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1. ABSTRACT

The production of hematopoietic cellsis regulated
by the availability of key cytokines such as interleukin-3
(IL-3). IL-3 promotes the survival and proliferation of
bone marrow-derived hematopoietic cells. Recent studies
using IL-3-dependent cell lines have begun to shed light on
the regulation of apoptosis in cytokine-dependent cells.
These studies indicate that IL-3 inhibits apoptosis by
stimulating the activation of celular kinases, including
phophatidylinositol (Pl) 3-kinase and Akt kinase. On the
other hand, withdrawal of IL-3 leads to the activation of
caspase proteases and a commitment to cell death. This
review will discuss the current state of knowledge regarding
the molecular mechanisms of: &) suppression of apoptosis
by IL-3, and b) activation of apoptosis following IL-3
withdrawal .

2. INTRODUCTION

IL-3, adong with GM-CSF, is produced and
secreted by activated T cells (1-3). Once released, these
cytokines promote the survival, proliferation, and
maturation of bone marrow-derived multipotential and
lineage-committed hematopoietic progenitors (1-7). The
fact that IL-3 is produced by activated T cells has led to the
hypothesis that IL-3 plays an important role in the
expansion of hematopoietic  populations  during
inflammation  (2). Moreover, attenuation of an
inflammatory response may require depletion of IL-3 and
resultant apoptotic death of the expanded IL-3-dependent
cells.  Although recent gene knockout experiments have
raised questions about the precise role of IL-3 (8-11),
studies using IL-3-dependent cells have provided an
excellent working model for understanding the devel opment
and death of cytokine-dependent cells.

In addition to providing insight into the process
of norma hematopoiesis, an understanding of apoptosis
regulation in cytokine-dependent cells also may provide
clues regarding the origin and progression of certain
leukemias and lymphomas. The observation during the late
1980's that greater than 85% of patients with follicular B
cell lymphoma overexpress the antiapoptotic protein Bcl-2
(12-14), raised the possihility that abrogation of apoptotic
pathways may represent a common mechanism of
malignant progression. More specifically, abnormal
expression or function of apoptosis regulatory molecules
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could play arole in converting normal cytokine-dependent
cells into cancerous cells. For this reason, it is first
important to identify and understand the normal
mechanisms of apoptosis regulation in cytokine-dependent
cells. In the following sections, we will describe what is
known about survival pathways that are activated in IL-3
stimulated cells and apoptotic pathways that are activated
in IL-3-deprived cells.

3. SIGNALS MEDIATED BY THE IL-3 RECEPTOR

The effects of IL-3 are mediated by a high-
affinity cell surface receptor (15-17). The receptor for IL-
3, like the receptors for GM-CSF and IL-5, consists of two
subunits, the alpha subunit (or IL-3alpha) and the beta
subunit (or beta;). Both the IL-3apha and the beta.
subunit span the membrane once and are oriented with their
amino termini outside the cell. Neither subunit contains
intrinsic kinase activity in its cytoplasmic domain. The IL-
3alpha subunit is a 378 amino acid protein (human) which
contains a single cytokine receptor module (CRM) in its
extracellular domain and a short 53 amino acid cytoplasmic
domain (18). The beta, subunit is an 881 amino acid
protein (human) with two CRMs in its extracellular domain
and a cytoplasmic domain of 432 amino acids (19).
Strikingly, the beta. subunit of the IL-3 receptor is also
shared by the receptors for GM-CSF and IL-5 (18, 20). On
the other hand, the IL-3, GM-CSF, and IL-5 receptors each
contain distinct apha subunits (18, 21-23). Thus, the
ligand binding specificities of these receptors are determined
by their unique apha subunits.

The binding of IL-3 to its cognate receptor results
in dimerization of the IL-3alpha and beta, subunits,
followed by tyrosine phosphorylation of beta, (24-28).
Extensive mutational analyses have determined that while
the cytoplasmic domains of both subunits are important for
normal receptor activation, it is the cytoplasmic domain of
the beta, subunit which is primarily responsible for
signaling (25, 29-32). Since beta, is common to the IL-3,
GM-CSF, and IL-5 receptors, studies of beta.-mediated
signaling have interchangably used IL-3, GM-CSF, or IL-5
as stimulating ligands.

