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Abstract
In the NB4 model of acute promyelocytic leukemia (APL),
ATRA, 9-cis retinoic acid (9-cis RA), the pan-RAR and RARa-
selective agonists, TTNPB and AM580, induce growth
inhibition, granulocytic differentiation and apoptosis. By
contrast, two RXR agonists, a RARb agonist and an anti-AP1
retinoid have very limited activity, ATRA- and AM580-
dependent effects are completely inhibited by RAR antag-
onistic blockade, while 9-cis RA-induced cell-growth-inhibi-
tion and apoptosis are equally inhibited by RAR and RXR
antagonists. ATRA, 9-cis RA and AM580 cause upregulation of
the mRNAs coding for pro-caspase-1, -7, -8, and -9, which,
however, results in increased synthesis of only pro-caspase-1
and -7 proteins. These phenomena are associated with
activation of pro-caspase-6, -7 and -8, cytochrome c release
from the mitochondria, inversion of Bcl-2/Bax ratio and
degradation of PML-RARa. Caspase activation is fundamental
for retinoid-induced apoptosis, which is suppressed by the
caspase-inhibitor z-VAD. Cell Death and Differentiation (2000) 7,
447 ± 460.
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Introduction

All-trans retinoic acid is a powerful cyto-differentiating
agent.1 The compound is successfully used in the

treatment of acute promyelocytic leukemia (APL),2 a rare
form of acute myelogenous leukemia in the adult.3,4

Treatment of the vast majority of APL patients with a
single course of ATRA results in complete clinical
remission.2 This is the consequence of a retinoid-
dependent granulocytic maturation effect, which over-
comes the promyelocytic differentiation block observed in
the leukemic clone.2 At present the modalities by which
ATRA-differentiated leukemic cells are eliminated in vivo
are not known. It is generally assumed that ATRA causes
maturation of leukemic promyelocytes into cells resembling
terminally differentiated granulocytes, which have a limited
lifespan and are bound to undergo spontaneous apopto-
sis.1 Freshly isolated APL cells undergo granulocytic
maturation upon treatment with ATRA in vitro, however,
the process of apoptosis and the underlying mechanisms
have been the object of only a few studies.5 ± 8 In
particular, the relationship between growth arrest, cyto-
differentiation and apoptosis are not well known. In HL-60,
a PML-RARa negative pro-myeloblastic cell line undergoing
granulocytic maturation upon in vitro challenge with ATRA9

and receptor selective retinoids,10 retinoid-dependent
differentiation and apoptosis are two independent pro-
cesses.11 Differentiation is mainly regulated through retinoic
acid receptors of the RAR type, whereas apoptosis is
dependent on RXR activation.11 However, it is not known
whether the results obtained in the HL-60 cellular model
can be transferred to the APL situation, as the cell line
does not have the typical t(15 : 17) chromosomal transloca-
tion and does not express PML-RARa. Lack of PML-RARa
expression is particularly relevant given the influence that
this protein has on the processes of granulocytic
maturation and apoptosis.12

Caspases are a family of cysteine proteases cleaving
substrate proteins at the carboxyl terminus of an Asp
residue.13,14 The family consists of at least 13 members,
which are characterized by a varying degree of primary
structure similarity.15 These proteases are normally
present inside the cell under the form of an inactive
precursor, which can be activated upon selective
proteolytic cleavage.16 Cleavage can be the result of an
autocatalytic process or can be triggered by two or more
caspases acting sequentially in a cascade fashion.
Different caspase isoenzymes are involved in the
commitment and effector phase of the apoptotic process
triggered by various stimuli in different cellular contexts.17

For instance, activation of death receptors by FAS ligand
activates caspase-8,18 which, in turn, directly, or indirectly
through cytochrome c (cyt c) release from the mitochon-
dria,19,20 leads to the activation of caspase-3 and
caspase-3-like activities (which include caspase-6 and
-7). These last caspases are ultimately responsible for

The words apoptosis and programmed cell death (PCD) are used

interchangeably throughout the article
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the demise of cells. The influence of ATRA and other
retinoids on the level of expression and on the state of
activation of the various isoenzymes constituting the
caspase family is still largely obscure. In addition and
more specifically, it is not known whether caspases are
involved in the apoptogenic program triggered by ATRA
and other retinoids in APL cells, although these proteases
have been very recently implicated in the degradation of
the PML-RARa protein.21,22

In this study, the growth inhibitory, cyto-differentiating
and apoptogenic activities of ATRA, 9-cis RA and other
synthetic retinoids in the NB4 model of APL are compared.
In addition, the influence of the antagonistic blockade of
the RAR and RXR nuclear retinoic acid receptors on the
same retinoid-dependent phenomena is studied. Further-
more, we describe the profile of induction and activation of
various members of the caspase family, demonstrating
that activation of these proteases is involved in the
process of retinoid-induced apoptosis of APL cells.
Finally, we document that retinoid-dependent caspase
activation is associated with cyt c leakage from the
mitochondria and this effect is paralleled by an alteration

in the ratio of pro-apoptotic Bax to the anti-apoptotic Bcl-2
proteins.

Results

Growth inhibition, granulocytic maturation and
apoptosis following treatment of NB4 cells with
ATRA and synthetic retinoids

Challenge of NB4 cells with a cyto-differentiating concentra-
tion of ATRA (1076 M) results in growth arrest, which starts to
be evident following 4 days of treatment (Figure 1A). Growth
arrest is paralleled by granulocytic maturation, as illustrated
by the increase in PMA-stimulated NBT-reducing activity
(Figure 1B). Maximal cyto-differentiation is observed at 4
days, a time at which more than 80% of the cells have
morphological signs of granulocytic maturation (data not
shown). From the fourth day on, NB4 cells cultured in the
presence of ATRA show a progressive decrease in cell
viability (Figure 1C). This effect is predominantly the
consequence of programmed cell death (PCD), as indicated

