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Abstract
Certain retinoid-related molecules (RRMs) with agonist or
antagonist activities have been described to induce apoptosis
in a variety of cancer cell lines and show promise for the
treatment of cancer. Similar to other chemotherapeutic drugs,
these retinoid analogs have been suggested to induce
apoptosis through the intrinsic pathway, which requires the
release of cytochrome c from the mitochondria for the
effective activation of caspase 9. Expression of a catalytically
inactive form of caspase 9, which functions as a dominant
negative mutant, inhibits the induction of DEVDase activity
and nuclear fragmentation by selective RRMs. Whereas the
RRMs could induce the release of cytochrome c in the
absence of caspase 9 activity, the later is necessary for the
effective release of Smac/Diablo from the mitochondria.
Furthermore, overexpression of Bcl-2 or Bcl-XL also inhibits
RRM-induced apoptosis. We demonstrate that activation of
caspase 2 by the agonist MX2870-1 requires caspase 9
activity and is inhibited by Bcl-2 overexpression. In contrast,
the antagonist MX781 induces cleavage of procaspase 2
upstream of mitochondria and independently of caspase 9.
Thus, two retinoid analogs with unique characteristics
activate two distinct apical caspases (2 or 9) to initiate
apoptosis. In addition to caspase-mediated cell death,
sustained exposure to the RRMs can also lead to loss of
cell viability in cells lacking caspase 9 activity or in cells
stimulated in the presence of the caspase inhibitor Z-VAD-
fmk. Moreover, MX2870-1 and MX781 produce cell cycle arrest
independently of caspase activity and the retinoid receptors.
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Introduction

The initiation and execution of apoptosis fundamentally relies
on the activation of a family of cystein proteases named
caspases that cleave target cellular substrates in an aspar-
tate-directed manner. 1,2 Apoptotic caspases are grouped in
two subfamilies: initiator caspases and effector or executioner
caspases. There are two major pathways leading to the
activation of caspases during apoptosis. Stress, radiation,
most chemotherapeutic drugs, and DNA damage induce
apoptosis through an intrinsic pathway, which involves the
mitochondria as the operations center to which signals
converge.3 Mitochondrial membrane potential is rapidly lost
and there is a massive release of proapoptotic factors into the
cytosol, including cytochrome c, apoptosis-inducing factor,
second mitochondria-derived activator of caspase (Smac)/
Diablo, endonuclease G, and the serine protease Omi/HtrA.4–
8 Released cytochrome c, along with Apaf-1 and procaspase
9, forms the apoptosome,9,10 causing the proteolytic auto-
activation of caspase 9, which in turn cleaves and activates
effector caspases 3 and 7.11–14 Smac release is necessary for
the effective activation of caspases through interactions with
inhibitor of apoptosis proteins (IAPs). Recent evidence
suggests that caspase 2 activation upstream of the mitochon-
dria can provoke the release of mitochondrial proapoptotic
factors and is essential for UV- and stress-induced apopto-
sis.15–17

A second mechanism of apoptosis initiation is triggered
by extracellular signals that bind to cell surface death
receptors, such as Fas/CD95, TNFR1, or DR-5, which
activate the extrinsic pathway. Upon ligand binding, death
receptors dimerize and engage in the formation of the death-
inducing signaling complex (DISC), which contains at least the
receptor, initiator procaspases 8 or 10, and the protein
adaptor Fas-associated death domain or TNFR1-associated
death domain.18–20 This provokes the self proteolysis and
activation of the initiator caspase, which then directly cleaves
and activates effector caspases.21–23 The Bcl-2 family
member Bid is cleaved by caspase 8 and targeted to the
mitochondria, where it induces cytochrome c release and
unleashes the intrinsic apoptotic machinery, providing a direct
link between both apoptotic pathways.24,25 In addition,
caspase 8 can be activated independently of death recep-
tor-mediated signals by certain anticancer drugs.26,27

Retinoids regulate important biological functions through
the activation of the nuclear retinoid receptors, retinoic acid
receptors (RARs) and retinoid X receptors. Novel synthetic
retinoid-related molecules (RRMs) that are selective agonists
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for RARg (CD437, MX2870-1, and MX3350-1) as well as one
RRM antagonist (MX781) have been found to exhibit strong
antiproliferative and apoptotic-inducing activities against
numerous cancer cell lines in vitro28–32 and in vivo33,34 Thus,
they show promise as lead compounds for the treatment of
cancer as single-drug therapy or in combination with other
anticancer agents.35 These compounds are suspected to
exert their apoptotic activity through a novel mechanism of
retinoid action, which is independent of the nuclear recep-
tors.32,36 CD437 has been suggested to induce apoptosis by
directly targeting mitochondria,37 although nuclear export of
the orphan receptor nur77 and relocation to the mitochondria
has also been indicated to mediate CD437-induced apopto-
sis.38 We have previously shown that agonist RRMs induce a
strong and sustained activation of stress kinases JNK and
p38, which correlates with the induction of apoptosis.39 JNK is
necessary for the release of cytochrome c during stress-
induced apoptosis40 and is known to phosphorylate Bcl-2 and
Bcl-XL, hindering their antiapoptotic function.41–43 This con-
trasts with other studies suggesting that Bcl-2 phosphoryla-
tion is required for its antiapoptotic activity.44,45 Moreover,
JNK-mediated phosphorylation of Bad, Bim, and Bmf en-
hances their apoptotic activity.46,47