In addition to tyrosine phosphorylation of beta.,
ligand binding induces a number of other cellular responses,
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including: A) tyrosine phosphorylation of Jak2 kinase
(33), Stat5 (34, 35), phosphatidylinositol (Pl) 3-kinase
(36), Vav (37), Shc (38-40), and PTP1D phosphatase (41),
B) activation of Jak2 kinase (33), Stat5 (34, 35), PI 3-
kinase (36), Ras (42, 43), Raf-1 kinase (44), and MAP
kinase (45, 46), C) transcription of c-myc, c-fos, and c-jun
(47, 36), D) cellular proliferation, and E) suppression of
apoptosis.  This diversity of responses may seem
somewhat remarkable since beta, itself does not exhibit
intrinsic kinase activity. However, numerous studies have
supported a model wherein ligand-induced
heterodimerization of IL-3alpha and beta, causes a
conformational change resulting in the activation of Jak2
kinase that is preassociated with the receptor (33). The
activation of Jak2 then leads to phosphorylation of beta. on
several tyrosine residues in its cytoplasmic domain. These
phosphorylated tyrosine residues serve as docking sites for
SH2-containing adaptor or signaling molecules such as Shc
(38-40) and hematopoietic cell phosphatase (48). When
brought into close proximity with activated Jak2 kinase, the
SH2-containing molecules themselves can become targets
for phosphorylation and activation.

Recent experiments have demonstrated that
distinct biochemical pathways are responsible for IL-3-
induced DNA synthesis and IL-3-mediated suppression of
apoptosis. In IL-3-dependent pro-B (Ba/F3) or pro-
myeloid (32D) cells, treatment with genistein during I1L-3
stimulation was found to block induction of DNA
synthesis, but not suppression of apoptosis (49). This
distinction between survival and proliferation pathways has
been defined in even greater detail through studies using
beta, receptor mutants (36, 49). Such studies have
identified three distinct functional domains in the human
beta, cytoplasmic region: a membrane proximal domain
(amino acids 455-517), a membrane distal domain (aa 544-
763), and a C-termind domain (a.a. 763-881). Deletion of
the C-terminal domain by truncating beta. at amino acid 763
increases ligand-dependent Pl 3-kinase activity and tyrosine
phosphorylation of beta, and Shc, indicating that the C-
terminal region may be important in negative regulation.
The C-terminal region is not essential for induction of DNA
synthesis or suppression of apoptosis. Remova of the
membrane distal domain by truncation of beta. a amino
acids 517 or 544 results in receptors which retain the ability
to promote c-myc transcription and DNA synthesis, but
fail to mediate activation of Ras and the Raf-1/MAP kinase
pathway, induction of c-fos and c-jun, or suppression
apoptosis. Removal of the membrane proxima domain by
truncation at amino acid 455 results in a receptor which is
unable to bhind Jak2 kinase, and unable to mediate
transcription of c-myc and induction of DNA synthesis (33,
36). Thus, in summary, the membrane proximal domain is
important for ligand-dependent activation of Jak2,
transcription of c-myc, and stimulation of DNA synthesis,
while the membrane distal domain is required for activation
of Ras/Raf-1/MAP kinase, induction of c-fos/c-jun, and
suppression of apoptosis (33, 36, 49).

The mutational studies described above have
determined that the membrane distal domain of beta, is
critically important for mediating survival signals from the
IL-3 receptor. Since this region of beta. also is important
for activation of Ras and the Raf-1/MAP kinase pathways,
attention has focused on these molecules as potential
mediators of survival. Kinoshitaet al. (50) have shown that
expression of mutant activated Ras restores Raf-1
activation and cell survival in cells expressing the beta,
mutant lacking the membrane distal domain. The ability of
activated Ras to promote survival may be mediated in part
by Raf-1 kinase, since overexpression of constitutively
activated Raf-1 can suppress apoptosis in |L-3-deprived
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cells (50). At the same time, Raf-1-independent pathways
also appear to be involved, since expression of an activated
Ras mutant which is unable to activate Raf-1 can aso
support survival (50). The Raf-1-independent pathways
are sensitive to wortmannin, a specific inhibitor of Pl 3-
kinase, suggesting the involvement of this enzyme in beta.-
and Ras-mediated survival pathways (50, 51). The
potential role of Pl 3-kinase will be discussed in greater
detail in the next section.