Figure 1 Effect of ATRA on growth, granulocytic maturation, viability and DNA fragmentation in retinoic acid-sensitive NB4 and retinoic acid-resistant NB4.306
cells. NB4 (solid symbols) or NB4.306 cells (open symbols) were seeded at an initial concentration of 26105/ml and were treated for the indicated amount of time
with medium alone (circles) or medium containing ATRA (1076 M) (triangles). Aliquots of the cultures were withdrawn at each time-point and subjected to counting
following erythrosin staining for the determination of the total number of viable cells (A), the percentage of viable cells (B), the level of granulocytic maturation, as
assessed by measuring NBT-reducing activity (C), and the degree of apoptosis, as assessed by measuring DNA fragmentation with the diphenylamine assay (D).
Results are the mean+S.D. of three separate culture dishes
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by an increase in the number of cells showing signs of
morphological apoptosis following staining with DAPI (see
Figure 2C). Apoptotic morphology is characterized by
condensation and fragmentation of the nucleus, reduced cell
size as well as increased DNA fragmentation, which is
revealed by the quantitative diphenylamine (DFA) assay
(Figure 1D) and by agarose gel electrophoresis of nucleoso-
mal DNA (data not shown). A linear increase in the amount of
fragmented DNA is observed between the fourth and seventh
day, which correlates with the kinetics of cell loss from the
culture. Cell growth arrest, cyto-differentiation, apoptosis and
eventually cell demise are likely to be dependent on PML-
RARa activation as challenge of the ATRA-resistant and PML-
RARa-defective NB4 cell clone, NB4.30623 with the retinoid,
does not result in any of these events (Figure 1).

ATRA is known to activate all forms of RARs24 and it
is potentially converted into 9-cis RA, a strong RXR
agonist.25 In addition, NB4 cells express PML-RARa,
RARa, RXRa and RXRb in basal conditions as well as
RARb upon challenge with ATRA.26 For these reasons,
we first compared the effects of 9-cis RA [pan-RAR and
pan-RXR agonist],25 TTNPB [pan-RAR agonist],27 AM580
[selective RARa agonist],10 CD2019 [selective RARb
agonist],28 CD2915 and CD2809 [RXR agonists]29 as
well as CD2409 [anti-AP1 retinoid] to those of ATRA,
using two different concentrations (1076 and 1078 M) of
each retinoid. We did not take into consideration agonists
of RARg, since this type of receptor is not expressed in
undifferentiated or ATRA-differentiated NB4 cells.26 The
binding characteristics of all these retinoids are summar-
ized in Table 1. At both concentrations, ATRA, 9-cis RA,
TTNPB and AM580 strongly inhibit the growth of NB4
cells (Figure 2A). For AM580, ATRA and 9-cis RA, we
conducted more detailed concentration-course experi-
ments, determining almost identical growth inhibitory
EC50s of 1.861079, 2.961079 and 3.961079 M,
respectively. At 1078 M, CD2019, CD2915, CD2809 and
CD2409 have only minor effects on cell proliferation
(Figure 2A). By contrast, at 1076 M, only CD2019 and
CD2915 have a strong growth inhibitory action, though
this does not correlate with the binding affinity or trans-
activation potential of the two ligands for the correspond-

ing receptors. As to cyto-differentiation, AM580 and
TTNPB are far more active than ATRA or 9-cis RA in
inducing granulocytic maturation of NB4 cells, causing
maximal increase in PMA-stimulated NBT-reducing activity
at both 1078 and 1076 M (Figure 2B). At 1078 M,
TTNPB and AM580 induce a 3- and 1.5-fold higher
NBT-reducing activity than the maximally effective
concentrations (1076) of ATRA or 9-cis RA. In line with
these results, calculated EC50s values for AM580, ATRA

A

B

C

Figure 2 Effect of ATRA and other retinoids on growth, granulocytic
maturation, and apoptosis in NB4 cells. NB4 cells were seeded at an initial
concentration of 26105/ml and treated for 6 days with medium alone (open
bars) or medium containing the indicated concentration of ATRA, 9-cis RA,
TTNPB, AM580, CD2019, CD2915, CD2809 and CD2409. Aliquots of the
cultures were withdrawn and subjected to counting following erythrosin
staining for the determination of the total number of viable cells (A), the level of
NBT-reducing activity (B), and the degree of apoptosis, following staining with
DAPI (C). Results are the mean+S.D. of three separate culture dishes and are
representative of at least three independent experiments conducted with each
compound

Table 1. Binding constants of the retinoids used in the study

Kd (nM)

Compound RARa RARb RARg RXRa

AM580
CD2019
CD2809
CD2915
CD2409
CD3106
CD3159
ATRA
9-cisRA
TTNPB

0
1100
6130
9700
8200

9
725
19
45
22

74
34

1700
10000
3480

10
408

4
11
3

450
160

5200
3220
6770

4
1460

2
24
5

N.B.
N.B.
540
805
N.B.
N.B.
16

730
50

N.B.

The binding constants for the various retinoids on the different isotypes of RAR
or RXR were determined by direct or competition binding experiments using
human nuclear retinoic acid receptors. The values are representative of several
experiments performed on each compound. N.B.=no signi®cant binding
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and 9-cis RA were 1.361079, 2.961077 and
161077 M, respectively.

As shown in Figure 2C, compounds like CD2915,
CD2809, CD2409 and CD2019, which have no or
marginal cyto-differentiating activity are also largely
ineffective in inducing programmed cell death (PCD) in
NB4 cells. However, the process of retinoid-induced PCD
does not appear to be a simple consequence of the
processes of growth arrest and granulocytic maturation. In
fact, at both 1078 and 1076 M, ATRA and 9-cis RA are as
effective as or more effective than the strong cyto-
differentiating agents, TTNPB and AM580, in inducing
apoptosis. This does not correlate with the relative anti-
proliferative and cyto-differentiating potency of the four
retinoids. The phenomenon was investigated more
thoroughly in the case of ATRA, AM580 and 9-cis RA,
for which we calculated EC50s of 1.561079, 5.9610710

and 1.461078, respectively.

