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Abstract

The triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid

(CDDO) induces differentiation and apoptosis of diverse human

tumor cells. In the present study, we examined the effects of the

CDDO imidazolide imide (CDDO-Im) on the NB4 acute

promyelocytic leukemia (APL) cell line and primary APL cells.

The results show that CDDO-Im selectively downregulates

expression of the PML/retinoic receptor alpha fusion protein by

a caspase-dependent mechanism and sensitizes APL cells to

the differentiating effects of all-trans retinoic acid (ATRA).

CDDO-Im treatment of APL cells was also associated with

disruption of redox balance and activation of the extrinsic

apoptotic pathway. In concert with these results, CDDO-Im

sensitizes APL cells to arsenic trioxide (ATO)-induced

apoptosis. Our findings indicate that CDDO-Immay be effective

in the treatment of APL by: (i) downregulation of PML/RARa; (ii)

enhancement of ATRA-induced differentiation; and (iii) sensi-

tization of ATO-induced APL cell death.
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Introduction

Acute promyelocytic leukemia (APL) is characterized by the

t(15;17) translocation that occurs with fusion of the PML and

retinoic receptor alpha (RARa) genes.1,2 The sensitivity of

APL cells to all-trans retinoic acid (ATRA) has resulted in a

90% remission rate when APL patients are treated with ATRA

and chemotherapy.3–6 However, APL often relapses with

resistance to further treatment.7 The finding that arsenic

trioxide (ATO) induces remissions in APL patients in relapse

after ATRA and chemotherapy has provided a potential

salvage regimen.8,9 Nonetheless, additional agents that

overcome ATRA- and chemo-refractory mechanisms are

needed for the treatment of APL. Notably, sensitivity of APL

cells to ATO is inversely related to glutathione (GSH) levels.10

These findings have indicated that agents affecting redox

balance may be effective alone or in combination with ATO for

the treatment APL.

2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO) is

a synthetic oleanane triterpenoid. CDDO induces monocytic

differentiation of human myeloid leukemia cells and adipo-

genic differentiation of mouse 3T3-L1 fibroblasts.11 CDDO

also induces apoptosis of diverse human tumor cells. CDDO-

induced apoptosis is mediated, at least in large part, by the

extrinsic caspase-8 pathway, while cytotoxic anticancer drugs

often activate the intrinsic pathway.12–16 The C-28 methyl

ester of CDDO (CDDO-Me) has also been shown to be a

potent inducer of apoptosis and differentiation of acute

myeloid leukemia cells.17,18 The precise mechanisms re-

sponsible for CDDO-induced proapoptotic signaling are not

clear. Recent studies, however, have indicated that CDDO

and its derivatives disrupt intracellular redox balance and

thereby induce apoptosis.17 Based on these findings, we

hypothesized that CDDO compounds might exhibit properties

similar to ATO in the induction of APL cell apoptosis.

In the present study, we analyzed the effects of the C-28

imidazolide imide of CDDO (CDDO-Im) on APL cells. This

derivative has been shown to be significantly more potent than

CDDO in in vitro and in vivo assays.19 The results

demonstrate that CDDO-Im induces downregulation of the

PML/RARa fusion protein. We also show that CDDO-Im

enhances ATRA-induced differentiation and ATO-induced

apoptosis of APL cells.

Results

CDDO-Im downregulates expression of the PML/

RARa fusion protein

NB4 APL cells were exposed to different concentrations of

CDDO, CDDO-Im andCDDO-Me andmonitored for effects on

viability. The results demonstrate similar dose–response

curves with LD50 values for all three agents below 1 mM

(Figure 1a). To determine if CDDO regulates expression of

PML/RARa, we exposed NB4 cells to CDDO-Im and

subjected lysates to immunoblotting with anti-RARa. The

results demonstrate that treatment with 0.1mM CDDO-Im for

12–24 h is associated with decreases in PML/RARa expres-

sion (Figure 1b). RARa protein levels were affected to a lesser
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extent by CDDO-Im as compared to that found for PML/RARa

(Figure 1b). Treatment with CDDO and CDDO-Me was also

associated with similar decreases in PML/RARa expression

(Figure 1c). Importantly, CDDO-Im-induced downregulation

of PML/RARa was also detectable in primary APL cells

(Figure 1d). To further define the mechanism by which CDDO

downregulates PML/RARa, we preincubated NB4 cells with

the proteosome inhibitors MG132 and epoxomicin or the

caspase inhibitor z-VAD-fmk. MG132 and epoxomicin had no

detectable effect on CDDO-Im-induced downregulation of

PML/RARa (Figure 1e). By contrast, z-VAD-fmk completely

blocked the effects of CDDO-Im on PML/RARa expression

(Figure 1e). These findings indicate that CDDO-Im down-

regulates PML/RARa expression in APL cells by a caspase-

dependent mechanism.

CDDO-Im enhances ATRA-induced differentiation

The PML/RARa fusion protein blocks APL cell differentia-

tion.20 To determine if CDDO-Im-induced downregulation of

PML/RARa is associated with APL cell differentiation, NB4

cells were incubated with CDDO-Im and monitored for

adherence. The results show that CDDO-Im alone has little

effect on adherence of NB4 cells (Figure 2a). As a positive

control, treatment with ATRAwas associated with an increase

in adherent NB4 cells (Figure 2a). Notably, treatment with

CDDO-Im and ATRA resulted in a significant increase in

adherent NB4 cells as compared to that obtained with ATRA

alone (Figure 2a). Analysis of CD11b expression on days 2

and 4 also demonstrated that CDDO-Im enhances ATRA-

induced differentiation, while CDDO-Im alone had little if any

effect (Figure 2b). Moreover, as another measure of

differentiation, the percentage of NBT-positive NB4 cells

was significantly increased after treatment with CDDO-Im and

ATRA as compared with ATRA alone (Figure 2c). Treatment

of NB4 cells with CDDO-Im for 6 h and then incubation with

ATRA alone was ineffective in increasing ATRA-induced

differentiation, indicating that prolonged exposure to CDDO-

Im is needed for this response. The results further demon-

strate that CDDO-Im has little effect on the intensity of ATRA-

induced expression of CD11b by primary APL cells

(Figure 2d). However, the proportion of ATRA-treated primary

APL cells expressing CD11b was substantially increased by

CDDO-Im (Figure 2d). These results collectively indicate that

CDDO-Im enhances the differentiating effects of ATRA.