Our previous studies suggested that RRMs could induce
apoptosis through the intrinsic pathway.39,48 To gain more
insight into the mechanism of RRM-induced apoptosis, we
have analyzed the role of caspase 9 activity in Jurkat cells.We
found that caspase 9 was necessary for the effective release
of Smac, and the rapid induction of caspase-mediated
apoptosis by both agonist and antagonist RRMs. Interest-
ingly, the antagonist MX781 caused the cleavage of procas-
pase 2 independently of caspase 9 activity, while the agonist
MX2870-1 required mitochondria and caspase 9 to effectively
induce typical apoptotic phenotypes. Moreover, the RRMs
could induce caspase-independent cell death in the absence
of caspase 9 activity as well as cell cycle arrest in Jurkat cells
overexpressing Bcl-2.

Results

Caspase 9 activity is essential for the rapid
induction of apoptosis by selective RRMs

To explore the requirement of caspase 9 activity in RRM-
induced apoptosis in Jurkat cells, we expressed a mutant
(C285A) of caspase 9 that lacks proteolytic activity.49–51

When overexpressed, this mutant functions as a dominant
negative (DN) inhibiting caspase 9-mediated apoptosis in
vivo,9 although it does not inhibit the activity of recombinant
caspase 9 in vitro.52 Stable transfected cells were selected
with neomycin and several individual clones were isolated that
expressed Flag-tagged C9DN (Figure 1a). This exhibited
lower electrophoretic mobility and was overexpressed in
excess as compared to endogenous wild-type caspase 9.
Control cells were transfected with empty vector and selected
for neomycin resistance as well. Surviving cells were used as
a pool and exhibited identical behavior as parental nontrans-
fected cells in response to RRMs or other apoptotic stimuli
(data not shown).

The induction of apoptosis by the agonist MX2870-1 and
the antagonist MX781 in different Jurkat cell clones expres-
sing C9DN was examined. Both RRMs caused a substantial
increase on DEVDase activity in a dose-dependent manner,
which reached the maximum induction with 1 mM MX2870-1
and 4 mM MX781 (see Ortiz et al.39 and data not shown). As
observed in Figure 1b, Jurkat cells expressing C9DN mutant
displayed reduced levels of DEVDase activity upon stimula-
tion with a high dose of the RRMs. This correlated with
diminished cleavage of PARP (Figure 1c). The autoproteolytic
activation of caspase 9 was then assessed by immunodetec-
tion with an antibody that recognizes a p35 fragment
originated by cleavage at residue Asp315. Expression of
C9DN mutant greatly inhibited cleavage at Asp315, likely by
competing with endogenous caspase 9 for apoptosome
formation (Figure 1c). We selected clone number 1 for further
studies and examined the effect of the RRMs on nuclear
morphology. After 3 h of treatment with MX2870-1 or MX781,
Jurkat-pcDNA cells exhibited nuclear changes typical of
apoptosis, such as chromatin condensation and nuclear
fragmentation, which were not observed in cells expressing
C9DN (Figure 1d). C9DN expression also inhibited RRM-
mediated induction of DNA fragmentation and phosphatidyl-
serine externalization (Figure 1e and data not shown) as well
as the induction of DEVDase activity by other stimuli, including
camptothecin, anisomycin, etoposide, and UV radiation (not
shown).
The kinetics of caspase activation was subsequently

examined in Jurkat-C9DN-1 cells and in control cells treated
with MX2870-1 and MX781. The agonist MX2870-1 induced
maximal DEVDase activity after only 3 h of treatment in
Jurkat-pcDNA cells, whereas the antagonist MX781 induced
higher levels of DEVDase activity that peaked after 6 h of
stimulation (Figure 2a). The induction of DEVDase activity by
either RRMwas severely impaired in Jurkat-C9DN-1 cells and
slightly increased after prolonged times of RRM stimulation.
No DEVDase activity was detected in C9DN-expressing cells
treated with lower concentrations of the RRMs (not shown).
For comparison, cells were also stimulated with anti-Fas
antibody. Although Fas signals induce apoptosis via the
extrinsic pathway,53 inhibition of Fas-induced cell death by
C9DN has been described in MCF-7 cells,50 although another
study showed that C9DN mutant did not protect Jurkat cells
from Fas-mediated apoptosis.54 We observed that the
amount of DEVDase activity induced by anti-Fas was
considerably lower in Jurkat-C9DN cells than in control cells.
The discrepancy between our results and others54 could be
due to differences in the expression levels of exogenous
C9DN.
The reduced increase of DEVDase activity observed in

mutant cells stimulated with MX2870-1 was independent of
caspase 9 autocatalytic activation, since no p35 fragment was
detected by immunoblot (Figure 2b). A very low increase of
caspase 9 p35 fragment was seen in Fas- and MX781-treated
cells only when the film was overexposed. This contrasted with
the substantial amounts of p35 fragment detected in control cells
treated with either stimulus. In addition, extensive degradation of
PARPwas observed after only 6h of treatment in Jurkat-pcDNA
cells. An evident delay was seen in Jurkat-C9DN cells, which
was more remarkable in MX2870-1-treated cells.
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Expression of Bcl-2 and Bcl-XL in Jurkat cells
prevents RRM-induced apoptosis