Effects of RAR and RXR agonists and antagonists
on retinoid-induced growth arrest, granulocytic
maturation and apoptosis

Activation of PML-RARa and/or RARa is crucial for the
pharmacological effects of ATRA, 9-cis RA and AM580 in
NB4 cells. At an optimal 100 : 1 molar ratio, CD3106
completely reverses the proliferation arrest (Figure 3A) and
blocks the increase in NBT-reducing activity (Figure 3B)
observed in the presence of ATRA (1077 M). Moreover, the
compound inhibits the apoptotic process triggered by the
natural retinoid (Figure 3C), eventually resulting in a lack of
viable cell loss (data not shown). The inhibitory effect of the
antagonist on the three parameters considered is concentra-
tion-dependent and is substantially lower (data not shown) at
a 10 : 1 molar ratio of CD3106/ATRA. Similarly, CD3106
inhibits the growth arrest, granulocytic maturation and
apoptosis induced by treatment with AM580 and 9-cis RA
(data not shown).

RXR activation can play a significant, albeit complex,
role in the process of retinoid-induced apoptosis, as
indicated by experiments performed with RXR antagonists
and combinations of RAR and RXR agonists. At a 100 : 1
molar ratio relative to the two natural retinoids, the RXR
antagonist CD315930 does not have any appreciable effect
on the growth arrest induced by ATRA, whereas it inhibits
by approximately 50% the anti-proliferative action of 9-cis
RA (Figure 3D). At both 10 : 1 and 100 : 1 molar ratio,
CD3159 lowers by approximately 20% the induction of
NBT-reducing activity caused by 9-cis RA, while exerting
only marginal effects on the ATRA-dependent elevation of
the same enzymatic activity (Figure 3E). The selective
inhibitory action of CD3159 (1075 M) on 9-cis RA is most
striking in the case of the apoptogenic process triggered by
the natural retinoid in NB4 cells (Figure 3F). In fact, 9-cis
RA-triggered PCD (as assessed by scoring the number of
fragmented nuclei by DAPI (Figure 3F, left panel) or by
measuring plasma membrane phosphatidylserine externa-
lization (right panel) is completely blunted by the RXR-
antagonist at the concentration of 1075 M. Interestingly, the
general lack of effect of CD3159 on ATRA activity indicates

that conversion of the retinoid to 9-cis RA in NB4 cells is
either not taking place or is of minor quantitative
importance.

As expected, AM580 (1078 M) alone has a large effect
on cell proliferation (Figure 4A), NBT-reducing activity
(Figure 4B) and the number of cells showing signs of
apoptosis (Figure 4C), whereas treatment of NB4 cells
with each RXR agonist (1076 M) alone does not
significantly affect the three parameters. Addition of
CD2915 or CD2809 to AM580 has no major influence on
the growth inhibitory or cyto-differentiating activity of the
PML-RARa/RARa agonist. However, CD2915 and CD2809
interact synergistically with AM580 and enhance its
apoptogenic effects on NB4 cells. Thus, maximally
effective cyto-differentiating and growth-inhibitory concen-
trations of AM580 induce only sub-optimal apoptogenic
effects, which can be enhanced by addition of RXR
agonists.

Influence of ATRA and other cyto-differentiating
retinoids on the expression of caspase proteins
and transcripts in NB4 cells

To determine which members of the caspase family13,14 are
expressed in NB4 cells grown under basal conditions and to
evaluate the effect of ATRA and other cyto-differentiating
retinoids on the level of these proteins, we performed
Western blot experiments with isoform-specific antibodies
(Figure 5A, left panels). Undifferentiated NB4 cells express
the precursor form of all the caspase isoenzymes which we
took into consideration (caspase-4 included, data not
shown). Upon treatment with cyto-differentiating concentra-
tions of ATRA (1076 M), induction of pro-caspase-1 and
pro-caspase-7 is evident, whereas all the other caspase
pro-forms do not appear to be modulated by the retinoid.
The increase in pro-caspase-7 precedes that of pro-
caspase-1, being already evident at 6 h and maximal at
48 h. Induction of pro-caspase-1 and pro-caspase-7 is
relatively selective, given the lack of ATRA-dependent
regulation of b-actin, which was used as a control for all
the Western blot experiments. ATRA-induced variations in
caspase levels are not observed in the retinoid-resistant
NB4.306 cellular clone (Figure 5A, right panels). In this cell
type, the pattern of basal caspase expression is the same
as that observed in the parental cell line, as demonstrated
for pro-caspase-1, -2, -3, -6 and 10. As shown in Figure 5B,
treatment of NB4 cells for 4 days with maximal cyto-
differentiating and apoptotic concentrations of ATRA
(1076 M), 9-cis RA (1076 M) and AM580 (1078 M) results
in a similar induction of pro-caspase-1 and -7, leaving
unaffected pro-caspase-3 and -8. Thus, in spite of
differences in the type(s) of nuclear retinoic acid receptors
activated, the processes of cyto-differentiation and/or
apoptosis triggered by the three retinoids eventually result
in a similar profile of caspase induction. In various
experiments, the ATRA-dependent induction of pro-cas-
pase-7 is accompanied by the progressive appearance of
increasing amounts of the 29 kDa proteolytic fragment,
which is readily evident at the 96 h points (Figure 5A, left
panel). This fragment has the same apparent molecular
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weight of the large subunit of activated caspase-7 and its
appearance can be blocked by treatment with the general
caspase inhibitor z-VAD (data not shown). By contrast,
ATRA treatment does not cause the appearance of
proteolytic degradation bands consistent with the conver-
sion of any other of the pro-caspase isoenzymes into the

corresponding catalytically active forms. This is particularly
surprising in the case of pro-caspase-3 and -9. Although we
cannot rule out a low level of sensitivity of the Western blot
assay, the lack of caspase-3 and -9 degradation bands is
not due to the intrinsic characteristics of the antibodies
used, as the same reagents allowed the identification of