Notably, morphological examination of the treated NB4 and

primary APL cells showed no segmentation of nuclei,

indicating that they did not fully differentiate into mature

granulocyte-like cells. Thus, the combination of CDDO-Im and

ATRA increases the percentage of differentiated APL cells as

assessed by adherence, NBT positivity, and CD11b expres-

sion, but is not sufficient to drive differentiation to a

morphologically mature phenotype. We also compared the

effects of ATRA and CDDO-Im on the formation of PML

nuclear bodies. In concert with an abnormal pattern for anti-

PML reactivity, NB4 cells exhibited micropunctate staining

(Figure 2e). ATRA treatment was associated with restoration

of the PML nuclear bodies (Figure 2e). By contrast, CDDO-Im

alone had little effect on PML body formation (Figure 2e).

Moreover, the restoration of PML bodies was somewhat more

prominent in the NB4 cells treated with ATRA and CDDO-Im

as compared to that with ATRA alone (Figure 2e). The

reappearance of PML nuclear bodies occurs concomitantly

with the onset of differentiation.21 Thus, the finding that

CDDO-Im downregulates PML/RARa, but is not sufficient per

se to induce differentiation, may be explained in part by the

inability of CDDO-Im to restore PML nuclear bodies.

Figure 1 CDDO-Im downregulates PML/RARa fusion expression. (a) NB4
cells were treated with the indicated concentrations of CDDO, CDDO-Im, and
CDDO-Me for 24 h. Viability was determined by the MTT assay. The results are
expressed as the relative absorbance at 570 nm compared to that obtained for
untreated cells. Similar results were obtained in three independent experiments.
(b) NB4 cells were incubated with 0.1 mM CDDO-Im for the indicated times. Total
cell lysates were subjected to immunoblotting with anti-RARa or anti-b-actin. The
data shown are representative of three independent experiments. (c) NB4 cells
were incubated with 0.4 mM CDDO or 0.05 mM CDDO-Me for the indicated times.
Total cell lysates were subjected to immunoblotting with anti-RARa and anti-b-
actin. The results are representative of three separate experiments. (d) Primary
leukemic blasts obtained from patients with APL were incubated with 0.1 mM
CDDO-Im for 30 h. Total cell lysates were subjected to immunoblotting with anti-
RARa or anti-b-actin. Similar results were obtained with APL blasts from two
additional patients. (e) NB4 cells were pretreated with 100 nM MG132, 100 nM
epoxomicine or 50 mM z-VAD-fmk for 30min. The cells were then exposed to
0.1mM CDDO-Im for 24 h. Total cell lysates were subjected to immunoblotting
with anti-RARa and anti-b-actin. Similar results were obtained in three
independent experiments

Regulation of PML/RARa by CDDO-Im

T Ikeda et al

524

Cell Death and Differentiation



CDDO-Im decreases intracellular GSH and

increases reactive oxygen species (ROS) levels

CDDO induces apoptosis of certain tumor cells by disruption

of intracellular redox balance.17 To determine if CDDO-Im

also disrupts redox balance in NB4 cells, GSH levels were

assessed by incubation with mBCI and flow cytometry.

Treatment with CDDO-Im for 3 and 6 h was associated with

decreases in GSH levels (Figure 3a). Similar results were

obtained with ATRA-resistant NB4 R2 cells (Figure 3a).

Consistent with these results and as assessed by oxidation of

H2DCFDA, CDDO-Im treatment of NB4 and R2 cells was

associated with increases in ROS levels (Figure 3b). To

extend these findings, cells were preincubated with the

antioxidant N-acetyl-L-cysteine (NAC) before CDDO-Im treat-

ment. NAC blocked CDDO-Im-induced increases in ROS

levels (Figure 3c). Preincubation with selenium, which

stimulates GSH peroxidase activity, also attenuated CDDO-

Im-induced ROS generation (Figure 3d). These results

indicate that CDDO-Im disrupts redox balance in APL cells.

CDDO-Im enhances differentiation by

downregulation of PML/RARa

To determine if disruption of redox balance contributes to

differentiation, NB4 cells were preincubated with NAC and

then monitored for CDDO-Im/ATRA-induced adherence. The

results demonstrate that adherence of NB4 cells treated with

CDDO-Im and ATRA was decreased by NAC (Figure 4a).

Similar results were obtained when cells were preincubated

with dithiothreitol (DTT) (Figure 4a). By contrast, pretreatment

of the cells with selenium had no significant effect on the

percentage of adherent cells (Figure 4a). In NBT reduction

assays, NAC, but not selenium, also reduced the effects of

CDDO-Im on induction of NBT-positive cells (Figure 4b).

Based on these results, we asked if CDDO-Im-induced redox

imbalance contributes to downregulation of PML/RARa. The

results show that NAC pretreatment abrogates the effects of

CDDO-Im on PML/RARa (Figure 4c). Pretreatment with DTT

also attenuated CDDO-Im-induced downregulation of PML/

RARa expression, whereas catalase and selenium had no

apparent effect (Figure 4c). These findings indicate that

CDDO-Im-induced downregulation of PML/RARa is asso-

ciated with the potentiation of APL differentiation by ATRA.