Overexpression of Bcl-2 or Bcl-XL prevents apoptosis induced
by numerous stimuli, including the RRM agonist CD437.37,55

To further investigate the role of mitochondria in the induction
of apoptosis by MX2870-1 and MX781, we transfected Jurkat
cells with Bcl-2 or Bcl-XL expression vectors and isolated
several individual clones (Figure 3a and data not shown). The
induction of DEVDase activity, DNA fragmentation, and
externalization of phosphatidylserine in response to RRM
treatment was completely abolished in all clones overexpres-
sing Bcl-2 or Bcl-XL (Figure 3b,c and data not shown). In
agreement with previously reported data,56,57 Bcl-2 as well as

Bcl-XL also inhibited the induction of apoptosis mediated by
Fas signals (Figure 3b,c). The inhibition of DEVDase activity
andDNA fragmentation by Bcl-2 was observed even after 24 h
of incubation with the RRMs (data not shown).

Caspase 9 is necessary for the effective release of
Smac/Diablo from the mitochondria

We further examined the release of cytochrome c and Smac
from the mitochondria in Jurkat cells overexpressing C9DN
and Bcl-2. We observed no accumulation of cytochrome c and
Smac in the cytosol of Jurkat-Bcl-2 (Figure 4a) or Jurkat-Bcl-XL

(not shown) cells treated with the RRMs. In contrast, inhibition

Figure 1 Stable overexpression of a catalytically inactive mutant of caspase 9 inhibits apoptosis in Jurkat cells. Characterization of Jurkat cells overexpressing C9DN.
(a) Immunoblot analysis of whole-cell extracts obtained from Jurkat-pcDNA and several C9DN clones. In all, 25 mg of protein extract in RIPA buffer were analyzed by
SDS-PAGE followed by immunoblot with anti-Flag (M2) antibody. Below, immunoblot analysis with a polyclonal antibody that recognizes procaspase 9 shows the relative
expression levels of the proenzyme in control (C) and Jurkat-C9DN-1 (1) cells. (b) Induction of DEVDase activity in C9DN clones by selective RRMs. Cells were treated
with solvent (white columns), 1mM MX2870-1 (gray columns), or 4 mMMX781 (black columns) for 3 h, when cytosolic extracts were prepared in CE buffer and analyzed
for DEVDase activity. The average activity (arbitrary units)7S.D.of two independent experiments performed in triplicate is shown. (c) Protein extracts obtained in RIPA
buffer were analyzed for activation of caspase 9 and cleavage of PARP. Control cells and the indicated C9DN clones were treated as described in (b). Protein (25 mg)
extract was analyzed by SDS-PAGE and immunoblot with the indicated antibodies. Full-length PARP is shown with an asterisk. The arrowhead indicates one cleavage
product. (d) Changes in nuclear morphology induced by RRMs. Control and C9DN-1 cells were treated with 1 mM MX2870-1 or 4mM MX781 for 3 h, when cells were
stained with Hoescht and analyzed by fluorescence microscopy. (e) Induction of DNA fragmentation. Jurkat-pcDNA and C9DN-1 cells were treated as indicated before,
and cytosol extracts were prepared and analyzed by ELISA to quantitate DNA fragmentation. The fold induction (average7S.D. of four independent experiments
performed in duplicate) is shown
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of caspase 9 activity had no significant effect on cytochrome c
release, but substantially prevented the translocation of Smac/
Diablo induced by the RRMs and anti-Fas (Figure 4a). These
findings support previous studies suggesting that caspase
activity is necessary for the release of Smac.58 Protein loading
was normalized with a nonspecific band of B70kDa that
appeared with the anti-cytochrome c antibody (Figure 4a) and
with anti-b-actin antibody (not shown).
Although originally described as an inhibitor of cathepsins B

and L, we recently observed that Z-FA-fmk can efficiently
inhibit effector caspases in vitro and in intact cells, while
eliciting little or no effect on initiator caspases.48 We therefore
explored the effect of Z-FA-fmk on Smac release. The
inhibitor had no effect whatsoever on RRM-induced release
of Smac (Figure 4b) at concentrations that inhibited DEV-
Dase-like activity (see Lopez-Hernandez et al.48). In contrast,
the pan-caspase inhibitor Z-VAD-fmk completely abrogated
Smac release induced by MX2870-1 and anti-Fas, but
partially repressed MX781-induced Smac translocation
(Figure 4b). Together, these data demonstrate that caspase
9 activity and not effector caspases is necessary for the
effective release of Smac, although other activities induced by
the antagonist MX781 upstream of caspase 9 could also
produce a similar effect in the absence of caspase 9 activity.