Figure 3 Effect of RAR and RXR antagonists on ATRA- and 9-cis RA-dependent growth arrest, granulocytic maturation, and apoptosis in NB4 cells. NB4 cells
were seeded at an initial concentration of 26105/ml and treated for 6 days with medium alone (control) or the various compounds, as indicated. ATRA and 9-cis RA
were used at 1077 M, the RAR antagonist CD3106 at 1075 M and the RXR antagonist CD3159 at 1077 M, 1076 M and 1075 M (open triangles indicate the three
increasing concentrations of the compound; in G, CD3159 was used at 1075 M only). Aliquots of the cultures were withdrawn and subjected to counting following
erythrosin staining for the determination of the total number of viable cells (A and D), the level NBT-reducing activity (B and E), and the degree of apoptosis, as
assessed by DAPI staining (C and F) or fluorescent annexin V binding (G). Results are the mean+S.D. of three separate culture dishes except for the annexin V
experiments whose results were obtained on a pool of three dishes. The data are representative of those obtained in at least two experiments
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activation bands following treatment of NB4 cells with the
strong and rapidly-acting apoptogenic retinoid CD437.22

Moreover, similar results were observed with commercially
available antibodies of different origin.

The ATRA-dependent increase in pro-caspase-1 and
pro-caspase-7 proteins is the consequence of increased
accumulation of the corresponding mRNA (Figure 6, left
panels). In basal conditions, NB4 cells express barely
detectable amounts of two transcripts specifically hybridiz-
ing with a caspase-1 cDNA probe (the two mRNA species
are evident upon longer exposures of the Northern blots
presented). In addition, readily measurable amounts of
pro-caspase-7, -8 and -9 are synthesized by undifferen-
tiated NB4 cells. Treatment of cells with ATRA (1076 M)
results in an upregulation of the two pro-caspase-1
mRNAs which is detectable at day 1 and increases until
at least day 4. The rise of pro-caspase-7 is an earlier
event than induction of caspase-1 mRNA, as expected on
the basis of the results obtained at the protein level.
Surprisingly, in spite of no modification of the correspond-
ing proteins, the transcripts coding for caspase-8 and
caspase-9 are upregulated by ATRA. ATRA-dependent
accumulation of the transcripts for caspase-1, -7, -8 and -9
is likely to be of transcriptional nature, as it is inhibited by
RNA polymerase II inhibitors like actinomycin D (data not
shown). Pretreatment of NB4 cells with the protein
synthesis inhibitor cycloheximide has no effect on the
ATRA-dependent up-regulation of the mRNAs for pro-
caspase-7 and -9, whereas it completely blocks the surge
of the transcripts coding for pro-caspase-1 and -8 (Figure
6, right panels). This suggests that, while the genes
coding for pro-caspase-7 and -9 may be direct targets for
the activity of ATRA, regulation of the genes for pro-
caspase-1 and -8 is indirect and mediated by the
synthesis of ATRA-regulated proteins.

Influence of retinoids on the activation of caspases
in NB4 cells

Following treatment of NB4 cells with ATRA, AM580 and 9-
cis-RA, Western blot experiments with the majority of
caspase-specific antibodies (with the notable exceptions of
the caspase-7 antibodies) did not reveal the presence of
proteolytic degradation bands resulting from the activation of
the various caspase isoenzymes considered. Thus, the state
of activation of caspases was studied with a more sensitive
method. We used the fluorogenic tetrapeptides YVAD-amc to
measure caspase-1,31 WEHD-amc for caspase-1, -4 and
-5,32,33 DEVD-amc for caspase-3-like enzymes (caspase-3,
-6 and -7),33 VEID-amc for caspase-634 and IETD-amc for
caspase-8.33

As shown in Figure 7A, detectable and variable
background levels of DEVD-amc, VEID-amc and IETD-
amc hydrolytic activity are present in undifferentiated NB4
cells. In the same experimental conditions, barely
detectable amounts of YVAD-amc and WEHD-amc are
observed (data not shown). Challenge of NB4 cells for 6
days with various concentrations of ATRA, 9-cis RA and
AM580 results in a significant and dose-dependent
increase in DEVD-amc, VEID-amc and IETD-amc hydro-

Figure 4 Effect of RXR agonists on AM580-dependent growth inhibition,
granulocytic maturation and apoptosis in NB4 cells. NB4 cells were seeded at
an initial concentration of 26105/ml and treated for 6 days with medium alone
(control) or medium containing the PML-RARa/RARa agonist AM580
(1078 M), the RXR agonists CD2809 and CD2915 (1076 M) or combinations
between AM580 and CD2809 or CD2915. Aliquots of the cultures were
withdrawn and subjected to counting following erythrosin staining for the
determination of the total number of viable cells (A), the level of NBT-reducing
activity (B), and the degree of apoptosis, following staining with DAPI (C).
Results are the mean+S.D. of three separate culture dishes and are
representative of at least three independent experiments conducted with each
compound or combination of compounds. **Statistically significant relative to
AM580 alone according to the Student's t-test (P50.01)
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lytic activities. The same treatments do not cause an
augmentation in the levels of either YVAD-amc or WEHD-
amc activity (data not shown). The profiles of the dose-
dependent activation of DEVD-amc, VEID-amc and IETD-
amc by ATRA and 9-cis are not substantially different from
one another in several experiments and show a gradual
increase between 1079 and 1076 M. By contrast, AM580 is
a much better activator of DEVD-amc (with a maximal
effect at 1078 M) than of VEID-amc or IETD-amc hydrolytic
activity. Activation of caspase-3 or caspase-3 like activity
(presumably caspase-6 and/or -7) is further confirmed by
the Western blot experiment shown in Figure 7D. PARP
contains a DEVD cleavage sequence recognized by
caspase-3, -6 and -7.33 Activation of any of these
proteases results in cleavage of the 110 kDa PARP
protein and in the appearance of a specific 85 kDa
fragment.35 In basal conditions, NB4 cells synthesize
detectable amounts of the 110 kDa PARP polypeptide
which is recognized by the antibody used in these
experiments. Treatment of NB4 cells for 6 days with ATRA
(1076 M), 9-cis RA (1076 M) or AM580 (1078 M) results in
the disappearance of the band corresponding to intact
PARP and causes the appearance of the corresponding
85 kDa proteolytic fragment. A similar treatment with the
non-apoptogenic RXR agonist, CD2809, does not lead to
cleavage of PARP.