CDDO-Im activates caspase-8 signaling by a

redox-dependent mechanism

CDDO-induced apoptosis is associated with caspase-8

activation.12–15,17 In concert with these findings, CDDO-Im

Figure 2 CDDO-Im enhances ATRA-induced differentiation. NB4 cells were
incubated with 0.1 mM CDDO-Im and/or 10 nM ATRA for the indicated times. (a)
The results represent the percentage (mean7S.D. of three independent
experiments) of viable adherent cells. *Po0.01 compared with ATRA alone. (b)
Cells were double-stained with PI for exclusion of dead cells and an FITC-
conjugated anti-CD11b antibody, and then analyzed by flow cytometry. The data
shown are representative of three independent experiments. (c) Cells treated
with CDDO-Im and/or ATRA for 4 days were subjected to analysis of NBT
reduction. The results are presented as the percentage (mean7S.D. of three
independent experiments) of NBT-positive cells. *Po0.01 compared with ATRA
alone. (d) Primary APL cells were incubated with 0.1 mM CDDO-Im and/or 10 nM
ATRA for 7 days, double-stained with PI and an FITC-conjugated anti-CD11b
antibody and analyzed by flow cytometry. The data shown are representative of
cells from three different patients. (e) NB4 cells were cultured in the presence of
0.1 mM CDDO-Im and/or 10 nM ATRA for 48 h. Cells were stained with an anti-
PML antibody and then a rhodamine-conjugated second antibody. Nuclei were
stained with Hoechst 33342 dye
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treatment of NB4 cells was associated with cleavage of

pro-caspase-8 (Figure 5a). Activation of caspase-8 was

detectable at 3 h of CDDO-Im treatment in both ATRA-

sensitive and -resistant (R2) NB4 cells (Figure 5a). The

kinetics of caspase-8 activation were similar to that found for

CDDO-Im-induced cleavage of Bid and pro-caspase-3

(Figure 5a). Significantly, pretreatment of the NB4 cells

with NAC blocked CDDO-Im-induced cleavage of caspase-8

and caspase-3 (Figure 5b). Similar results were obtained

when NB4 cells were pretreated with DTT, catalase, and

selenium (Figure 5b). These antioxidants also attenuated

caspase-8 and caspase-3 activation in ATRA-resistant R2

cells (Figure 5b). Moreover, attenuation of CDDO-Im-induced

caspase-8 activity by the antioxidants was confirmed

when caspase-8 activity was quantitated by fluore-

scence (Figure 5c). These findings collectively indicate that

CDDO-Im activates caspase-8 and that antioxidants can

attenuate this response.

CDDO-Im induces APL cell apoptosis

To determine if CDDO-Im affects the mitochondrial trans-

membrane potential (DCm), NB4 cells weremonitored for 3,3-

dihexyloxacarbocyanine iodide (DiOC6[3]) fluorescence by

flow cytometry. Treatment with CDDO-Imwas associatedwith

a substantial decrease in DCm (Figure 6a, left panel). Similar

results were obtained with the ATRA-resistant R2 cells

(Figure 6a, right panel). Importantly, pretreatment of NB4

and R2 cells with the caspase-8 inhibitor z-IETD-fmk

abrogated CDDO-Im-induced decreases in DCm (Figure 6a).

Consistent with these results, CDDO-Im treatment was

associated with the induction of apoptosis as determined by

assessment of cells with sub-G1 DNA (Figure 6b, left panel).

Otherwise, CDDO-Im treatment had little effect on the

distribution of cells in other phases of the cell cycle. The

Figure 3 CDDO-Im depletes intracellular GSH and increases ROS levels. (a)
NB4 and R2 cells were incubated with 0.3 mM CDDO-Im for 3 or 6 h and stained
with mBCI. GSH levels were monitored by flow cytometry. The data shown are
representative of three independent experiments. (b) Cells were treated with
0.3mM CDDO-Im for 1 and 3 h. The fluorescence of oxidized cH2DCF was
determined by flow cytometry. Similar results were obtained from three
independent experiments. (c) Cells were preincubated with NAC and then
exposed to 0.3 mM CDDO-Im for 3 h. The data shown are representative of three
independent experiments. (d) Cells were left untreated (control) or preincubated
with 100 nM selenium (Sel) for 10 days and then exposed to CDDO-Im for 3 h.
The data shown are representative of three independent experiments. The
effects of CDDO-Im alone are shown in (c)

Figure 4 Effects of antioxidants on CDDO-Im/ATRA-induced differentiation. (a)
NB4 cells were preincubated with NAC, DTT or selenium and then treated with
0.1mM CDDO-Im and/or 10 nM ATRA for the indicated times. The results are
presented as the percentage (mean7S.D. of three independent experiments) of
viable adherent cells. *Po0.01 compared with cells pretreated with NAC or DTT
and treated with ATRA alone. (b) Cells were pretreated with NAC or selenium,
exposed to 0.1 mM CDDO-Im and/or 10 nM ATRA for 4 days, and then subjected
to analysis of NBT reduction. The results are presented as the percentage
(mean7S.D. of three independent experiments) of NBT-positive cells. *Po0.02
and #

Po0.01 compared with CDDO-Im/NACþ ATRA. (c) NB4 cells were
preincubated with NAC, DTT, catalase (Cat), or selenium, and then exposed to
0.3mM CDDO-Im for 24 h. Total cell lysates were subjected to immunoblotting
with anti-RARa and anti-b-actin. The results are representative of three
independent experiments
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percentage of apoptotic NB4 cells was dependent on the

CDDO-Im concentration (Figure 6b, right panel). Similar

results were obtained when ATRA-resistant R2 cells were

treated with CDDO-Im (data not shown). CDDO-Im-induced

apoptosis was attenuated by NAC and the other antioxidants,

indicating that this response is mediated at least in part by

disruption of redox balance (Figure 6c). Moreover, inhibition of

CDDO-Im-induced apoptosis to a greater extent by z-IETD-

fmk than z-LEHD-fmk indicated that the apoptotic response is

largely mediated by caspase-8 (Figure 6d). Recent studies

have demonstrated that CDDO-Im downregulates XIAP

levels22 and CDDO-Me decreases Bcl-2 expression.18 Treat-

ment of NB4 cells was also associated with downregulation of

XIAP and Bcl-2 (Figure 6e). By contrast, CDDO-Im had little if

any effect on Bax levels (Figure 6e). These findings

demonstrate that CDDO-Im induces apoptosis of APL cells

by a redox- and caspase-8-dependent mechanism that also

involves downregulation of XIAP and Bcl-2.

