI-AHPC (1 uM) and tRA (1 M) induction of apoptosis of HL-60R cells.
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Figure 2. 3-CI-AHPC and tRA induction of apoptosis of leukemic blasts.
Leukemia cells obtained from patients were cultured as described in “Materials and
methods.” The results represent the mean of 3 independent experiments, with the
variation between the experiments being less than 10% if error bars are not shown.
Error bars represent standard deviations. (A) The 3-CI-AHPC or tRA induction of
apoptosis. The 3-CI-AHPC and tRA were added to a final concentration of 1 wM; the
cells were harvested at various times, and the percentage of apoptotic cells was
assessed as described in “Materials and methods.” (B) Leukemic cells of patient 1
were exposed to varying concentrations of 3-CI-AHPC for up to 5 days.

shown). The 3-CI-AHPC inhibited the proliferation of the AML
cultures from 70% to 90% (data not shown).

The ability of varying concentrations of 3-CI-AHPC to induce
apoptosisin the patient leukemic blasts was also examined (Figure
2B). The 3-CI-AHPC (0.5 wM) induced apoptosis in 60% of the
leukemic blasts, while minimal apoptosis was noted at 0.1 and 0.2
pM (Figure 2B). The 3-Cl-AHPC-mediated apoptosis in the
myeloid blasts was further assessed by the transferase-mediated
deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL)
assay and flow cytometry. Treatment with 1 uM 3-CI-AHPC for 24
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hours resulted in 67% and 80% apoptotic cellsin theleukemic cells
from patient 1 (Figure 3A) and patient 10 (Figure 3B), respectively,
whereas exposure to vehicle aone resulted in less than 10%
apoptosis (Figure 3).

3-CI-AHPC inhibition of leukemic cell colony formation

Leukemic cells obtained from patients were seeded in methylcellu-
lose as described in “Materials and methods’ in the presence and
absence of varying concentrations of 3-CI-AHPC. Small colony
formation (fewer than 20 cells), cluster formation (colonies be-
tween 20 and 40 cells), and large colonies (more than 40 cells) were
assessed after 14 days of growth (Figure 4A). Following the
addition of varying concentrations of 3-CI-AHPC, a dramatic fall
in the number of al colony types was noted when 3-CI-AHPC
concentrations greater than 250 nM were used (effective dose
[EDsq] of approximately 375 nM). As demonstrated, 3-Cl-AHPC
concentrations greater than 250 nM induce apoptosis in primary
leukemiacells, suggesting that the decline in the colony numbers at
3-CI-AHPC concentrations greater than 250 nM is secondary to the
induction of apoptosis. More than 90% of leukemia colony
formation was inhibited at 3-CI-AHPC concentrations of 600 nM
or more.

3-CI-AHPC inhibition of CFU-GM colony formation

The effect of varying concentrations of 3-CI-AHPC on the
proliferation of committed marrow stem cells was examined with
the use of CFU-GMs. The 3-CI-AHPC concentrations, which
completely inhibited leukemic colony formation, resulted in only a
30% inhibition of CFU-GM colony formation (Figure 4B). Murine
CFU-GM cells were more sensitive than their human counterparts,
with more than 80% inhibition of colony formation at 600 nM.