Finally, it should be noted that in the mouse, two
closely related IL-3 receptor beta subunits, beta, and beta, -
3 (52), have been identified (as opposed to only one beta
subunit in all other species studied). The beta, subunit, as
described above, serves as a common beta subunit for the
IL-3, GM-CSF, and IL-5 receptors. By contrast, beta 3 is
specific to the murine 1L-3 receptor, associating only with
the murine |L-3alphareceptor subunit. The role of beta .3
in 1L-3 receptor-mediated signaling in the murine system is
largely undefined.

4. Bcl-2, BAD, AND AKT KINASE

In the previous section we began by discussing
signaling events that originated with the cell surface IL-3
receptor, then followed these pathways into the interior of
the cell. In this section we will focus on molecules and
eventsin theinterior of the cell and then trace our way back
towards the receptor. This will serve to link known
intracellular regulators of apoptosis with receptor-mediated
survival signals. We will begin with adiscussion of the Bcl-
2 oncoprotein.

The bcl-2 protooncogene was initially identified
as a celular gene located at the site of a frequent
chromosomal trandocation in follicular B cell lymphomas
(12, 13). Fallicular B cell lymphomas represent one of the
most common cancers of the human hematopoietic system.
Greater than 85% of these lymphomas, as well as 20% of
diffuse B cell lymphomas, exhibit a t(14;18) chromosomal
translocation, which results in elevated expression of wild-
type Bcl-2 protein (52, 12, 14). A considerable body of
experimental evidence indicates that Bcl-2 contributes to
the progression of these diseases by blocking apoptosis in
cells that are normally destined to die. For example,
targeted overexpression of Bcl-2 in the B lymphocytes of
transgenic mice results in extended B cell survival and an
expanded B cell compartment (54).

The deleterious effects of Bcl-2 overexpression
may not be limited to cancers of hematopoietic cells.
Deregulated expression of Bcl-2 has also been documented
in neuroblastoma (55), androgen-independent prostate
cancer (56), breast cancer (57, 58), melanoma (59, 60), and
gastrointestina cancer (61). Thus, the disruption of
apoptotic pathways by Bcl-2 or Bcl-2-like molecules may
be a common step during tumor devel opment.

The expression of Bcl-2 also appears to play an
important role in the normal development and maintenance
of the hematopoietic system. In the adult, Bcl-2 is
expressed in bone marrow progenitor cells representing all
lineages, suggesting a role in the survival of these immature
cells (62). Further clues about the role of Bcl-2 have come
from bcl-2"" gene knockout mice (63, 64). These mice are
born normal, and initially demonstrate apparently normal
hematopoiesis. However, shortly after
birth the knockout mice exhibit massive lymphocyte
apoptosis.  Furthermore, thymocytes from these mice
undergo  accelerated  apoptosis  in  response  to
dexamethasone or radiation. Eventualy, most bcl-2"
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Figure 1. Potential pathway for suppression of apoptosis
by 1L-3.

knockout mice die prematurely from polycystic kidney
disease.

In cdl culture sytems, Bcl-2 has been shown to
block apoptosis in response to a variety of apoptotic
stimuli, including cytokine withdrawal (65, 66). A great
deal of effort has been invested to determine the molecular
mechanism of Bcl-2 action. Bcl-2 is a 25 kDa integra
membrane protein that is localized primarily to membranes
of the mitochondria, endoplasmic reticulum, and nucleus
(67-69, 106, 107). Although the primary amino acid
sequence of Bcl-2 is not homologous to any known
enzymatic proteins, anumber of Bcl-2 related proteins have
been isolated and cloned.  Together these proteins
consgtitute the Bcl-2 protein family (70). Functional studies
have determined that the different members of the Bcl-2
protein family act either to suppress (Bcl-2, Bcl-X, Mcl-1,
Al) or promote (Bax, Bcl-Xs Bad, Bak, Bik, Bid)
apoptosis (70-72). Members of the Bcl-2 protein family
can homodimerize or heterodimerize with other members of
the family. Importantly, the functional properties of these
proteins are altered by heterodimerization interactions (73,
74).