CDDO-Im sensitizes APL cells to ATO-induced

apoptosis

Previous work has demonstrated that ATO exhibits synergis-

tic antitumor effects when combined with agents that

decrease GSH levels.10,23 Consequently, we asked if

CDDO-Im potentiates the effects of ATO on APL cells. The

results demonstrate that CDDO-Im increases apoptosis of

ATO-treated NB4 cells (Figure 7a). Moreover, treatment of

ATRA-resistant R2 cells with CDDO-Im and ATO was

associated with a more than additive induction of apoptosis

(Figure 7b). Apoptosis of primary APL cells was induced by

treatment with CDDO-Im alone at concentrations ranging

from 0.1 to 0.5mM (Figure 7c). Importantly, as found for NB4

and R2 cells, apoptosis of primary APL cells was increased by

treatment with CDDO-Im and ATO (Figure 7d). These findings

indicate that CDDO-Im induces APL cell apoptosis when used

alone or in combination with ATO.

Discussion

CDDO-Im downregulates expression of PML/RARa

The present results demonstrate that CDDO-Im downregu-

lates expression of PML/RARa in APL cell lines and primary

APL cells. The results also show that CDDO-Im treatment of

APL cells is associated with decreases in intracellular GSH

and increases in ROS levels. Notably, CDDO-Im-induced

downregulation of PML/RARa was attenuated by the anti-

oxidants NAC and DTT. Conversely, other antioxidants, such

as catalase and selenium, had little if any effect on the

Figure 5 CDDO-Im activates the extrinsic apoptotic pathway. (a) NB4 and R2
cells were treated with 0.3 mM CDDO-Im for the indicated times. Total cell lysates
were subjected to immunoblotting with the indicated antibodies. Similar results
were obtained from three independent experiments. (b) Cells were preincubated
with NAC, DTT, catalase, or selenium, and then treated with 0.3 mMCDDO-Im for
12 h. Total cell lysates were subjected to immunoblotting with the indicated
antibodies. The results are representative of three independent experiments.(c)
NB4 cells were preincubated with NAC, DTT, catalase, or selenium, and then
treated with 0.3 mM CDDO-Im for 24 h. The cells were analyzed for caspase-8
activity. The results are presented as the relative caspase-8 activity (mean7S.D.
of three independent experiments) as compared to that in untreated control cells.
*Po0.01 compared with control and NAC-, DTT- catalase- or selenium-
pretreated cells
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downregulation of PML/RARa by CDDO-Im. Like GSH, NAC

and DTT contain free thiol groups. Catalase and selenium,

however, regulate ROS levels enzymatically through degra-

dation of H2O2 and stimulation of GSH peroxidase, respec-

tively. These results suggest that CDDO-Im-induced

downregulation of PML/RARa may be mediated by a thiol-

dependent mechanism and not through regulation of ROS

levels. In this regard, CDDO has been shown to form

noncovalent interactions with thiol groups.24 Notably, ATO

forms complexes with GSH25 and ATO-induced degradation

of PML/RARa is inhibited by preincubation with DTT or lipoic

acid.10,26Moreover, the available evidence indicates that ATO

degrades PML/RARa by thiol-dependent mechanisms, per-

haps through interactions with the cysteine-rich region in

PML.26,27 However, further studies are needed to determine

whether CDDO-Im downregulates PML/RARa by thiol-de-

pendent and/or other mechanisms. In this regard, the finding

that CDDO-Im-induced downregulation of PML/RARa is

blocked by z-VAD-fmk indicates that caspases play an

important role in this response.

CDDO-Im enhances ATRA-induced differentiation

of APL cells

The PML/RARa fusion protein confers a block in APL cell

differentiation.20 In the present studies, CDDO-Im-induced

downregulation of PML/RARa had little effect on differentia-

tion of APL cells. However, the results show that CDDO-Im

enhances ATRA-induced adherence, CD11b expression, and

NBT positivity of NB4 cells. CDDO-Im also enhanced ATRA-

induced differentiation of primary APL cells. ATRA normally

circulates at nM concentrations.28 The usual clinical dose of

ATRA transiently achieves a peak plasma level of 410 mM

and is cleared with a half-life of 40min.29,30More rapid plasma

clearance as a result of increased drug catabolism is

associated with clinical relapse.28,30 In the present studies,

CDDO-Im enhanced ATRA-induced differentiation of APL

cells when ATRA was used at 10 nM, but not mM, concentra-

tions. These findings suggest that, if CDDO-Im were

combined with ATRA for the treatment of APL, the effects of

CDDO-Im might be helpful in the setting of accelerated ATRA

Figure 6 CDDO-Im induces apoptosis by a redox-mediated mechanism. (a) NB4 and R2 cells were preincubated with z-IETD-fmk, treated with 0.3 mM CDDO-Im for
15 h, and then labeled with DiOC6[3]. The flow cytometry profiles shown are representative of three independent experiments. (b) NB4 cells were left untreated or treated
with 0.3 mM CDDO-Im for 24 h. DNA content was analyzed by flow cytometry (left panels). The results obtained with different CDDO-Im concentrations are presented as
the percentage (mean7S.D. of three independent experiments) apoptosis (right panel). (c) NB4 (open bars) or R2 (shaded bars) cells were preincubated with NAC,
DTT, catalase, or selenium and then treated with 0.3 mM CDDO-Im for 24 h. DNA content was analyzed by flow cytometry. The results are presented as the percentage
(mean7S.D. of three independent experiments) apoptosis. *Po0.01 compared with NAC-, DTT-, catalase-, and selenium-pretreated cells. (d) Cells were preincubated
with z-IETD-fmk (shaded bars) or z-LEHD-fmk (open bars) at the indicated concentrations and then treated with 0.3 mM CDDO-Im for 24 h. The results are presented as
the percentage (mean7S.D. of three independent experiments) apoptosis. *Po0.01 compared with no z-IETD-fmk. (e) NB4 cells were treated with 0.3 mM CDDO-Im
for the indicated times. Total cell lysates were subjected to immunoblotting with the indicated antibodies. The results are representative of three independent experiments