The antagonist MX781, but not the agonist
MX2870-1, activates caspase 2 upstream of
mitochondria

To gain further insight into the mechanism of caspase
activation by the different RRMs, we analyzed the proteolytic

maturation of caspases by Western blot. Bcl-2 overexpres-
sion completely blocked the activation of caspases 8 and 9
induced by the selective RRMs and anti-Fas, and no
significant levels of cleaved caspase 3 were detected
(Figure 5a). On the other hand, C9DN overexpression
prevented to a large extent the full processing of caspases 3
and 8 induced by the RRMs, but only partially inhibited Fas-
mediated signals.
Significant degradation of procaspase 2 was detected in

Jurkat-pcDNA cells stimulated with both RRMs and anti-Fas.
Bcl-2 and C9DN expression prevented the processing of
procaspase 2 induced by anti-Fas and the agonist RRM
MX2870-1, indicating that effector caspases were probably
responsible for the activation of caspase 2.13 Interestingly, the
antagonist MX781 induced caspase 2 cleavage in Bcl-2- and
C9DN-expressing cells to levels comparable to those seen in
Jurkat-pcDNA cells (Figure 5a), suggesting an apical role for
caspase 2 in MX781-induced apoptosis.17 Slightly higher
levels of procaspase 2 were observed in untreated Jurkat-Bcl-
2 cells, which were not due to differences in protein loading
(see Figure 4a and data not shown).
Although the autoproteolytic cleavage of caspase 9 at

Asp315 (fragment p35) induced by either signal was
completely inhibited in Jurkat-C9DN cells, we detected a
p37 fragment, which corresponds to cleavage at Asp330 by
caspase 3-like activity (Figure 5a). The reasons for the
observed increase in C9DN cells treated with anti-Fas are not
fully understood. Using a polyclonal antibody that recognized
full-length caspase 9, we demonstrated that procaspase 9
was completely cleaved in Jurkat-C9DN cells stimulated with
MX781 and Fas signals, but not in cells stimulated with the
agonist RRM MX2870-1 (Figure 5b). Low levels of caspase 3

Figure 2 Kinetics of caspase activation. (a) Induction of DEVDase activity. Jurkat-pcDNA (open symbols) or Jurkat-C9DN-1 (closed symbols) cells were treated with
solvent (circles), 167 ng/ml anti-Fas antibody (inverted triangles), 1 mM MX2870-1 (squares), or 4mM MX781 (diamonds). At the indicated times, cells were harvested
and lysed in RIPA buffer. DEVDase activity was determined as described in Materials and Methods using triplicate assays. The experiment was repeated twice and the
average7S.D. is shown. (b) Immunoblot analysis of caspase 9 autoprocessing (p35 fragment) and cleavage of PARP was performed using the extracts prepared in (a).
The caspase 9 blot of Jurkat-pcDNA (left) shown is a 1 min exposure, whereas the blot of Jurkat-C9DN-1 (right) was exposed for 30min. Protein loading was normalized
by immunodetection with an anti-b-actin antibody
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activity were detected in Fas-stimulated Jurkat-C9DN cells,
as demonstrated by immunoblot (Figure 5a) or by enzymatic
DEVDase assay (Figure1b and data not shown), which could
be responsible for the cleavage of procaspase 9 present in
large excess. In addition to caspase 3-like activity, caspase 8
could be directly or indirectly involved in caspase 9 degrada-
tion upon Fas stimulation. In cells treated with MX781,
activation of caspase 2 upstream of mitochondria might be
involved in the cleavage of caspase 9. Alternatively, some of
the proapoptotic factors released from the mitochondria by
caspases 2 or 8 could also be implicated, since cleavage of
caspase 9 was inhibited by overexpression of Bcl-2.

Caspase 9 activity is required for the full
maturation of apoptotic bodies

We analyzed next the effect of selective RRMs on cellular
morphology. The appearance of typical mature apoptotic

bodies was rapidly observed in Jurkat-pcDNA cells treated
with the RRMs or anti-Fas, but not in Jurkat-Bcl-2 cells.
Distinctive apoptotic bodies were not observed in Jurkat-
C9DN cells. However, a low percentage of these cells were
smaller in size and showed morphological alterations remi-
niscent of irreversible damage, which could lead over time to
loss of cell viability (Figure 6). Z-VAD-fmk also prevented the
full maturation of apoptotic bodies induced by the RRMs in
Jurkat parental cells, but a significant portion of cells were
shrunken and showed an altered morphology similar to that
observed in C9DN-treated cells. Z-VAD-fmk, however,
completely prevented any morphological changes in cells
stimulated with anti-Fas, probably due to the effective
inhibition of caspase 8 activity upstream of mitochondrial
damage (Figure 6).

RRMs can induce cell death in the absence of
caspase activity

We next analyzed the viability of C9DN- and Bcl-2-expressing
Jurkat cells after 24 h of RRM treatment. RRM treatment
inhibited the proliferation of Jurkat-Bcl-2 cells, whereas anti-
Fas antibody elicited minimal effects (Figure 7a). Noteworthy,
Jurkat-C9DN cells showed reduced cell viability when treated
with the different stimuli, which could be due, at least in part, to
the low levels of DEVDase activity detected after prolonged
periods of incubation (see Figure 2). However, caspase-
independent death could not be ruled out. Indeed, Z-VAD-fmk
showed a minor protection against RRM-induced cell death in
Jurkat parental cells, while completely preventing cell death
induced by anti-Fas, which indicated an effective inhibition of
caspase 8 signaling (Figure 7b). The concentration of Z-VAD-
fmk usedwas sufficient to block the induction of DEVDase-like