Recently the crystal structure of the Bcl-2 family
member, Bcl-X,, was ducidated, revealing striking
similarities between Bcl-X | and the pore-forming proteins
diptheria toxin and the colicins (75). Based on this
observation, subsequent experiments have determined that
Bcl-X, (76), Bcl-2 (77, 103), and Bax (74, 103), all haveion
channel-forming ability when studied in artificia lipid
membranes. The prominent localization of Bcl-2 family
members to the mitochondria suggests that the mechanism
of action of these molecules may be to regulate the
permeability of the mitochondria to ions or potentially to
other larger molecules (The role of mitochondria will be
discussed in grester detail in the next section).
Interestingly, pores that are formed by the proapoptotic
molecule Bax exhibit properties that are different from
those formed by the antiapoptotic molecule Bcl-2 (74,
103). Moreover, the unique properties of the Bax channe
can be blocked by heterodimerization with Bcl-2 (74).

In addition to serving as a channd-forming
protein, Bcl-2 can also act as a binding or docking site for
other proapoptotic molecules, such as Bad (78). Although
Bad is a member of the Bcl-2 protein family, it is not
anchored to a membrane and exists as a cytoplasmic
protein. Overexpression of Bad can inhibit the ability of
Bcl-2 to prevent apoptosis in IL-3-deprived cells (78).
However, in the presence of IL-3, Bad becomes
phosphorylated on serine 112 and serine 136, and Bad-
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promoted apoptosis is suppressed (79). Zha et al. (79)
have found that unphosphorylated Bad binds to Bcl-X,
(and possibly Bcl-2), while phosphorylated Bad is bound
up by the cytoplasmic protein 14-3-3 (Figure 1). Thus, IL-
3-mediated phosphorylation of Bad likely serves to free up
antiapoptotic Bcl-2 family members to perform their
function of inhibiting apoptosis.

Since the ability of IL-3 to promote
phosphorylation of Bad appears to be important in the
suppression of apoptosis, efforts have been made to
identify the kinase that is responsible for Bad
phosphorylation. Recently, Datta et al. (80) discovered
that Akt kinase can phosphorylate serine 136 of Bad, both
in vitro and in vivo. Furthermore, Akt-mediated
phosphorylation of serine 136 appears to be sufficient for
inhibition of apoptosisin cultured cells. These findings are
consistent with previous studies which have shown that
activated Akt can inhibit apoptosis under a number of
different circumstances, including cytokine withdrawal (81,
51, 82-85). Importantly, the discovery that Akt can
phosphorylate Bad provides an important link to IL-3
receptor-initiated signaling. This is because Akt kinase is
known to be activated by Pl 3-kinase (86-89), and PI 3-
kinaseis activated soon after IL-3 bindsto its receptor (36).
Pl 3-kinase, like Akt, has been shown in a number of
different studies to suppress apoptosis (90-92, 51, 82, 85).
Activation of Pl 3-kinase may occur via Ras-dependent
pathways (93, 94), but also may involve Ras-independent
mechanisms. Once activated, Pl 3-kinase phosphorylates
inositol phospholipids at the D-3 position. Akt activation
results, at least in part, by the binding of Pl 3-kinase-
generated phosphorylated lipids to the pleckstrin homology
domain of the Akt molecule (95, 96).

Figure 1 presents a summary of a potential
mechanism for IL-3-mediated suppression of apoptosis.
Briefly, the binding of IL-3 to its receptor results in Ras
activation, through sequences represented by the membrane
distal domain of the beta, receptor subunit. Activation of
Ras may lead to the activation of Pl 3-kinase.
Alternatively, Pl 3-kinase may be activated through a Ras-
independent  pathway. Activated Pl 3-kinase
phosphorylates inositol phospholipids, which then bind to
and activate Akt kinase. Akt then phosphorylates Bad, and
potentially other apoptosis-regulatory molecules, resulting
in the association of Bad with 14-3-3. The sequestration of
Bad by 14-3-3 frees up antiapoptotic proteins such as
Bcl-X_ or Bcl-2, alowing them to bind to proapoptotic
molecules such as Bax and inhibit apoptosis.