Regulation of PML/RARa by CDDO-Im

T Ikeda et al

528

Cell Death and Differentiation



clearance. As found for downregulation of PML/RARa, NAC

and DTT blocked the effects of CDDO-Im on ATRA-induced

differentiation. Moreover, catalase and selenium, which had

no effect on the downregulation of PML/RARa by CDDO-Im,

also failed to block the enhancement of ATRA-induced

differentiation. These results provide support for amechanism

in which CDDO-Im-induced downregulation of PML/RARa

contributes to APL cell differentiation in response to ATRA.

The results also indicate that the effects of CDDO-Im on

disruption of redox balance are probably not responsible for

the enhancement of ATRA-induced differentiation. In this

regard, selenium attenuated CDDO-Im-induced increases in

ROS levels, and stimulated APL cell differentiation by the

combination of CDDO-Im and ATRA.

CDDO-Im induces APL cell apoptosis by

disruption of redox balance

Previous work has shown that CDDO disrupts redox balance

in part by decreasing GSH levels.17 Similar results were

obtained with APL cells. Depletion of GSH disrupts scaven-

ging of ROS and results in increased oxidant levels.31,32 One

outcome of redox imbalance is loss of the mitochondrial

transmembrane potential and induction of apoptosis or

necrosis. Notably, CDDO treatment is also associated with

activation of caspase-8 and thereby the extrinsic apoptotic

pathway.12–15,17 The demonstration that antioxidants attenu-

ate CDDO-induced caspase-8 activation has supported a

redox-mediated mechanism, perhaps through the down-

regulation of the caspase-8 inhibitor, c-FLIP.14 In the present

studies, NAC and DTT blocked CDDO-Im-induced activation

of caspase-8 and apoptosis. Similar results were obtained

with catalase and selenium, indicating that attenuation of

CDDO-Im-induced apoptosis is not restricted to antioxidants

with free thiol groups. Thus, in contrast to the effects of

CDDO-Im on APL differentiation, the induction of APL cell

apoptosis by this agent is mediated by disruption of redox

balance and thereby activation of the extrinsic pathway.

CDDO-Im is effective in combination with ATO in

inducing APL cell apoptosis

ATO is used as salvage therapy for the treatment of APL

resistant to ATRA and chemotherapy.8,9 The activity of ATO is

increased in combination with agents, such as BSO and

ascorbic acid, that deplete GSH levels.10,23 Moreover, like

CDDO, ATO-induced apoptosis is associated with activation

of caspase-8 and the extrinsic pathway.33,34 When taken

together with the present results, these findings suggested

that the combination of CDDO-Im and ATO might be more

effective than either agent alone. Indeed, the results show that

the proapoptotic effects and ATO are increased by CDDO-Im

in both NB4 and the ATRA-resistant R2 cells. CDDO-Im also

increased ATO-induced apoptosis of primary APL cells. Thus,

CDDO-Im might be useful in combination with ATO for the

treatment of APL patients no longer responsive to ATRA or

chemotherapy. Moreover, activation of the extrinsic apoptotic

pathway by CDDO-Im may be useful in circumventing

resistance to chemotherapy that is often associated with

downregulation of the intrinsic mitochondrial pathway.

Materials and Methods

Cells and reagents

NB4 and ATRA-resistant NB4 derivative R235 (kindly provided from Dr. D

Tenen) APL cells were maintained in RPMI 1640 medium supplemented

with 10% fetal bovine serum, 2 mM L-glutamine and antibiotics at 371C.

Bone marrow samples were obtained from APL patients with informed

consent under IRB approval. Cells were suspended at a density of

3� 105/ml and treated with CDDO-Im alone and in the presence of ATRA

or ATO. In certain experiments, 7.5 mM NAC, 0.3 mM DTT, 1000 U/ml

catalase (all from Sigma, St Louis, MO, USA), MG132 (Peptides

International, Louisville, KY, USA), epoxomicin (Peptides International),

z-VAD-fmk (pancaspase inhibitor), z-IETD-fmk (caspase-8 inhibitor) or

z-LEHD-fmk (caspase-9 inhibitor; all from R&D Systems, Inc., Minnea-

polis, MN) were added to culture media 3 h prior of treatment with CDDO-

Im. Cells were also cultured in the presence of 100 nM sodium selenite

(Sigma) for 10 days before CDDO-Im exposure. CDDO-Im was

synthesized as described.36

Figure 7 Synergistic effects of CDDO-Im and ATO on the induction of APL cell
apoptosis. (a, b) NB4 (a) and R2 (b) cells were treated with the indicated
concentrations of ATO for 20 h in the absence (open bars) or presence (shaded
bars) of 0.1 mM CDDO-Im. DNA content was analyzed by flow cytometry. The
results are presented as the percentage (mean7S.D. of three independent
experiments) apoptosis. *Po0.01 and #

Po0.02 compared with each control. (c)
Primary APL cells obtained from four different patients were incubated with
CDDO-Im at the indicated concentrations for 24 h. Apoptotic cells were
determined by staining with Annexin-V. (d) Primary APL cells were treated with
0.1mM CDDO-Im and/or 3mM ATO for 24 h. DNA content was analyzed by flow
cytometry. The results are presented as the percentage (mean7S.D. of three
independent experiments) apoptosis. *Po0.01 compared with ATO and CDDO-
Im alone
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Immunoblot analysis

Total cell lysates were prepared as described.37 Equal amounts of proteins

were separated by SDS-PAGE, transferred to nitrocellulose membranes

and probed with anti-RARa (Santa Cruz Biotechnologies, Inc., Santa

Cruz, CA, USA), anti-caspase-8 (BD Biosciences Pharmingen, San Diego,

CA, USA), anti-Bid (kind gift from Dr. S Korsmeyer), anti-caspase-3 (Santa

Cruz), anti-Bcl-2 (MBL, Nagoya, Japan), anti-XIAP (BD Biosciences

Pharmingen), anti-Bax (MBL) or anti-b-actin (Santa Cruz) antibodies. After

incubation with horseradish peroxide-conjugated second antibodies, the

immune complexes were visualized by an enhanced chemiluminescence

detection system (Amersham, Buckinghamshire, UK).