Role of caspases in the processes of apoptosis
triggered by ATRA, 9-cis RA and AM580 in APL
cells

To investigate whether caspases responsible for the
hydrolysis of DEVD-amc are involved in the process of
apoptosis, we performed three types of experiments.

First, we evaluated whether the time course for the
activation of DEVD-amc and IETD-amc is consistent with
the process of apoptosis triggered by ATRA. Figure 8
demonstrates that treatment of NB4 cells with ATRA
(1076 M) results in a linear elevation in the amounts of
the caspase activity which is evident from the third day on.
Similar kinetics of induction of DEVD-amc hydrolytic activity
are observed following treatment of NB4 cells with 9-cis RA
and AM580 (data not shown). All this along with the results
shown in Figure 1C,D suggests that activation of a
caspase-3-like enzyme precedes and/or accompanies the
PCD program triggered by ATRA, 9-cis RA and AM580. By
contrast, the increase in IETD-amc hydrolytic activity by
ATRA, is a late event observed only following 6 days of
treatment with the retinoid (data not shown).

Second, we evaluated the effects of RAR and RXR
blockade and of RAR and RXR simultaneous activation on
the levels of DEVD-amc hydrolytic activity. Incubation of
NB4 cells for 6 days with the RAR antagonist CD3106, at

Figure 5 Expression of caspase proteins in retinoid treated NB4 and ATRA-resistant NB4.306 cells. NB4 and NB4.306 cells (26105/ml) were treated with vehicle
alone (Control) and ATRA (1076 M), AM580 (1078 M) or 9-cis RA (1076 M) for the indicated amount of time (A) or 4 days (B). Aliquots of the NB4 homogenates
containing an equivalent amount of protein were subjected to Western blot analysis with antibodies specific for the indicated caspases or for b-actin. The molecular
weight of protein standards is indicated on the right in kDa. The band corresponding to pro-caspase-7 is indicated by a solid dot, whereas the degradation band
corresponding to the large subunit of caspase-7 is indicated by an asterisk on the left. The data are representative of those obtained in at least two experiments
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1075 and 1076 M, completely suppresses the induction of
DEVD-amc hydrolytic activity triggered by 1077 M ATRA
and 1078 M AM580 (Figure 8B). Similarly, complete
inhibition of the 9-cis RA-dependent activation of DEVD-
amc activity is observed following co-incubation of NB4
cells with optimal concentrations of the RXR antagonist
CD3159 (1075 M) (Figure 8C). Challenge of NB4 blasts for
6 days with the two RXR agonists CD2809 (1076 M) and
CD2915 (1076 M) does not affect the basal level of DEVD-
amc hydrolytic activity. However, combination of each of
the two retinoids with AM580 (1078 M) causes a
synergistic activation of the caspase-dependent enzymatic
activity relative to what is observed with the RARa agonist
alone (Figure 8D). The results with RAR/RXR agonists and
antagonists on DEVD-amc activity parallel those on NB4
apoptosis (Figure 3C, F and G).

Third, we studied the influence of the cell-permeable
tripeptide caspase inhibitor z-VAD on the apoptogenic
program set in motion by cyto-differentiating retinoids. For
this purpose, TUNEL assays were performed on NB4 cells
grown in the presence or absence of ATRA, AM580 or 9-cis
RA following challenge with z-VAD for 24 h between the
fourth and fifth day of treatment (Figure 9A). Approximately
6% of the NB4 cells show TUNEL positivity in basal

conditions, indicating a background level of apoptosis. The
proportion of apoptotic cells is slightly decreased upon
treatment with z-VAD alone (50 mM). Treatment of cells for
5 days with ATRA (1076 M), AM580 (1078 M) and 9-cis
RA (1076 M) causes a significant elevation in the
proportion of apoptotic cells. Addition of z-VAD to the
culture medium largely prevents the retinoid-dependent
increase in the percentage of apoptotic cells. In the same
experimental conditions, ATRA-dependent activation of
DEVD-amc hydrolytic activity and cleavage of PARP are
completely inhibited (Figure 9B). Thus, our results
demonstrate that complete inhibition of caspase activity
results in a significant albeit incomplete inhibition of the
apoptotic process set in motion by retinoids.

To get insight into the factors which may lay upstream of
caspase activation in the process of retinoid-induced
apoptosis, we evaluated whether ATRA, 9-cis RA and
AM580 have any influence on the release of cytochrome c
(cyt c) from the mitochondria.36,37 As documented in Figure
10A, treatment of NB4 cells for 4 days with AM580 and 9-
cis RA is associated with the release of detectable amounts
of cyt c into the cytosol. In this particular experiment, the
effect of ATRA is less pronounced and detectable levels of
cytosolic cyt c are visible only upon longer exposures of the
film. A similar phenomenon is not observed if the cells are
challenged with the non-apoptogenic RXR agonist CD2809
(data not shown). Consistent with a redistribution of cyt c
from the mitochondrial to the cytosolic compartment, a
slight but significant decrease in the amounts of the protein
associated with the mitochondria is observed following
treatment with 9-cis RA or AM580.

The release of cyt c from the mitochondria is, at least
partially controlled by members of the Bcl family, such as
the anti-apoptotic Bcl-2 and the pro-apoptotic Bax
proteins.38 In addition, the APL oncogene PML-RARa is
also believed to regulate cell-death, acting as an anti-
apoptotic determinant.39 Thus, we decided to study the
influence of ATRA, AM580 and 9-cis RA on the expression
of these proteins (Figure 10B). ATRA (1076 M), AM580
(1078 M) and 9-cis RA (1076 M) treatment of NB4 cells for
4 days produces a clear down-regulation in the levels of
Bcl-2 and a parallel up-regulation of Bax, tipping the
balance of the two proteins towards a more apoptogenic
equilibrium. As expected, treatment of NB4 cells with ATRA
results in a selective degradation of PML-RARa. Similar
effects are triggered by treatment with optimal cyto-
differentiating and apoptogenic concentrations of AM580
and 9-cis RA.