5. MITOCHONDRIAL
APOPTOSIS

CHANGES DURING

The discovery that several Bcl-2 family members
are localized to the outer mitochondrial membrane has
raised speculation that mitochondria play an important role
in the regulation of apoptosis. In support of this, recent
work has shown that a number of mitochondrial events
occur during early apoptotic cell death. These events
include: A) release of cytochrome c from the mitochondrial
intermembranous space into the cytoplasm (97, 98), B)
mitochondrial swelling and outer membrane rupture (99),
and C) loss of mitochondrial membrane potential (100).
Each of these mitochondria-associated events has been
demonstrated in 1L-3-deprived FL5.12 pro-B cells (99), as
well as other cell lines stimulated with a variety of different
apoptotic stimuli.

The release of cytochrome ¢ from mitochondriais
particularly intriguing. Apo-cytochrome c is encoded by a
nuclear gene and is transported, by an unknown
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Figure 2. Potentia pathway outlining caspase activation
and cellular destruction following IL-3 withdrawal. Current
experimental  evidence has demonstrated that IL-3
withdrawal leads to cytochrome c releasse from the
mitochondria, and eventual caspase-mediated cleavage of
cellular proteins and fragmentation of genomic DNA.
However, the mechanism of caspase activation in IL-3-
deprived cells remains unknown. The figure shows a
pathway for caspase activation that has been elucidated in
cytokine-independent cells (97, 101, 102, 145-147).

mechanism, into the space between the inner and outer
mitochondrial  membranes. Once transported, apo-
cytochrome ¢ binds with heme and assumes its important
role in oxidative phosphorylation.  The release of
cytochrome ¢ from mitochondria during an early stage of
apoptosis was initially discovered by the laboratory of
Xiaodong Wang (97). This group was searching for
cytoplasmic proteins that contributed to the activation of a
class of apoptotic effectors, caspase proteases (caspases
are discussed at length in the next section). One of the
proteins they purified and determined to be important for
activation of caspases was cytochrome ¢. As depicted in
figure 2, subsequent studies (101, 102) have shown that
cytochrome c that is released from the mitochondriaforms a
complex with two other proteins, procaspase-9 and Apaf-
1 (a mammdian homolog of the C. elegans death protein
CED-4). Formation of this complex in the presence of
dATP results in the processing of inactive procaspase-9 to
active caspase-9 (102). Active caspase-9 then promotes
the processing and activation of caspase-3, which may lead
to a cascade of other caspases being activated. Currently, it
isunclear how cytochrome c contributes to the cytochrome
c/Apaf-1/procaspase-9 activation complex, and how the
redox potential of the cytochrome ¢ heme group might be
involved. Also, with respect to IL-3 withdrawal-induced
apoptosis, it remains to be determined whether caspase-9 is
theinitial caspase that is activated.

Another unsolved problem concerns the
mechanism of cytochrome c release from the mitochondria.
One possible mechanism for this release would involve
pores in the outer mitochondrid membrane. Since the
proapoptotic molecule Bax has demonstrated pore-forming
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ability (74, 103) it has been intriguing to speculate that Bax
may form the pore through which cytochrome ¢ passes.
The observation that Bcl-2, via heterodimerization, aters
the properties of Bax pores (74), and aso blocks the release
of cytochrome c (104, 105), supports thisidea. However,
current experimental evidence suggests that the pores
formed by Bax are more likely to be limited to the passage
of ions or much smaller molecules (74, 103). Nonetheless,
it remains a possibility that Bax, or some as yet unknown
pore, may be responsible for transport of cytochrome c to
the cytoplasm.

Another possible mechanism for the release of
cytochrome ¢ would involve rupture of the outer
mitochondrial membrane. Vander Heiden et al. (99) have
reported that apoptosis caused by IL-3 withdrawal
(FL5.12) or stimulation of Fas antigen (Jurkat T leukemic
cells) is marked by early swelling of the mitochondria and
rupture of the outer membrane. These events, which can be
blocked by expression of Bcl-X_, may account for the
release of cytochrome c¢. However, it is unclear whether
mitochondrial swelling and outer membrane rupture occur
universaly in apoptotic cells, and whether membrane
rupture actually precedes the earliest release of cytochrome
C.