Detection of PML nuclear bodies

Cells were fixed with methanol and then stained with an anti-PML antibody

(Santa Cruz Biotechnologies). Anti-PML reactivity was detected with a

rhodamine-conjugated secondary antibody. Nuclei were stained with

Hoechst 33342 dye (Molecular Probes). Staining was detected under a

fluorescence microscope.

Assessment of differentiation

Cell surface antigens were detected by direct immunofluoresence assays.

In brief, cells were incubated for 30min at 41C with FITC-conjugated

control or anti-CD11b antibodies (Coulter Beckman, Hialeah, FL, USA).

Cells were also stained with propidium iodide to exclude dead cells and

analyzed by flow cytometry. The percentage of adherent cells was

determined from the number of adherent and nonadherent cells counted

after trypan blue staining in a hematocytometer. Nitroblue tetrazolium

(NBT; Sigma) reduction assays were performed as described.38

Determination of GSH levels

Cells were stained with 200 mM monochlorobimane (mBCI; Molecular

Probes, Eugene, OR, USA) for 30min at 371C at the end of culture and

analyzed by flow cytometry as described.39

Measurement of ROS

Cells were incubated with 10 mM 5- (and 6-)-carboxy-20,70-dihydrodihy-

drofluorescein diacetate (c-H2DCFDA; Molecular Probes) for 30min at

371C to assess ROS-mediated oxidation to the fluorescent compound c-

H2DCF.
40 After washing twice, the cells were resuspended in PBS and

analyzed by flow cytometry (Becton Dickinson).

Measurement of caspase-8 activity

The activity of caspase-8 was measured with the ApoAlert kit (BD

Biosciences, Palo Alto, CA, USA) according to the manufacturer’s

instructions.

Analysis of mitochondrial transmembrane

potential

Cells were incubated with 0.5 nM DiOC6[3] (Molecular Probes) for 30min

at the end of the culture and analyzed by flow cytometry as described.41

Detection of apoptotic cells

Sub-G1 DNA content was assessed by staining ethanol-fixed and citrate

buffer-permeabilized cells with propidium iodide and monitoring by

FACScan flow cytometry (Becton Dickinson and Co., Lincoln Park, NJ,

USA). In studies of samples from APL patients, leukemic blasts were

isolated from bone marrows by gradient centrifugation and treated with

CDDO-Im for 24 h. The cells were stained with FITC-conjugated Annexin-

V and analyzed by flow cytometry.

Acknowledgements

This work was supported by Grants CA42802 and CA78814 from the

National Cancer Institute. We acknowledge Kamal Chauhan for excellent

technical support, and Drs. Fumihiko Kimura and Ken Sato for providing

clinical samples.

References

1. Kakizuka A, Miller Jr. WH, Umesono K, Warrell Jr. RP, Frankel SR, Murty VV,
Dmitrovsky E and Evans RM (1991) Chromosomal translocation t(15:17) in
human acute promyelocytic leukemia fuses RARa with a novel putative
transcription factor, PML. Cell 66: 663–674

2. de The H, Lavau C, Marchio A, Chomienne C, Degos L and Dejean A (1991)
The PML-RAR alpha fusion mRNA generated by the t(15;17) translocation in
acute promyelocytic leukemia encodes a functionally altered RAR. Cell 66:
675–684

3. Tallmann M, Anderson J and Schiffer C (1997) All-transretinoic acid in acute
promyelocytic leukemia. N. Engl. J. Med. 337: 1021–1028

4. Burnett AK, Grimwade D, Solomon E, Wheatley K and Goldstone AH (1999)
Presenting white blood cell count and kinetics of molecular remission predict
prognosis in acute promyelocytic leukemia treated with all-trans retinoic acid:
result of the Randomized MRC Trial. Blood 93: 4131–4143

5. Fenaux P, Chastang C, Chevret S, Sanz M, Dombret H, Archimbaud E, Fey M,
Rayon C, Huguet F, Sotto JJ, Gardin C, Makhoul PC, Travade P, Solary E,
Fegueux N, Bordessoule D, Miguel JS, Link H, Desablens B, Stamatoullas A,
Deconinck E, Maloisel F, Castaigne S, Preudhomme C and Degos L (1999) A
randomized comparison of all transretinoic acid (ATRA) followed by
chemotherapy and ATRA plus chemotherapy and the role of maintenance
therapy in newly diagnosed acute promyelocytic leukemia. The European APL
Group. Blood 94: 1192–1200

6. Sanz MA, Martin G, Rayon C, Esteve J, Gonzalez M, Diaz-Mediavilla J, Bolufer
P, Barragan E, Terol MJ, Gonzalez JD, Colomer D, Chillon C, Rivas C, Gomez
T, Ribera JM, Bornstein R, Roman J, Calasanz MJ, Arias J, Alvarez C, Ramos
F and Deben G (1999) A modified AIDA protocol with anthracycline-based
consolidation results in high antileukemic efficacy and reduced toxicity in newly
diagnosed PML/RARalpha-positive acute promyelocytic leukemia. PETHEMA
group. Blood 94: 3015–3021