3-CI-AHPC induction of caspase activity

Apoptosis is associated with the activation of specific cysteine
proteases referred to as caspases.®®4l We assessed whether
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Figure 3. 3-CI-AHPC-mediated apoptosis in leukemic cells assessed by flow
cytometry. Leukemia cells of patient 1 (A) and patient 10 (B) were treated with 1 uM
3-CI-AHPC (Aii,Bii) or vehicle alone (Ai,Bi) for 24 hours and harvested; then the
percentage of apoptotic cells was determined by means of an Apo-Direct Kit. The
percentage of apoptotic cells is indicated in the right hand corner in the vehicle-
treated control (labeled C) and 3-CI-AHPC-treated cells.
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Figure 4. 3-CI-AHPC inhibition of leukemia and CFU-GM colony formation. (A) Leukemic colonies fewer than 20 cells (@), between 20 and 40 cells (O), and more than 40
cells (¥). Mean numbers of colonies in control cultures were as follows: Patient 1 (Pt 1), 205 = 25, fewer than 20 cells; 100 = 10, 20 to 40 cells; 45 = 5, more than 40 cells.
Patient 12 (Pt12), 370 + 60, fewer than 20 cells; 125 * 10, 20 to 40 cells; 50 = 10, more than 40 cells. Patient 13 (Pt 13), 285 =+ 20, fewer than 20 cells; 85 * 10, 20 to 40 cells;
40 = 5, more than 40 cells. (B) CFU-GM colonies were grown and their formation was assessed as described in “Materials and methods” in the presence and absence of
varying concentrations of 3-CI-AHPC. The results represent the mean and standard deviation of 3 separate experiments using different normal marrow and patient leukemia

samples.

3-CI-AHPC activated specific caspases during apoptosis of M07e
and myeloid blasts and whether the same caspases were activated
in these cells. Treatment of M07e with 1 wM 3-Cl-AHPC resulted
in an approximately 4-fold increase in the activity of caspase-2 and
caspase-8 and a 3- and 2.5-fold increase in caspase-6 and caspase-3
activities, respectively (Figure 5A). An approximately 2-fold
increase in the activities of caspases 2, 3, 6, and 8 was noted at
0.5 pM 3-CI-AHPC (Figure 5A). Activation of caspases was aso
noted when the patient leukemic cells were incubated with 1 WM
3-CI-AHPC (Figure 5B). Caspase-3 displayed the greatest activa-
tion with 8-fold and 14-fold increases at 24 hours and 48 hours,
respectively. Western blot revealed a 3- to 4-fold decrease in the
inactive caspase-3 proenzyme level following 24- and 48-hour
incubation with 3-ClI-AHPC (Figure 5C), which was coincident
with the associated activation of caspase-3 (Figure 5B). As noted
with MO7e cells, exposure of the patient leukemic blasts to
3-CI-AHPC resulted in activation of caspase-2 (6-fold), caspases 6
and 8 (4-fold), and caspases 5 and 9 (2-fold) (Figure 5B).

Caspase-mediated cleavage of proteins can result in either
activation or inactivation.*? Poly(ADP) ribose polymerase (PARP),
which plays an important role in both DNA synthesis and repair, is
cleaved early in the apoptotic process induced by a number of
agents.*43 The 3-CI-AHPC treatment of both MO07e cells and
patient leukemic blasts resulted in the rapid cleavage of the
116-kDa PARP and the generation of an 85-kDa fragment by 24
hours (Figure 6).

Apoptosisis a complex process, which is regulated at multiple
levels by numerous mediators.?64445 The Bcl-2 family with its 19
members can exert either proapoptotic or antiapoptotic effects
depending upon which member is playing a dominant role.*
Antiapoptotic Bcl-2 and the Bcl-2 family member Mcl-1 are both
expressed in malignant hematopoietic cells and have been shown to
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play an important role in the survival of these cells4”-4° Both
patient leukemic cells and MO7e cells expressed Bcl-2 and Mcl-1;
however, there was no modulation of their expression during
3-Cl-AHPC—mediated apoptosis (data not shown). The Bcl-X gene
encodes for 2 proteins, termed Bcl-X; and Bcl-Xs, through
aternative splicing.5® While Bcl-Xs is a potent inducer of apopto-
sis, Bcl-X, inhibits the apoptotic process.>° Western blots of M07e
cells and patient leukemic cells demonstrated Bcl-X| expression
while Bcl-Xg expression could not be detected (Figure 7). Treat-
ment of these cellswith 1 uM 3-CI-AHPC resulted in the cleavage
of Bcl-X, to an 18-kDa product (Figure 7A). Previous studies in
cell lines have found that cleavage of Bcl-X and the subsequent
generation of the 18-kDa product is the result of caspase-3
activation.! Inhibition of caspase-3 activity by means of the
caspase-3 inhibitor Z-VAD-fmk inhibited Bcl-X, cleavage
(Figure 7B).