In addition to cytochrome ¢, a protein called AlF
(apoptosis-inducing factor) has been reported to be released
from mitochondria during apoptosis, and appears to be
involved in caspase activation (108). AIF is a 50 kDa
protein which awaits purification and cloning. It will be
interesting to see whether other critically important
proteins are rel eased from the mitochondria.

The loss of mitochondrial membrane potential
(also referred to as mitochondrial permeability transition)
has also been observed in avariety of different cell typesin
response to a variety of different apoptotic stimuli (100,
109). A poorly defined pore, capable of large conductance
and located in the inner mitochondrial membrane, is
responsible for mitochondrial permeability transition (98).
Severa studies indicate that the opening of this pore is
preceded by mitochondrial swelling, outer membrane
rupture, and cytochrome c release (104, 105, 99). Thus, the
importance of mitochondrial permeability transition in the
propagation of apoptosis signaling events remains
unknown. However, as with other mitochondrial events,
mitochondrial permeability transition is efficiently inhibited
by expression of antiapoptotic Bcl-2 family members
(109).

6. ACTIVATION OF CASPASE PROTEASES
FOLLOWING IL-3 WITHDRAWAL

In avariety of model systems, the execution stage
of apoptosis is known to be associated with the activation
of afamily of celular proteases called caspases (110-112).
Caspases are cysteine proteases which cleave substrate
proteins after aspartate residues found in specific sequence
contexts. To date, ten distinct members of the caspase
protease family (caspase-1 through -10) have been
identified and cloned (113). During apoptosis the
activation of caspases often proceeds in a cascade-like
fashion, with one member of the family serving to activate
another (seefigure 2). In thisfashion the proteolytic signal
may be amplified. Ultimately, caspase activation leads to
the destruction of the cell, presumably due to the cleavage
of multiple intracellular substrate proteins. The activation
of caspases has been shown to occur during apoptosis
caused by a variety of different stimuli, including treatment
with chemotherapy or radiation (114-119), stimulation of
cell surface Fas or TNF receptor (120-122), detachment
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from extracellular matrix (123), or withdrawal of essentia
neurotrophic factor (124, 125). As discussed below, more
recent data indicates that withdrawal of cytokines, such as
IL-3, results in caspase activation in cytokine-dependent
hematopoietic cells.

Detailed studies of caspase proteases have
required convenient methods for assessing caspase
activation. Many of these studies have made use of the fact
that caspases are initialy synthesized as inactive
precursors. Activation involves proteolytic processing of
the inactive procaspase form to two smaller subunits which
associate into a heterotetrameric active enzyme form (110-
112). Thus, the activation of a specific caspase can be
assessed via Western blotting, by measuring conversion of
the high molecular weight precursor form to smaller active
subunits. In the same way, the cleavage of known caspase
substrate proteins can be used as a measure of caspase
activation. A number of important caspase substrate
proteins have been identified, including poly(ADP-ribose)
polymerase (PARP), an enzyme involved in DNA repair
(126-131). PARP is known to be cleaved by several
different members of the caspase family, and cleavage of
PARP has commonly been used as a hallmark indicator of
caspase activation. Finaly, caspase activation can aso be
assessed by measuring the cleavage of fluorogenic peptides
that are based on peptide cleavage sitesin caspase substrate
proteins. The most commonly used peptides contain the
core sequence YVAD (recognized specifically by caspase-
1), VAD (recognized by multiple caspases), or DEVD
(recognized at least by caspase-3).

The role of caspase proteases in various
apoptotic processes has been studied using two types of
caspase inhibitors: 1) peptides based on cleavage sites in
substrate proteins (132, 133), and 2) virally-encoded
caspase inhibitors, including cowpox virus CrmA (134-136)
and baculovirus p35 (137, 138) proteins. Experiments
using the CrmA inhibitor have shown that caspases are
important for apoptotic execution following neurotrophic
factor withdrawal (124), Fas or TNFR stimulation (120-
122), detachment from extracellular matrix (123), and
treatment with chemotherapy (118).