7. Dombret H, Fenaux P, Soignet SL and Tallman MS (2002) Established practice
in the treatment of patients with acute promyleocytic leukemia and the
introduction of arsenic trioxide as a novel therapy. Semin. Hematol. 39: 8–13

8. Soignet SL, Maslak P, Wang ZG, Jhanwar S, Calleja E, Dardashti LJ, Corso D,
DeBlasio A, Gabrilove J, Scheinberg DA, Pandolfi PP andWarrell Jr. RP (1998)
Complete remission after treatment of acute promyelocytic leukemia with
arsenic trioxide. N. Engl. J. Med. 339: 1341–1348

9. Shen ZX, Chen GQ, Ni JH, Li XS, Xiong SM, Qiu QY, Zhu J, Tang W, Sun GL,
Yang KQ, Chen Y, Zhou L, Fang ZW, Wang YT, Ma J, Zhang P, Zhang TD,
Chen SJ, Chen Z and Wang ZY (1997) Use of arsenic trioxide (As2O3) in the
treatment of acute promyelocytic leukemia (APL): II. Clinical efficacy and
pharmacokinetics in relapsed patients. Blood 89: 3354–3360

10. Dai J, Weinberg RS, Waxman S and Jing Y (1999) Malignant cells can be
sensitized to undergo growth inhibition and apoptosis by arsenic trioxide
through modulation of the glutathione redox system. Blood 93: 268–277

11. Suh N, Wang Y, Honda T, Gribble GW, Dmitrovsky E, Hickey WF, Maue RA,
Place AE, Porter DM, Spinella MJ, Williams CR, Wu G, Dannenberg AJ,
Flanders KC, Letterio JJ, Mangelsdorf DJ, Nathan CF, Nguyen L, Porter WW,
Ren RF, Roche NS, Subbaramaiah K and Sporn MB (1999) A novel synthetic
oleanane triterpenoid, 2-cyno-3, 12-dioxoolean-1, 9-dien-28-oic acid, with

Regulation of PML/RARa by CDDO-Im

T Ikeda et al

530

Cell Death and Differentiation



potent differentiating, antiproliferative and anti-inflammatory activity. Cancer
Res. 59: 336–341

12. Ito Y, Pandey P, Place A, Sporn M, Gribble G, Honda T, Kharbanda S and Kufe
D (2000) The novel triterpenoid CDDO induces apoptosis of human myeloid
leukemia cells by a caspase-8 dependent mechanism. Cell Growth Differ. 11:
261–267

13. Ito Y, Pandey P, Sporn M, Datta R, Kharbanda S and Kufe D (2001) The novel
triterpenoid CDDO induces apoptosis and differentiation of human
osteosarcoma cells by a caspase-8 dependent mechanism. Mol. Pharmacol.
59: 1094–1099

14. Pedersen I, Kitada S, Schimmer A, Kim Y, Zapata J, Charnoneau L, Rassenti L,
Andreeff M, Bennett F, Sporn M, Liotta L, Kipps T and Reed J (2002) The
triterpenoid CDDO induces apoptosis in refractory CLLB cells. Blood 100:
2965–2972

15. Stadheim TA, Suh N, Ganju N, Sporn MB and Eastman A (2002) The novel
triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO) potently
enhances apoptosis induced by tumor necrosis factor in human leukemia cells.
J. Biol. Chem. 277: 16448–16455

16. Zou W, Liu X, Yue P, Zhou Z, Sporn MB, Lotan R, Khuri FR and Sun SY (2004)
c-Jun NH2-terminal kinase-mediated up-regulation of death receptor 5
contributes to induction of apoptosis by the novel synthetic triterpenoid
methyl-2-cyano-3,12-dioxooleana-1, 9-dien-28-oate in human lung cancer
cells. Cancer Res. 64: 7570–7578

17. Ikeda T, Sporn M, Honda T, Gribble G and Kufe D (2003) The novel triterpenoid
CDDO induces apoptosis by disruption of intracellular redox balance. Cancer
Res. 63: 5551–5558

18. Konopleva M, Tsao T, Ruvolo P, Stiouf I, Estrov Z, Leysath CE, Zhao S, Harris
D, Chang S, Jackson CE, Munsell M, Suh N, Gribble G, Honda T, May WS,
Sporn MB and Andreeff M (2002) Novel triterpenoid CDDO-Me is a potent
inducer of apoptosis and differentiation in acute myelogenous leukemia. Blood
99: 326–335

19. Place AE, Suh N, Williams CR, Risingsong R, Honda T, Honda Y, Gribble GW,
Leesnitzer LM, Stimmel JB, Willson TM, Rosen E and Sporn MB (2003) The
novel synthetic triterpenoid, CDDO-imidazolide, inhibits inflammatory response
and tumor growth in vivo. Clin. Cancer Res. 9: 2798–2806

20. Grignani F, Ferrucci PF, Testa U, Talamo G, Fagioli M, Alcalay M, Mencarelli A,
Grignani F, Peschle C, Nicoletti I and Pelicci PG (1993) The acute
promyelocytic leukemia-specific PML-RAR alpha fusion protein inhibits
differentiation and promotes survival of myeloid precursor cells. Cell 74:
423–431

21. Daniel MT, Koken M, Romagne O, Barbey S, Bazarbachi A, Stadler M,
Guillemin MC, Degos L, Chomienne C and de The H (1993) PML protein
expression in hematopoietic and acute promyelocytic leukemia cells. Blood 82:
1858–1867

22. Pedersen IM, Zapata JM, Samuel T, Scott FL, Salvesen GS, Honda T, Gribble
GW, Suh N, Sporn MB, Kipps TJ and Reed JC (2004) Retraction: the
triterpenoid CDDO-imidazolide induces apoptosis and enhances fludarabine-
induced apoptosis of CLL B-cells. Blood 104: 932

23. Jing Y, Dai J, Chalmers-Redman RM, Tatton WG and Waxman S (1999)
Arsenic trioxide selectively induces acute promyelocytic leukemia cell apoptosis
via a hydrogen peroxide-dependent pathway. Blood 94: 2102–2111