Figure 3 Stable overexpression of Bcl-2 and Bcl-XL inhibits apoptosis in Jurkat
cells. (a) Overexpression of Bcl-2 (left) and Bcl-XL (right) in stable transfected
clones was analyzed by immunoblot with the corresponding antibodies. Jurkat
cells stably transfected with pSFFV, Bcl-2 or Bcl-XL were treated for 3 h with
vehicle (none), 167 ng/ml anti-Fas antibody, 1mM MX2870-1, or 4mM MX781 as
indicated. Cytosolic extracts were prepared in CE buffer and tested for DEVDase
activity (b) and DNA fragmentation (c). Data represent the average (fold
induction)7S.D. of two (Bcl-XL) or three (Bcl-2) independent experiments
performed in triplicate

Figure 4 RRM-mediated release of cytochrome c and Smac/Diablo in the
presence of caspase inhibitors. (a) Effect of Bcl-2 and C9DN overexpression on
the translocation of mitochondrial proteins. Jurkat cells were treated for 3 h with
solvent (�), 167 ng/ml anti-Fas antibody (F), 1 mM MX2870-1 (R), or 4mM
MX781 (A). Cytosolic extracts were prepared in ICM buffer and analyzed by
immunoblot with antibodies raised against cytochrome c or Smac/Diablo. The
asterisk shows a nonspecific band used to normalize protein loading. (b) Jurkat
parental cells were preincubated with 100 mM Z-FA-fmk, 20 mM Z-VAD-fmk, or
DMSO (none) for 1 h, and subsequently stimulated with the RRMs or anti-Fas as
in (a). Cytosolic extracts were prepared and analyzed by immunoblot with anti-
Smac/Diablo antibody
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activity after 24 h of RRM or Fas stimulation. These data
demonstrate that continuous exposure to RRMs can induce
cell death in the absence of caspase activity.

RRMs induce cell cycle arrest independently of the
retinoid receptors

The results described above suggested that the RRMs could
induce cell cycle arrest when the apoptotic process is blocked.
In this context, CD437 has been shown to induce growth
arrest in G128,59,60 or S phase55,61,62 in a variety of tumor cell
lines as well as in normal mammary epithelial cells. We
therefore analyzed the effect of MX2870-1 and MX781 on cell
cycle progression in Jurkat-Bcl-2 cells. When we treated cells
for 24 h with low concentrations of the agonist MX2870-1, we
observed a substantial inhibition of DNA synthesis and S
phase arrest. In contrast, high concentrations (1 mM) of
MX2870-1 completely blocked DNA synthesis and caused
arrest in G1 (Figure 8a). Interestingly, the antagonist MX781
also prevented incorporation of 5-bromo-2’-deoxyuridine

(BrdU), but cells were primarily arrested in G2/M phase with
a slight increase in the G1 population (Figure 8a). No
DEVDase activity was detected in Jurkat-Bcl-2 cells after
24 h of RRM treatment, indicating a cell cycle arrest
independent of caspase activity (not shown). A similar cell
cycle arrest was observed in other cell lines, including A549
nonsmall lung carcinoma cells, HeLa, K-562, and CV-1 cells
(data not shown).
We next examined the effect of the RRMs on the expression

levels of cell cycle regulatory proteins. Treatment with
MX2870-1 provoked a substantial decrease in cyclin A and
B1 protein levels in a concentration-dependent manner,
whereas cyclin E remained unchanged (Figure 8b). The
antagonist MX781 also caused a significant reduction in the
levels of cyclin A, B1 as well as E. These data correlated with
the arrest at G2/M phase by the antagonist, and at G1 phase
byMX2870-1.We next analyzed the phosphorylation status of
Rb, which is an important regulator of the G1 to S transition. A
nearly complete inhibition of phospho-Rb was observed in
Jurkat-Bcl-2 cells treated with MX781, whereas the agonist
MX2870-1 reduced the levels of phospho-Rb to a lesser
degree. Conversely, total Rb protein levels remained un-
changed in MX2870-1-treated cells, although a significant
reduction was detected in cells treated with the antagonist
(Figure 8b). Protein loading was normalized by immunobloting
with a cdk2 antibody.
Finally, we explored the potential role of the retinoid

receptors in RRM-mediated cell cycle arrest. The endogenous
receptors in Jurkat-Bcl-2 cells were saturated with an excess
of all-trans-retinoic acid or one retinoid antagonist, CD2665,
neither of which shows antiproliferative activity on their own
(not shown). After 24 h of RRM exposure, we observed that
neither RA nor CD2665 elicited any effect on RRM-induced
cell cycle arrest (Figure 8c), suggesting a retinoid receptor-
independent mechanism of action.

Discussion

Certain synthetic retinoids that are selective for a subset of
retinoid receptors have shown enhanced potency against a
variety of cancer cell lines and some are effective in animal
models with no overt signs of toxicity.33,34 These compounds
are therefore promising leads for the development of novel
retinoid-like anticancer drugs. Two types of RRMs with
opposite activities, the RARg-selective agonists, represented
here by MX2870-1, and the antagonist, MX781, induce
apoptosis in a caspase-mediated, retinoid receptor-indepen-
dent manner.29,32,36,63 Several lines of evidence indicate that
RRMs induce apoptosis through the intrinsic pathway. These
are: a caspase-independent, JNK-mediated release of cyto-
chrome c,39,48 direct targeting of mitochondria;37 and this
study in which we demonstrate that the rapid induction of
DEVDase-like activity and other caspase-mediated apoptotic
events by RRMs are severely impaired in cells lacking
caspase 9 activity. Moreover, overexpression of Bcl-2/Bcl-
XL, but not cFLIP (our unpublished observations), inhibits
RRM-induced apoptosis. In addition, our data support that the
agonist MX2870-1 induces apoptosis via caspase 9, while the
antagonist MX781 initiates cell death via caspase 2.