Discussion

In this study, we report on the effects of ATRA, 9-cis RA and
prototypic synthetic retinoids on granulocytic maturation, cell
growth and apoptosis of the PML-RARa positive and APL-
derived NB4 cell line. In addition, we correlate the three
parameters with the expression and the state of activation of
various members of the caspase family of proteases.

Among the series of compounds tested, the only
retinoids by-passing the maturation block of APL blasts
are those capable of activating selectively or non-

Figure 6 Expression of caspase mRNAs in ATRA treated NB4 cells. Effects
of CHX on mRNA accumulation. NB4 cells (26105/ml) were treated with
medium alone (control) and ATRA (1076 M) in the absence or presence of
CHX (10 mg/ml) for the indicated amount of time (left panels) or for 16 h (right
panels). Total RNA was extracted and equivalent amounts of it (10 mg)
subjected to Northern blot analysis with cDNAs encoding the indicated
caspases or actin
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selectively RARa or PML-RARa. This, along with the data
obtained by RAR antagonistic blockade, corroborates the
pivotal role of PML-RARa and/or RARa in the process of
granulocytic maturation.12 Selective activation of RARa/
PML-RARa is also necessary and sufficient to cause
growth arrest of NB4 cells, though this is not the sole
mechanism by which the APL blast can be rendered
quiescent by retinoids. In fact an anti-proliferative effect,
which cannot be explained by trans-activation of RARa/
PML-RARa, is observed in the presence of high concentra-
tions of the RARb agonist CD2019 and the RXR agonist
CD2915. More importantly, the growth inhibitory action of
the 9-cis RA is dependent on RXR homodimer activation,
as evidenced by the data obtained with the RXR antagonist
CD3159. Surprisingly,40 the anti-AP1 compound CD2409,
is totally ineffective in causing growth inhibition of NB4
cells. Retinoid-dependent growth inhibition and cyto-
differentiation are followed by a slow process of apoptosis
which proceeds asynchronously, since, at any given time, it
involves a low proportion of cells showing signs of PCD.
While there is general agreement between the strength by
which RARa/PML ± RARa activating retinoids induce growth

arrest and their ability to determine granulocytic maturation,
suggesting tight linkage between the two phenomena,41

apoptosis is not simply the consequence of granulocytic
maturation and generation of cells that resemble short-lived
neutrophils, at least as judged by the relative apoptogenic
and cyto-differentiating potential of ATRA, AM580 and 9-cis
RA. Although, again, PML-RARa and/or RARa activation is
sufficient to trigger apoptosis, the process can be
modulated by RXR activation. In fact, RXR antagonistic
blockade suppresses the apoptogenic response of NB4
cells to 9-cis RA. In addition, stimulation of this type of
receptors enhances the apoptogenic potential of the RARa-
selective agonist AM580.

Retinoids have dramatic effects on the level of
expression of the apoptosis-related proteases known as
caspases. Caspases can be grouped into three main
categories according to their involvement in cytokine
maturation (e.g. caspase-1, -4 and -5), the execution
phase of apoptosis (caspase-3, -6 and -7) or the early
steps of apoptotic signaling (caspase-8, -9, -10). Caspases
are constitutively present as zymogens and require specific
proteolytic cleavage to be converted into catalytically active

Figure 7 Effect of ATRA, AM580 and 9-cis RA on caspase activation and PARP degradation in NB4 cells. NB4 cells were seeded at an initial concentration of
26105/ml and treated for 6 days with vehicle or the indicated concentrations of ATRA (open circles), 9-cis RA (closed circles) or AM580 (open triangles) (A, B and
C) or challenged for 4 days with vehicle (control), ATRA (1076 M), 9-cis RA (1076 M), AM580 (1078 M) or CD2809 (1076 M) (D). Cell extracts were analyzed for
the presence of DEVD-amc (A), VEID-amc (B) and IETD-amc (C) hydrolytic activities, as indicated, to evaluate the level of activation of caspase-3 like enzymes,
caspase-6 and caspase-8, respectively. Results are the mean+S.D. of three separate culture dishes and are representative of at least two independent
experiments conducted with each compound. In (D), equivalent amounts of cell extracts were subjected to Western blot analysis with antibodies specific to PARP
or actin. The position of the intact 110 kDa PARP protein and the specific 85 kDa caspase degradation product are indicated by a solid dot and an asterisk,
respectively
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heterodimers. Treatment of NB4 cells with ATRA upregu-
lates the expression of the genes coding for pro-caspase-1,
-7, -8 and -9. Upregulation of pro-caspase genes is
probably not a peculiarity of APL promyelocytes but rather
a physiological event associated with maturation of normal
myeloid precursors along the granulocytic pathway, as
indicated by the data obtained in the HL-60 cell line.42 The
phenomenon is likely to be transcriptional in nature, since it
is completely inhibited by RNA polymerase II inhibitors. In
the case of pro-caspase-7 and -9, ATRA-dependent mRNA
induction does not require de novo protein synthesis,
suggesting that the corresponding genes are primary

targets for the activity of ATRA and other retinoids. By
contrast, upregulation of the genes coding for pro-caspase-
1 and -9 requires the mediation of transcriptional factors
whose synthesis is retinoid-regulated. Induction of mem-
bers of this family of proteases is controlled not only at the
transcriptional but also at the translational or post-
translational level. In fact, upregulation of pro-caspase-1
and -8 mRNAs is followed by accumulation of the
corresponding protein, whereas a similar effect is not
observed in the case of pro-caspase-8 and -9.