24. Wang Y, Porter WW, Suh N, Honda T, Gribble GW, Leesnitzer LM, Plunket KD,
Mangelsdorf DJ, Blanchard SG, Willson TM and Sporn MB (2000) A synthetic

triterpenoid, 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO), is a
ligand for the peroxisome proliferator-activated receptor gamma. Mol.
Endocrinol. 14: 1550–1556

25. Snow ET (1992) Metal carcinogenesis: mechanistic implications. Pharmacol.
Ther. 53: 31–65

26. Chen Z, Chen GQ, Shen ZX, Chen SJ and Wang ZY (2001) Treatment of acute
promyelocytic leukemia with arsenic compounds: in vitro and in vivo studies.
Semin. Hematol. 38: 26–36

27. Miller S, Walker SW, Arthur JR, Lewin MH, Pickard K, Nicol F, Howie AF and
Beckett GJ (2002) Selenoprotein expression in endothelial cells from different
human vasculature and species. Biochim. Biophys. Acta 1588: 85–93

28. Warrell Jr. RP (1993) Retinoid resistance in acute promyelocytic leukemia: new
mechanisms, strategies, and implications. Blood 82: 1949–1953

29. Lefebvre P, Thomas G, Gourmel B, Agadir A, Castaigne S, Dreux C, Degos L
and Chomienne C (1991) Pharmacokinetics of oral all-trans retinoic acid in
patients with acute promyelocytic leukemia. Leukemia 5: 1054–1058

30. Muindi JR, Frankel SR, Huselton C, DeGrazia F, Garland WA, Young CW and
Warrell Jr. RP (1992) Clinical pharmacology of oral all-trans retinoic acid in
patients with acute promyelocytic leukemia. Cancer Res. 52: 2138–2142

31. Moran LK, Gutteridge JM and Quinlan GJ (2001) Thiols in cellular redox
signalling and control. Curr. Med. Chem. 8: 763–772

32. Nordberg J and Arner E (2001) Reactive oxygen species, antioxidants, and
mammalian thioredoxin system. Free Radic. Biol. Med. 31: 1287–1312

33. Kitamura K, Minami Y, Yamamoto K, Akao Y, Kiyoi H, Saito H and Naoe T
(2000) Involvement of CD95-independent caspase 8 activation in arsenic
trioxide-induced apoptosis. Leukemia 14: 1743–1750

34. Liu Q, Hilsenbeck S and Gazitt Y (2003) Arsenic trioxide-induced apoptosis in
myeloma cells: p53-dependent G1 or G2/M cell cycle arrest, activation of
caspase-8 or caspase-9, and synergy with APO2/TRAIL. Blood 101: 4078–
4087

35. Duprez E, Lillehaug JR, Naoe T and Lanotte M (1996) cAMP signalling is
decisive for recovery of nuclear bodies (PODs) during maturation of RA-
resistant t(15;17) promyelocytic leukemia NB4 cells expressing PML-RAR
alpha. Oncogene 12: 2451–2459

36. Honda T, Honda Y, Favaloro Jr. FG, Gribble GW, Suh N, Place AE, Rendi MH
and Sporn MB (2002) A novel dicyanotriterpenoid, 2-cyano-3,12-dioxooleana-
1,9(11)-dien-28-onitrile, active at picomolar concentrations for inhibition of nitric
oxide production. Bioorg. Med. Chem. Lett. 12: 1027–1030

37. Yoshida K, Weichselbaum R, Kharbanda S and Kufe D (2000) Role for Lyn
tyrosine kinase as a regulator of stress-activated protein kinase activity in
response to DNA damage. Mol. Cell. Biol. 20: 5370–5380

38. Chen A, Licht JD, Wu Y, Hellinger N, Scher W and Waxman S (1994) Retinoic
acid is required for and potentiates differentiation of acute promyelocytic
leukemia cells by nonretinoid agents. Blood 84: 2122–2129

39. Lizard G, Gueldry S, Sordet O, Monier S, Athias A, Miguet C, Bessede G,
Lemaire S, Solary E and Gambert P (1998) Glutathione is implied in the control
of 7-ketocholesterol-induced apoptosis, which is associated with radical oxygen
species production. FASEB J. 12: 1651–1663

40. Karp DR, Shimooku K and Lipsky PE (2001) Expression of gamma-glutamyl
transpeptidase protects ramos B cells from oxidation-induced cell death. J. Biol.
Chem. 276: 3798–3804

41. Shapiro HM (2000) Membrane potential estimation by flow cytometry. Methods
21: 271–279

Regulation of PML/RARa by CDDO-Im

T Ikeda et al

531

Cell Death and Differentiation


	Triterpenoid CDDO-Im downregulates PML/RARα expression in acute promyelocytic leukemia cells
	Introduction
	Results
	CDDO-Im downregulates expression of the PML/RARα fusion protein
	CDDO-Im enhances ATRA-induced differentiation
	CDDO-Im decreases intracellular GSH and increases reactive oxygen species (ROS) levels
	CDDO-Im enhances differentiation by downregulation of PML/RARα
	CDDO-Im activates caspase-8 signaling by a redox-dependent mechanism
	CDDO-Im induces APL cell apoptosis
	CDDO-Im sensitizes APL cells to ATO-induced apoptosis

	Discussion
	CDDO-Im downregulates expression of PML/RARα
	CDDO-Im enhances ATRA-induced differentiation of APL cells
	CDDO-Im induces APL cell apoptosis by disruption of redox balance
	CDDO-Im is effective in combination with ATO in inducing APL cell apoptosis

	Materials and Methods
	Cells and reagents
	Immunoblot analysis
	Detection of PML nuclear bodies
	Assessment of differentiation
	Determination of GSH levels
	Measurement of ROS
	Measurement of caspase-8 activity
	Analysis of mitochondrial transmembrane potential
	Detection of apoptotic cells

	Acknowledgements
	Note
	References