Figure 5 Cleavage of caspases in C9DN- and Bcl-2-expressing cells. (a) Cell
extracts obtained in the experiment described in Figure 4a were analyzed for
caspase cleavage using antibodies described in Materials and Methods. Cleaved
caspase 3 (p19/p17), cleaved caspase 9 (p37 (cleavage at Asp330) and p35
(cleavage at Asp315)), and the proteolytic fragments of caspase 8 (p43/p41 and
p18) are shown. Procaspases 2 and 8 are indicated with asterisk. The lower part
of the membrane immunoblotted with anticaspase 8 antibody was exposed for a
longer time to detect the p18 fragment. (b) Cleavage of procaspase 9. Jurkat-
C9DN-1 cells were stimulated as before, and cell extracts were prepared at the
indicated times (in hours). Expression of full-length caspase 9 was analyzed by
immunoblot. Full-length (*) and the proteolytic fragments (arrowhead) are shown.
All these experiments were performed at least three times with similar results.
The results of one representative experiment are shown here
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Overexpression of a catalytically inactive form of caspase 9
significantly inhibits the autoproteolytic maturation of the
procaspase. We demonstrate that caspase 9 activity plays a
critical role in the effective release of Smac/Diablo from the
mitochondria, which has recently been shown to require
caspase activity and is inhibited by Z-VAD-fmk (see Figure 4b
and Adrain et al.58). In agreement with its functional role
during apoptosis,6,7 the impaired translocation of Smac
observed in cells overexpressing C9DN correlates with
diminished induction of DEVDase activity. It is noteworthy
that MX2870-1 failed to provoke Smac release in Jurkat-
C9DN cells, while the antagonist MX781 induced a reduced
but significant release as compared to control cells. The latter
is possibly due to the activation of caspase 2, which occurs
independently of caspase 9 activity in MX781-treated cells
and may provoke the translocation of proapoptotic proteins
from the mitochondria.15,16,64 This assumption is further
supported by our observations that Z-VAD-fmk, a poor
inhibitor of caspase 2,65 weakly prevented MX781-mediated
release of Smac.
We present evidence that the antagonist MX781 activates

caspase 2 in a caspase 9-independentmanner, akin to stress-
induced apoptosis in E1A-transformed human fibroblasts.17

This contrasts with the requirement of caspase 9 activity for

the efficient cleavage of procaspase 2 by MX2870-1 and Fas
signals. The latter resembles the activation of caspase 2 by
effector caspases upon activation of the mitochondrial path-
way,13 as observed in UV- and TNF-dependent apoptosis.66

Despite the activation of caspase 2 by MX781 in cells
overexpressing Bcl-2 or C9DN, this is not sufficient to cause
the rapid induction of DEVDase activity that is observed in
control cells, in which the mitochondria-caspase 9 loop is
functional. No substrates for caspase 2 have been identified,
with the exception of golgin p16067 and, therefore, the
consequences of caspase 2 activity other than targeting
mitochondria15,16,64 are not completely understood. The
activation of caspase 2 upstream of caspase 9 is perhaps
responsible for the degradation of PARP observed in Jurkat-
C9DN cells stimulated with MX781, which occurs in the
presence of low levels of DEVDase activity. Similar PARP
cleavage is seen in Fas-stimulated cells, probably mediated
by caspase 8 signaling. In contrast, much reduced cleavage of
PARP is observed in MX2870-1-treated cells, which further
suggests an apical role for caspase 9 in the induction of
apoptosis by the RRM agonist.
In addition to caspase-mediated cell death, which exhibits

typical characteristics of apoptosis, the RRMs can also induce
caspase-independent death. This is evident in C9DN-expres-

Figure 6 Full maturation of apoptotic bodies requires caspase activity. Jurkat cells stably transfected with C9DN, Bcl-2, or pcDNA vector were treated with solvent
(control), 167 ng/ml anti-Fas antibody, 1 mM MX2870-1, or 4 mM MX781 and visualized under light microscopy after 3 h of exposure. Parental cells were preincubated
with 20 mM Z-VAD-fmk for 1 h prior to stimulation as before. Black arrows indicate characteristic mature apoptotic bodies. White arrows show shrunken cells with altered
morphology. The pictures are representative of three independent experiments, which produced identical results
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sing cells and in parental cells stimulated in the presence of
Z-VAD-fmk. The release of proapoptotic factors from the
mitochondria that occurs in the absence of caspase 3/7-like
activity probably contributes to the loss of cell viability upon
RRM stimulation. In addition to cytochrome c and Smac, other
proteins including serine proteases and endonucleases are
released from the mitochondria, which can cause cell death
independently of caspase activity. Both events, mitochondrial
damage and loss of cell viability, are efficiently inhibited
by Bcl-2 overexpression, which prevents the release of
cytochrome c and Smac, and perhaps other proapoptotic
factors. While the agonist MX2870-1 does not require