Activation of MAPK pathways during 3-CI-AHPC-
mediated apoptosis

The mitogen-activated protein kinase (MAPK) pathways have been
found to be associated with the induction of apoptosisin many cell
types.5253 Activation of p38 and the ERK and JNK protein kinases
has been observed, but their roles in the apoptotic process remain
unclear.5% We previously demonstrated that treatment of the
HL-60R human leukemia cell line with AHPN/CD437 resulted in
p38 and JNK activation.” We, therefore, examined whether
3-CI-AHPC activated any of these 3 MAPK pathways in M07e
cells or the patient leukemic cells and their roles in 3-CI-AHPC—
mediated apoptosis. The 3-CI-AHPC treatment resulted in the
activation of the p38, ERK, and INK kinases in both M07e and the
patient leukemia cells as evidenced by increased phospho-p38 and
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Figure 5. 3-CI-AHPC activates caspases. (A-B) M07e (A) and leukemic cells (patient 1) (B) were treated with 3-CI-AHPC or vehicle alone, and caspase (cas) activation was
assessed as described in “Materials and methods.” (C) The 3-CI-AHPC activation of caspase-3. Leukemic cells obtained from patient 1 were treated with 1 .M 3-CI-AHPC or
vehicle alone, and the cells were harvested at 24 or 48 hours. Caspase-3 proenzyme levels were determined by means of Western blot as described in “Materials and
methods.” Actin levels were used to assess loading. The results are representative of 2 independent experiments.
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Figure 6. PARP cleavage. PARP cleavage occurs during 3-Cl-AHPC-mediated
apoptosis. M07e (A) and leukemic cells (B) obtained from patient 10 were exposed to
1 uM 3-CI-AHPC for indicated times; cells were harvested; and Western blots were
performed as described in “Materials and methods.”

phospho-ERK levels and enhanced JNK kinase activity (Figure 8).
Activation of p38 and ERK required caspase activation as evi-
denced by the ability of the pancaspase inhibitor Z-VAD-fmk to
prevent their activtion by 3-CI-AHPC (Figure 8A-B). INK activa-
tion was not inhibited by Z-VAD-fmk, suggesting that its activation
was caspase independent (Figure 8C). The potential role of these
kinases in 3-Cl-AHPC-mediated apoptosis was investigated. Inhi-
bition of 3-Cl-AHPC—-mediated p38 and ERK activation by the p38
inhibitor PD169316 and ERK inhibitor PD98059, respectively, did
not inhibit or enhance 3-Cl-AHPC—mediated apoptosis in either
MO7e or the patient leukemia cells (data not shown). However,
elevated levels of PD169316 (20 M or higher) that inhibited both
p38 and JNK activation inhibited 3-Cl-AHPC—mediated apoptosis
by 20%, suggesting that JNK activation may be required for
optimal 3-Cl-AHPC-mediated apoptosis of these leukemic cells
(Figure 9A). To further assess the effect of INK kinase inhibition,
we exposed M07e and KG-1 cells to the specific INK kinase
inhibitor SP600125 in the presence and absence of 3-CI-AHPC
(Figure 9B-C). Interestingly, while SP600125 totally inhibited the
3-CI-AHPC—mediated increase in INK kinase activity, it inhibited
3-CI-AHPC—mediated apoptosis only by approximately 25%
(Figure 9).