Retinoid-induced maturation of NB4 cells results not only
in induction of pro-caspase-1 and pro-caspase-7, but also

Figure 8 DEVD-amc hydrolytic activity in NB4 cells: time course of ATRA-dependent induction and effects of RAR and RXR agonists or antagonists on ATRA,
AM580 and 9-cis RA stimulation. NB4 cells were seeded at an initial concentration of 26105/ml and treated as follows: (A) with vehicle (open circles) or ATRA at
1076 M (solid circles) for the indicated amount of time; (B) with vehicle (control), ATRA (1077 M) or AM580 (1078 M) and the indicated concentrations of CD3106
for 6 days; (C) with vehicle (control), 9-cis RA (1077 M), CD3159 (1075 M) or the combination of the two compounds; (D) with vehicle (control), ATRA (1077 M) or
AM580 (1078 M), CD2809 (1076 M), CD2915 (1076 M) or combinations between AM580 and CD2809 or CD2915. Cell extracts were analyzed for the presence of
DEVD-amc hydrolytic activity to evaluate the level of activation of caspase-3 like enzymes. Results are the mean+S.D. of three separate culture dishes and are
representative of at least two independent experiments conducted with each compound or combination of compounds
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in the activation of some caspase isoenzymatic form. With
the use of relatively specific fluorogenic peptide substrates,
we were able to demonstrate that treatment of NB4 cells
with ATRA, 9-cis RA and AM580 triggers the conversion of
pro-caspase-8 as well as one or more pro-caspase-3-like
proteases (caspase-3, -6 and/or -7) into the corresponding
catalytically active enzymatic forms. This is further
supported by other data. First, with the aid of a particular
type of caspase-6 polyclonal antibodies, we detected
consistent and retinoid-dependent increases in a 17 kDa

protein band, which is likely to represent the small subunit
of the active caspase heterodimer (M Gianni

.
Ï;, I Ponzanelli

and E Garattini, unpublished results). Second, ATRA and
cyto-differentiating retinoids caused the appearance of a
29 kDa caspase-7 degradation band corresponding to the
large subunit of the catalytically active heterodimer. Third,
the process of apoptosis set in motion by ATRA and other
cyto-differentiating retinoids is accompanied by cleavage of
PARP, a protein substrate not only of effector caspase-3
but also of effector caspase-6 and -7. At present, we do not
have any direct Western blot evidence of caspase-3 or
caspase-9 activation. Thus, the increase in DEVD-amc
hydrolytic activity observed following treatment of NB4 cells
with retinoids is probably the consequence of caspase-6
and -7, rather than caspase-3 activation. We are also
inclined to rule out activation of caspase-1, -4, -5 and -10
during retinoid-induced PCD. The contention is based on
the lack of detectable degradation of caspase-1, -4 and -10
upon Western blot analysis, and by the lack of increased
YVAD-amc (caspase-1 substrate) and WEHD-amc (cas-
pase-1, -4 and -5 substrate) hydrolytic activity. Regardless
of the particular isoenzyme(s) involved, caspase activation
has an important role in the process of apoptosis triggered
by ATRA, 9-cis RA and AM580 in APL cells, as inhibition of
this class of proteases leads to strong attenuation of PCD.

Release of cyt c from the mitochondrial compartment is
known to be a potent apoptogenic stimulus.36 ± 38 Formation
of a cytosolic complex consisting of cyt c, Apaf-1 and ATP
or dATP leads to activation of pro-caspase-9 and
subsequently of executioner caspases. Relocalization of
cyt-c is triggered in both a caspase-8-independent43 and a
caspase-8-dependent fashion.44 In addition, the flux of cyt c
from the inner mitochondrial compartment outward into the
cytosol is regulated positively or negatively by members of
the Bcl-2 family of proteins.38 In NB4 cells, 9-cis RA and
AM580 are all capable of causing leakage of cyt c from the
mitochondria. The time course of this precedes or
accompanies the activation of caspase isoenzymes (M
Gianni

.
Ï, I Ponzanelli and E Garattini, unpublished results).

Cyt c relocalization is associated with a downregulation in
the expression of the anti-apoptotic Bcl-2 protein and an
upregulation of the pro-apoptotic Bax protein.38 Therefore,
the apoptogenic action of retinoids in APL cells may include
the following ordered steps: alteration of the Bcl2/Bax ratio,
release of cyt c from the mitochondria and activation of
executioner caspases. The retinoid dependent-degrada-
tion45 of the anti-apoptotic PML-RARa oncogene39 may
represent the primary driving force for the entire process. In
this scenario, caspase-9 activation should play the role of
the initiating caspase, (although, as already discussed,
evidence for this is lacking) whereas caspase-6 and
caspase-7 are likely to play a relevant role as executioner
caspases. At present, it is difficult to establish where
activation of pro-caspase-8 fits in this picture. It is possible
that activation of this isoenzyme drives cyt c release from
the mitochondria, perhaps through cleavage of Bid,55

although it is more likely that conversion of pro-caspase-8
into the active enzyme is just a secondary event.

In conclusion, the data contained in this article are
helpful in shedding light into the relationship among the

Figure 9 Effect of the caspase inhibitor z-VAD on apoptosis induced by
ATRA, 9-cis RA and AM580. NB4 cells were seeded at an initial concentration
of 26105/ml and treated for 4 days with vehicle (control), ATRA (1076 M), 9-
cis-RA (1076 M) and AM580 (1078 M). At the fourth day, cells were treated
with vehicle alone (DMSO) or z-VAD (50 mM) twice every 12 h for the
successive 24 h. Cells were harvested and subjected to the TUNEL assay by
flow cytometry (A) or to Western blot analysis with specific anti-PARP or actin
antibodies (B). The position of the intact 110 kDa PARP protein and the
specific 85 kDa caspase degradation product are indicated by a solid dot and
an asterisk, respectively

Figure 10 Effects of ATRA, 9-cis RA and AM580 on cyt c intracellular
localization and on the expression of PML-RARa, Bcl-2 and Bax proteins in
NB4 cells. NB4 cells (26105/ml) were treated for 4 days with vehicle (control)
and ATRA (1076 M), AM580 (1078 M) or 9-cis RA (1076 M). In (A), cells were
harvested, the cytosolic (cyt.) and mitochondrial (mit.) fractions were
separated by ultracentrifugation, and aliquots of the two fractions containing
equal amounts of proteins (20 mg) were subjected to Western blot analysis with
anti-cyt c or anti-actin antibodies. In (B), aliquots (20 mg) of NB4 homogenates
containing an equivalent amount of protein were subjected to Western blot
analysis with antibodies specific for the indicated protein or for actin. The
intact and major degradation product of PML-RARa are indicated by a solid dot
and by an asterisk, respectively
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processes of granulocytic maturation, growth inhibition and
apoptosis which are the results of APL cells treatment with
ATRA and other retinoids. They indicate that different
retinoids influence the three processes in different ways.
Furthermore, our data demonstrate that retinoids modulate
caspase proteins, directly or indirectly and at various levels.
All this may have important clinical implications in devising
new and more effective strategies in the treatment of APL.