caspase activity to cause mitochondrial damage, caspase 2
may be involved in MX781 function. Whether caspase 2 is
absolutely required for MX781-induced cell death is currently
under investigation.
Selective RRMs cause cell cycle arrest when the apoptotic

program is blocked (in Bcl-2-overexpressing cells). We show
here that, similar to CD437, the analog MX2870-1 induces cell
cycle arrest in G1 or S phase in a concentration-dependent
manner. Thus, the differences reported in the literature with
CD437 could reflect differences on the RRM concentration
and not differences on cell types. MX2870-1-induced G1
arrest correlates with decreased levels of cyclin A and B1,
which mirrors a reduction in the phosphorylation levels of
Rb.68 Interestingly, the antagonist MX781 induces arrest
primarily in G2/M phase concurrent with diminished levels of
cyclin A, B1, and E. The inhibition of Rb phosphorylation by
MX781 is accompanied by diminished levels of total Rb, which
could be due to caspase-mediated degradation.69–71

Although no DEVDase activity is detected after 24 h of
treatment in Jurkat-Bcl-2 cells, we cannot rule out a potential
role for caspase 2, which is activated upstream of mitochon-
dria and independently of Bcl-2, in MX781-mediated Rb
degradation and cell cycle arrest. In addition to Rb degrada-
tion, we cannot exclude a direct effect of MX781 on Rb
phosphorylation via inhibition of CDK activity or activation of
an Rb phosphatase. Whether the RRMs directly induce cyclin
degradation and/or Rb dephosphorylation followed by cell
cycle arrest or vice versa needs to be elucidated.
In summary, we have shown that caspase 9 activity is

required for the effective release of Smac and the rapid
induction of apoptosis by the agonist RRM MX2870-1.
However, the induction of apoptosis by the antagonist
MX781, which presumably occurs via caspase 2, experiences
a delay in the absence of caspase 9 activity. Both RRMs can
also induce caspase-independent cell death and cell cycle
arrest, which could be relevant for their antiproliferative
activity against tumors with reduced apoptosis rates.

Materials and Methods

Cells and reagents

Jurkat cells were cultured in RPMI containing 10% of heat-inactivated fetal
bovine serum, nonessential amino acids, 2 mM glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin. Cell viability was determined by
trypan blue exclusion, after incubating cells in 0.2% (w/v) trypan blue
(Sigma) and counting white cells using a hemocytometer. The expression
vector for a Flag-tagged catalytically inactive form of caspase 9 (C9DN)
with a single point mutation (C285A) was obtained from Dr. C. Vincenz
(University of Michigan, Ann Arbor).49 pSSFV-Bcl-2 expression vector was
a gift of Dr. S. Korsmeyer (Dana Farber Cancer Institute, Boston) and
pSSFV-Bcl-XL was obtained from Dr. C. Thompson (Abramson Family
Cancer Research Institute, Philadelphia). RRMs were obtained from
Maxia Pharmaceuticals and Galderma R&D, and 10mM stock solutions
were prepared in DMSO. RRM treatment was performed in medium
containing 0.5% serum. Caspase inhibitors (Enzyme Systems Products)
were added 1 h prior to stimulation. During long-term experiments, fresh
inhibitor was added to the culture medium every 8–12 h. Anti-Fas antibody
(clone IPO-4) was purchased from Kamiya Biomedical.

Figure 7 Selective RRMs induce caspase-independent cell death. (a) Bcl-2
inhibits RRM-induced cell death. Cells transfected with pcDNA, C9DN, or Bcl-2
were incubated for 24 h with solvent (none), 167 ng/ml anti-Fas antibody, 1mM
MX2870-1, or 4mM MX781, and then cell viability was determined by trypan blue
exclusion. The concentration of viable cells (in 106 cells per ml) is indicated. The
dotted line shows the cell density at the beginning of the experiment. The data
represent the average7S.D. of three independent experiments. (b) RRMs, but
not anti-Fas antibody, induce cell death independently of caspase activity. Jurkat
parental cells were treated for 24 h as above in the absence (black column) or in
the presence (gray column) of 20 mM Z-VAD-fmk. Cell viability (top) was
determined by trypan blue exclusion. The percentage of viable cells relative to
nonstimulated cells is indicated. An aliquot of the cells was used to prepare cell
extracts, which were assayed for DEVDase activity (bottom). The values shown
are the average7S.D. of two independent experiments
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Transfection of Jurkat T cells

Exponentially growing Jurkat cells were electroporated with 7 mg of
plasmid with a 215 V, 55ms pulse using an ECM 830 Electro Square
Porator (BTX). To isolate stable transfected cells, 2 mg/ml neomycin
(Calbiochem) was added 2 days after electroporation and cells were
selected for 15 days in the presence of the drug. Individual clones were
isolated by limiting dilution and maintained in medium containing 0.5 mg/
ml neomycin. The expression of the proteins of interest in the isolated
clones was assessed by immunoblot using the following antibodies: Flag-
C9DN (M2, Sigma), Bcl-2, and Bcl-XL (Pharmingen).