3-CI-AHPC is less toxic and inhibits AML growth
in syngeneic mice

We tested the toxicity of AHPN/CD437 and 3-CI-AHPC in female
C3H mice, which were to be used in amammary syngeneic model.
Groups of C3H mice (5 mice per group) were treated with varying
total doses of either AHPN or 3-Cl-AHPC, with the dose given over
a 9-day period intravenously as described in “Materials and
methods.” While AHPN/CD437 and 3-CI-AHPC demonstrate
similar in vitro activities against a number of breast, prostate, and
leukemiacell lines, they differ significantly in their in vivo toxicity
(Table 2). Treatment of C3H mice with AHPN/CD437 total dose of
150 mg/kg resultsin a 22% weight loss and 1 death in the group of
5 mice. Lowering the total dose to 130 mg/kg also resultsin a 14%
weight loss. On the other hand, treatment of mice with 3-Cl-AHPC
total doses of 178 mg/kg and 140 mg/kg results in only a 4% and
3% mean body weight loss, respectively, and no deaths (Table 2).
Because we were unsuccessful in growing the M07e cell line in
SCID mice, and we did not have access to an AML model in C3H
mice, we used murine AML 1498 cells intravenously implanted in
C57BL/6 mice to evaluate 3-CI-AHPC inhibition of the in vivo
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growth of AML cells. The murine AML 1498/C57BL6 syngeneic
model has been used as a valid screen to assess the activity of
potential therapeutic agents against AML.%® Treatment of the mice
with 3-Cl-AHPC at total dosage of either 140 or 115 mg/kg resulted
ina3.3-log cell kill with adoubling in the survival duration (Table
3). A total dose of 140 mg/kg 3-Cl-AHPC over 4 daysresulted in a
17% weight loss and no anima deaths (Table 3) whereas the
equally effective 115 mg/kg total dose led to aweight loss of 6%.

Discussion

The goals of the present study were to demonstrate the therapeutic
potential of 3-CI-AHPC in AML and investigate the pathways by
which 3-Cl-AHPC may induce apoptosisin these cells. We used the
growth factor—dependent M0O7e AML cell line as well as human
primary AML and CML cellsin blast crisis to assess the effect of
3-CI-AHPC. The 3-CI-AHPC inhibited the proliferation and in-
duced apoptosisin patient leukemic cells and the M07e cell line as
well as the KG-1 and HL-60R, al of which display resistance to
tRA-mediated apoptosis induction. The AML cells from patients
with a variety of FAB subtypes as well as the CML cells in blast
crisis displayed sensitivity to 3-Cl-AHPC. To inhibit growth of
MO7e cells, 3-CI-AHPC concentrations of 0.2 uM were required
while 0.5.M concentrations were required to induce apoptosis in
these cells. Similarly 0.5 wM 3-CI-AHPC was required to induce
apoptosis in the patient leukemic cells. The 3-CI-AHPC aso
inhibited leukemia colony formation by the patient leukemic cells
with an inhibitory concentration (1Csp) of 375 nM and inhibited
colony formation by 90% at 600 nM. We al so assessed the ability of
3-CI-AHPC to inhibit CFU-GMs cultured from human and murine
bone marrows. We previously found that the interspecies difference
inthe I Cy, the concentration of drug that inhibitsin vitro CFU-GM
colony formation by 90%, reflects the differences in tolerated
exposure levels of the drug in vivo across species. In vitro,
3-CI-AHPC demonstrated a 30-fold greater toxicity to mouse than
to human CFU-GMs. The ICqy, values in the mouse ranged from
315 to 794 nM whereas the human tolerated much higher levels of
3-CI-AHPC (ICy exceeding 15000 nM). These data would
strongly predict that 3-ClI-AHPC should be well tolerated in
humans and display preferential toxicity in vivo against leukemia
cells and significantly less toxicity to normal marrow.®

Exposure of MQO7e and patient leukemic cells to 3-CI-AHPC
resulted in apoptosis, as documented by a number of parameters.
Staining of the cellswith acridine orange following incubation with
3-CI-AHPC reveded an intact plasma membrane but aso nuclear
fragmentation, which are characteristics associated with the pro-
cess of apoptosis. Apoptosis was further documented by the end
labeling of the DNA fragments generated following the addition of
3-Cl-AHPC to cells. Flow cytometry demonstrated that more than
80% of patient leukemic cells underwent apoptosis following
exposureto 3-Cl-AHPC.