Materials and Methods

Chemicals

The RARa agonist AM580,10 the RARb agonist CD2019,28 the RXR
agonists CD2809 and CD2915,29 the anti-AP1 retinoid CD2409, the
pan-RAR reverse agonist CD3106 (AGN193109)46 and the pan-RXR
antagonist CD3159 (LG100754)30 were synthesized by CIRD-
Galderma Research and Development (Sophia Antipolis, France).
The pan-RAR agonist TTNPB27 was a kind gift from Dr. Klaus
(Hoffmann-la Roche, Basel, Switzerland). ATRA and 9-cis RA were
from Sigma (St Louis, MO, USA). Stock solutions of retinoids in
dimethylsulfoxide (1072 M) were kept in aliquots at 7808C protected
from the light until use.

Cell culture and treatment

The NB4 cell line47 (Dr. Michel Lanotte, Hopital Saint Louis, Paris,
France), and the ATRA-resistant NB4.306 clone23 (Dr. Carlo Passerini-
Gambacorti, Istituto Nazionale dei Tumori di Milano, Italy) were cultured
in the presence of RPMI-1640 containing 10% FCS. The cell lines were
free from mycoplasma contamination, as assessed by staining with
Hoechst 33258. To prevent apoptosis, control cultures were kept in the
logarithmic phase of growth (3 ± 661075 cells/ml) by dilution in fresh
medium every 2 days. Parallel retinoid-treated cultures were similarly
diluted in drug-containing medium to keep the cell density between (3 ±
661075 cells/ml). All the experiments described were performed using
heat-inactivated serum, which, in our experimental conditions, is
equivalent to retinoid-free charcoal treated serum.

Determination of cell viability, apoptosis and
DEVD-amc hydrolytic activity

Cell viability was determined by counting the percentage of red/
white cells in Burker chambers following staining with erythrosin
(Sigma). For the determination of the apoptotic index (percentage
of cells with fragmented nuclei), cells were fixed under methanol
and stained with 4'-6-diamidine-2-phenylindole (DAPI), as de-
scribed.22 The TUNEL (Tdt-mediated dUTP nick end labeling)
assay was performed with a commercially available kit according to
the instructions of the manufacturer (In situ cell detection kit,
Fluorescein, Boehringer Mannheim, Germany). Stained cells were
analyzed by flow cytometry using the FacSort system (Becton and
Dickinson, Sunnyvale, CA, USA). DNA fragmentation was
determined according to the Diphenylamine assay, as already
described.22 Fragmentation was calculated as the percentage of
total DNA (supernatant and pellet) recovered as low-molecular-
weight DNA in the supernatant. Externalization of the plasma
membrane phosphatidylserine pool was determined by measuring
the binding of fluorescein-conjugated annexin V by bi-parametric
flow cytometry following counterstaining with propidium iodide.
Staining with annexin V was performed with a commercially

available kit. Flow cytometric analysis was performed using the
FacSort system (Becton and Dickinson).

Activation of caspase isoenzymes and intracellular
cytochrome c redistribution

Activation of caspase isoenzymes was measured with the use of the
specific fluorogenic substrates: YVAD-amc (caspase-1), WEHD-amc
(caspase-1, -4 and -5), DEVD-amc (caspase-3), VEID-amc (caspase-
6) and IETD-amc (caspase-8), as detailed elsewhere,22 following
normalization for the protein content of the experimental samples by
the Bradford method.48 All the fluorogenic compounds were from the
Peptide Institute Inc. (Osaka, Japan).

For the determination of cytochrome c intracellular redistribution,
cytosolic and mitochondrial fractions from NB4 cells were obtained as
described.22 The two subcellular fractions were stored at 7808C until
assay by Western blot analysis.

Western blot analysis

For Western blot analysis, total cellular extracts from NB4
(approximately 361076 cells) were prepared as described.22

Aliquots of the extracts were fractionated by electrophoresis on 10%
SDS acrylamide gel and electrotransferred to nitrocellulose mem-
branes, which were challenged with antibodies raised against peptides
corresponding to caspase-1 (antibody p20 (c-15), Santacruz),
caspase-2 (antibody H-19, Santacruz), caspase-3 (antibody E-8,
Santacruz), caspase-6 (antibody B93-4, aa 271 ± 285, Pharmingen),
caspase-7 (antibody B94-1, aa 25 ± 42, Pharmingen), caspase-8
(antibody Casp8-p18, Biomedia), caspase-9 (antibody B40, aa 364 ±
405, Pharmingen), caspase-10 (antibody p20 (H-131, Santacruz), poly
ADP ribose polymerase (PARP) (antibody C-2-10, Biomol), cyt c
(antibody 7H8.2C12, aa 93 ± 104, Pharmingen) and Actin (antibody I-
19, Santacruz). Bands were visualized with a chemiluminescence-
based procedure using the ECL detection kit (Amersham, Little
Chalfont, UK).

RNA extraction and Northern blot analysis

Total RNA was extracted from NB4 cells as already described.26

Northern blot analysis was performed on nylon filter membranes (NEN,
Boston, MA, USA), as reported,26 using cDNA probes for caspase-1,
-7, -8, -9 (a kind gift of Dr. Marta Muzio, USA19 and b-actin.26 Imaging
and quantitation of Northern blots was performed with the STORM 460
phosphoimager (Amersham-Pharmacia Instrumentation, Little Chal-
font, UK).
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