Assessment of apoptosis

DEVDase activity was measured in cell extracts prepared in CE buffer
(25 mM PIPES pH 7, 25mM KCl, 5 mM EGTA, 1mM DTT, 10mM
cytochalasin B, 0.5% NP-40, and a mixture of protease inhibitors
consisting of 1 mM PMSF, 1 mg/ml leupeptine, and 1 mg/ml aprotinin). In
total, 10 mg of protein was diluted in 100ml of caspase buffer (50 mM
HEPES pH 7.4, 100mM NaCl, 1 mM EDTA, 5 mM DTT, 0.1% CHAPS,
and 10% sucrose) containing 100 mM of Ac-DEVD-AFC (Enzyme System
Products). Reactions were incubated at 371C for 30min, and the release
of free 7-amino-trifluoromethyl coumarin (AFC) was measured every 3 min
at 510 nm emission upon excitation at 390 nm, using a Victor2 microplate
reader (Perkin-Elmer).
DNA fragmentation was measured with 2 mg of protein extract prepared

in CE buffer using a Cell Death Detection ELISA (Roche), following the
manufacturer’s instructions.

Nuclear morphology was examined by Hoescht staining. Cells were
collected after treatment, washed once with phosphate buffer solution
(PBS) and cytospun onto glass slides. Cells were fixed for 15min at room
temperature in 3.7% paraformaldehyde solution in PBS. Cells were
washed twice with PBS and subsequently stained with 1 mg/ml Hoescht
33258 (in PBS) for 30min in the dark. Finally, cells were washed twice with
PBS to remove the excess of dye and images were captured using a
DeltaVision Deconvolution Restoration system mounted on an Olympus
IX70 inverted microscope.

Immunoblot analysis of caspase activation and
release of cytochrome c and Smac

Jurkat cells (2.5� 106) were treated and lysed in 50ml of ICM buffer
(120mM KCl, 10mM NaCl, 1 mM KH2PO4, 20mM Hepes-Tris pH 7.1,
2 mM succinate, 100mg/ml digitonin, and protease inhibitors). In total, 20–
50mg of protein extracts were analyzed in a 17.5% SDS-polyacrylamide
gel and transferred to Immobilon-P membrane. Cytochrome c and Smac
were analyzed with antibodies obtained from Dr. X. Wang (University of
Texas Medical Center). Caspase processing was analyzed with antibodies
that recognize cleaved caspases 3 (Asp175) and 9 (Asp315 and Asp330)
(from Cell Signaling), and with antibodies recognizing the proenzyme and
proteolytic fragments of caspases 2 (Santa Cruz), 8 (R&D), or 9
(Stressgen). Protein extracts prepared in CE, ICM, or RIPA (50mM Tris
HCl pH 7.5, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, and protease inhibitors) buffer were used for the immunodetection of
caspases. Cleavage of PARP was examined using whole-cell extracts

Figure 8 Effect of selective RRMs on cell cycle. (a) RRMs induce cell cycle arrest. Jurkat-Bcl-2 cells were treated in the presence of the indicated RRMs for 24 h, when
DNA replication (anti-BrdU labeling) and the amount of DNA (PI staining) were analyzed by flow cytometry. The percentage of cells in each phase of the cell cycle is
indicated. (b) Effect of RRM treatment on cell cycle-related protein levels. Cells treated as before were lysed and analyzed by Western blot for the expression levels of the
indicated proteins. Levels of cdk2 were used as loading control. (c) Cell cycle arrest is independent of the retinoid receptors. Jurkat-Bcl-2 cells were incubated with the
indicated RRMs in the absence (�) or in the presence of 12 mM retinoic acid (R) or the retinoid antagonist CD2665 (A). After 24 h of incubation, cells were double stained
with anti-BrdU-FITC and PI followed by flow cytometry. The percentage of cells in each phase of the cell cycle is indicated
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prepared in RIPA buffer and anti-PARP monoclonal antibody (C2-10,
PharMingen). Immunodetection was performed exactly as described.39

Incorporation of BrdU and cell cycle analysis

Jurkat-Bcl-2 cells were treated for 24 h with the indicated RRMs, and
10mM BrdU was added during the last 30 min of incubation. Cells were
collected, washed with PBS and fixed in 70% ethanol for at least 16 h at
41C. An aliquot of cells was counted, and the same number of cells in each
sample was labeled with a FITC-conjugated anti-BrdU antibody (Caltag
Laboratories) following the manufacturer’s instructions. Subsequently,
cells were also stained with 50mg/ml propidium iodide (PI) in the presence
of 100 U/ml RNase, and analyzed by flow cytometry (FACS Calibur).
Singlets were identified in an FL2-area-versus-width dot plot. For the
examination of cyclins and Rb protein levels, whole-cell extracts were
prepared in lysis buffer (50 mM Hepes, pH 7.4, 100mM NaCl, 1 mM
EGTA, 1 mM MgCl2, 1% (v/v) Triton X-100, 20mM NaF, 20mM Na-
pyrophosphate, 1 mM sodium vanadate, and protease inhibitor mixture).
Protein extract (25 mg) was separated by SDS-PAGE and immunoblotted
with antibodies against cyclins A, B1, and E (Santa Cruz Biotechnology),
phospho-(Ser 795)-Rb (Cell Signalling), Rb, and cdk2 (Santa Cruz).
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