Activation of caspases through proteolysis of an inactive
holoenzymeis associated with the induction of apoptosis®®; whether
the activation of these proteases is an absolute requirement for the

& -, Figure 7. 3-CI-AHPC—mediated Bcl-X, cleavage. Leukemic cells ob-
Né’ & & tained from patient 11 were incubated in the presence and absence of 1
e d & j—”‘ M 3-CI-AHPC for varying periods of time (A) or in the presence of 1 uM

®

3-CI-AHPC and in the presence and absence of the caspase inhibitor
Z-VAD-fluormethylketone (Z-VAD-fmk) (50 uM) for 24 hours (B). Western
blots were performed with the use of anti-Bcl-X, antibody as described in
“Materials and methods.” Actin levels were used to assess loading.
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Figure 8. 3-CI-AHPC activation of p38, ERK, and JNK. M07e A 3-CI-AHPC C 3-Cl-AHPC
and leukemic cells were exposed to 1 uM 3-CI-AHPC or vehicle C  2h  6h  24h c  2h  6h  24h
alone in the presence and absence of the capsase inhibitor — Phospho-p3s S5 Saa S c-jun : — 1
Z-VAD-fmk (50 pM). Phospho-p38 (A) and phospho-ERK (B) p38 Muo7e

levels were assessed with the use of anti-phospho-p38 and
anti-phospho-ERK antibodies in conjunction with Western blots as
described in “Materials and methods.” (C) JNK kinase activation
was determined by measuring JNK kinase activity with c-Jun as P38
the substrate, as described in “Materials and methods.”
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onset of apoptosis is still unclear.5? In both MO7e and patient
leukemic cells, 3-ClI-AHPC activated a number of caspases. The
most dramatic increases were seen in caspases 2, 3, 6, and 8 in both
the patient leukemic and MO7e cells. Caspase-2 and caspase-8
activation have been found to occur through the binding of ligands
to the death receptors DR4 and DR5, leading to the recruitment of
adaptor molecules.’® The ability of AHPN to enhance DR4 and
DR5 expression was observed in 3 human non-small cell carci-
noma cell lines.®2 The addition of the DR4/DR5 ligand tumor-
necrosis factor—related apoptosis-inducing ligand (TRAIL) en-
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hanced AHPN-mediated apoptosis in these cells.?® Whether 3-Cl-
AHPC aso enhances DR4/DR5 expression with subsequent
activation of caspases 8 and 2 is currently under investigation.
Caspase-3 activation was also noted following exposure of the
cellsto 3-Cl-AHPC. Caspase-3 has been found to be activated by a
cytoplasmic protein complex consisting of apoptotic protease—
activating factor 1 (APAF-1), cytochrome ¢, and activated caspase-
9.%4 The induction of mitochondrial transmembrane depolarization
with the subsequent release of cytochrome c appears to be the
major mechanism through which caspase-3 is activated. Once
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Figure 9. Effect of inhibition of 3-CI-AHPC-mediated JNK activation on 3-CI-AHPC-mediated apoptosis. Patient 1 cells (A), MO7e cells (B), or KG-1 cells (C) were
exposed to 1pM 3-CI-AHPC, the JNK kinase inhibitors PD169316 (20 M) or SP600125 (30 M), and the combination 3-CI-AHPC (1 nM) and either PD169316 (20 M) or
SP600125 (30 wM). JNK kinase activity (upper panels) and the percentage of apoptotic cells (histograms, lower panels) were assessed as described in “Materials and
methods.” **Significantly less than apoptosis mediated by 3-CI-AHPC alone (P < .01). Error bars represent standard deviation of 3 separate experiments.
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Table 2. Toxicity of AHPN/CD437 and 3-CI-AHPC in female C3H mice

Total dose, Mean body weight Deaths/mice
Treatment mg/kg change, % treated
Control 0 -2 0/5
AHPN/CD437 150 —-22 1/5
AHPN/CD437 130 -14 0/5
AHPN/CD437 99 -4 0/5
3-CI-AHPC 178 -4 0/5
3-CI-AHPC 140 -3 0/5
3-CI-AHPC 89 -3 0/5

activated, caspase-3 has been found to be responsible for cleavage
of anumber of substratesincluding PARPS® aswas observed in the
MO7e and patient leukemic cells.

Treatment with 3-CI-AHPC did not modul ate the expression of
either Mcl-1 or Bcl-2 in the MO7e or patient leukemiacells, but did
result in the cleavage of Bcl-X, with the generation of an 18-kDa
cleavage product. A similar 18-kDa Bcl-X, product was identified
intheWSU-CLL and ALL-REH cell linesfollowing the addition of
AHPN as well as following the induction of apoptosis in CTLL
cells by depletion of the IL-3 growth factor.25! That the Bcl-X
fragment lacks the BH4 domain, which is located between amino
acids 4 and 24, was demonstrated by the loss of a specific antibody
epitope between residues 3 and 14.27%6 The BH4 domain of Bcl-X,
has been shown to be essential for the antiapoptotic function of
certain Bcl-2 family members and is responsible for the ability of
Bcl-X, to bind and sequester APAF-1.5667 |_oss of the Bcl-X, BH4
domain results in a proapoptotic molecul e.51.66

The role of the signal transduction pathways in the apoptotic
process is controversial and appears to be pathway and cell-type
dependent. Stress activation of the p38 MAP kinase has been well
documented, but its role in stress-induced apoptosis remains
unclear.5 Numerous studies have shown that p38 activation occurs
on apoptosisinduction but that inhibition of p38 activation does not
inhibit apoptosis (Jarpe et a> and references within Juo et al®).
Other studies strongly suggest that the p38 kinase plays avital role
in the induction of apoptosis following nerve growth factor
withdrawal from rat PC-12 pheochromocytoma cells, ultraviolet 8
radiation—induced apoptosis of the immortalized human keratino-
cyte HaCaT cell line, and chelerythrine-induced apoptosis of HeLa
cells.871 We previously found that while the addition of AHPN to
the HL-60R human leukemia cell line results in p38 activation, its
activation is downstream of caspase activation and is not required
for CD437-mediated apoptosis of this cell line.>” We now find that
p38 activation occurs in both in the MO7e cells as well as the
patient leukemic cells following exposure to 3-CI-AHPC. As in
HL-60R cells, p38 activation in the MO7e and patient leukemia
cells required caspase activation, and inhibition of p38 activation
did not block 3-Cl-AHPC—mediated apoptosis.

ERK activation has been commonly associated with protection
against apoptosis induction by a variety of agents.”? While inhibi-

Table 3. 3-CI-AHPC treatment of AML-bearing mice
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tion of the ERK pathway has been associated with the enhancement
of apoptosis, its activation blocks cytosine arabinoside-induced
and nerve growth factor withdrawal—mediated apoptosis.’”>™ Re-
cently, Wang et al® reported that ERK activation plays an active
role in mediating cisplatinum-induced apoptosis of HeL a cells and
occurs upstream of caspase activation. Inhibition of ERK activation
blocked cisplatinum-induced apoptosis.>* The 3-CI-AHPC acti-
vates ERK1/2 in both MO7e and patient leukemic cells. While
inhibiting 3-Cl-AHPC—mediated ERK1/2 activation, the ERK1/2
inhibitor PD98059 had no effect on 3-CI-AHPC induction of
apoptosis, suggesting that ERK1/2 activation is not essential for
3-CI-AHPC-induced apoptosis.

The 3-CI-AHPC aso activated JNK in the HL-60R and M07e
cell linesaswell asin al of the patient leukemic cell samples. We
previously demonstrated that caspase activation is not required for
JNK activation by AHPN.5” The lack of a requirement for caspase
activation was aso true for the patient cells treated with 3-Cl-
AHPC. IJNK activation has been found to be an essential compo-
nent of the apoptotic process in a number of systems.5376-78 JNK
protein kinases are encoded by 3 genes.®® JNK1 and JNK2 are
expressed ubiquitously while expression of INK 3 is predomi-
nantly restricted to the brain; simultaneous loss of expression of
JNK1 and JNK2 is associated with defects in neuronal apopto-
Sis.%556 The observation that high levels (20 M) of the p38 kinase
inhibitor PD169316 aso inhibited JNK activation allowed us to
assess whether INK  activation was necessary for 3-CI-AHPC—
mediated apoptosisin these leukemic cells. PD169316 inhibition of
JINK activation significantly but minimally (20%) inhibited 3-Cl-
AHPC induction of apoptosis. Similar results were obtained when
the specific INK kinase inhibitor SP600125 was used. Thus, INK
activation appears to be required for maxima 3-Cl-AHPC—
mediated apoptosis in the AML cells and the leukemia cell lines.
Interestingly, Ortiz et a™ found that in the Jurkat T-cell lymphoma
cell line, inhibition of INK and p38 activation blocked induction of
apoptosis by the RARy-selective compounds MX2870-1 and
NX3350-1 by more than 80%.

The 3-CI-AHPC demonstrates significantly lessin vivo toxicity
than AHPN, as was shown in C3H mice. We also find that
3-Cl-AHPC given intravenously to atotal dose of 210 mg/kg over a
7-day period to nonobese diabetic—SCID (NOD-SCID) mice
results in only a 10% weight loss and no deaths. Evidence that
3-CI-AHPC demonstrated in vivo efficacy against AML was
provided by the studies using the murine AML 1498 cellsgrown in
C57BL/6 mice. Treatment of the leukemia-bearing mice with a
3-CI-AHPC total dose of 140 mg/kg or 115 mg/ kg over a 4-day
period resulted in a 3.3-log cell kill and an 83% increase in
surviva. While treatment with a 140 mg/kg total dose resulted in a
17.3% weight loss, treatment with a 115 mg/kg total dose resulted
in only a’5.8% weight loss. Even when the mice were treated with
3-CI-AHPC at atotal dose of 80 mg/kg, at which no toxicity (0%

Cells Total dose, Mean body wt Body wt Median day of tumor
Treatment implanted Schedule mg/kg loss, g per mouse loss, % death (range) % ILS Log cell kill
No Rx 5 X 108 NA NA +0.0 +0.0 6 (6-8) NA NA
No Rx 5 x 10% NA NA +1.2 +5.7 9(9-9) NA NA
No Rx 5 X 102 NA NA +0.0 +0.0 12 (12-12) NA NA
3-CI-AHPC 5 X 108 qd 1-4 140 -3.6 -17.3 11 (10-11) 83 33
3-CI-AHPC 5 X 106 qd 1-5 115 -1.2 -5.8 11 (10-11) 83 &3
3-CI-AHPC 5 % 106 qd 1-5 80 +0.0 +0.0 9 (8-10) 50 2.0

Percentage increase in lifespan (% ILS) calculated as follows: For leukemic mice, % ILS = T — C/C X 100, in which C = the median day of death of the control group and
T = the median day of death of the treated group. Rx indicates treatment; NA, not applicable; and qd, once a day.
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weight loss) was noted, a 2-log cell kill and 50% increase in
survival were noted. The 3.3-log cell kill meetsthe National Cancer

Ingtitute criterion of a highly active drug.®® The 3-CI-AHPC
displayed a log cell kill similar to that noted with cytosine

arabinoside (3.8) and daunomycin (3.8). This in vivo leukemia
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dosing schedules to further substantiate the efficacy of 3-ClI-AHPC
in leukemia are underway.

model is resistant to a number of chemotherapeutic agents includ-

ing taxol, vinblastine, gemcitabine, and cisplatinum. Thus, the high
sensitivity of these cellsto 3-Cl-AHPC suggests a potential rolefor
this agent in the treatment of AML. Additional studies assessing
3-CI-AHPC pharmacokinetics as well as studies using different
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