Although relatively little work has been done to
investigate the mechanism of IL-3 withdrawal-induced
apoptosis, recent work has begun to document an
important role for caspases in this process. Early studies
by Kumar (139) demonstrated that a number of IL-3-
dependent cell lines expresssd mRNA for caspase-2.
Moreover, expression of antisense caspase-2 in IL-3-
dependent FDCP-1 cells (murine myeloid progenitor cell
line) resulted in moderately enhanced surviva following IL-
3 withdrawal (139). Subsequent Western blotting
experiments using extracts of Mo7e cells (IL-3-dependent
human megakaryaoblastic cell line) have reveded rapid
processing/activation of caspase-2 and caspase-7 following
IL-3 withdrawal (140). At later timepoints, caspase-3 was
also activated, indicating that a cascade of caspases may be
initiated in IL-3-deprived Mo7e cells.

A number of studies, using Ba/F3, Mo7e, 32D,
or FDCP-1 cells, have observed cleavage of PARP protein
following IL-3 withdrawal (140-143; see Figure 2). In
general, PARP cleavage immediately  preceded
fragmentation of genomic DNA to oligonucleosomal-length
fragments. The IL-3 withdrawal-induced PARP cleavage
was inhibited both in vivo and in vitro by overexpression of
Bcl-2, or by incubation with the inhibitory peptides z-
VAD-fluoromethyl ketone (z-VAD-FMK) or z-DEVD-
fluoromethyl ketone (z-DEVD-FMK) (141-143). These
inhibitors also delayed DNA fragmentation and loss of cell
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viability, indicating an important role for caspases in
apoptotic execution following IL-3 withdrawal (141, 142).
On the other hand, YVAD peptide, an inhibitor of caspase-
1, had no effect on PARP cleavage or apoptosis, suggesting
that caspase-1 is not involved (142). In addition, PARP
cleavage, DNA fragmentation, and loss of cell viability were
not inhibited by expression of CrmA protein (143, 144), a
potent inhibitor of apoptosis caused by neurotrophic factor
withdrawal (124) or Fas stimulation (120-122). This
suggests that the repertoire of caspases activated by IL-3
withdrawal is different from the repertoires activated by
other apoptotic stimuli.

In till further experiments, extracts from 1L-3-
deprived cells have been shown to cleave the fluorogenic
peptides  DEVD-7-amino-4-trifluoromethyl ~ coumarin
(DEVD-AFC) (140) and DEVD-4-methylcoumaryl-7-
amide (DEVD-MCA) (142). The cleavage of DEVD-AFC
and DEVD-MCA by these extracts has been interpreted to
indicate that caspase-3 is an important mediator of 1L-3
withdrawal-induced apoptosis. However, it is possible that
other members of the caspase family aso can cleave this
peptide (133). Peptides thought to be specific for caspase-
1 were not cleaved by extracts from IL-3-deprived cells
(240, 142), consistent with experiments described above.

On atechnical note, it should be pointed out that
in vivo inhibition of PARP cleavage or apoptosis in the IL-
3-dependent cells that have been studied, typically requires
much higher concentrations of inhibitory peptide than is
needed in other cell types (ex. Fas-stimulated Jurkat T
leukemic cells). Perhaps the inhibitory peptides are poorly
taken up, or are rapidly metabolized by IL-3-dependent cell
lines.

Ultimately  IL-3  withdrawal leads to
fragmentation of genomic DNA and loss of cell viability. In
related systems, protein purification has led to the
discovery of a caspase-activated deoxyribonuclease (CAD)
that mediates DNA fragmentation in apoptotic cells (145,
146). Normally, CAD exists as an inactive enzyme,
complexed with an inhibitor called ICAD/DFF (145-147;
see Figure 2). However, in the presence of an apoptotic
stimulus, activated caspase-3 cleaves and inactivates the
ICAD/DFF inhibitor (145-147). This enables CAD to
perform its function of cleaving genomic DNA. It will be
interesting to see whether ICAD/DFF and CAD are
involved in DNA fragmentation during IL-3 withdrawal-
induced apoptosis.

In summary, dthough it is now clear that IL-3
withdrawal leads to caspase activation and cleavage of
caspases substrates, a number of questions remain
unanswered:  Which members of the caspase protease
family are activated by IL-3 withdrawal, and in what order?
Are different caspases activated in different hematopoietic
lineages? What is the mechanism of caspase activation
following IL-3 withdrawa?  Which events commit
cytokine-deprived cells to a pathway of apoptotic
execution? |Is CAD activated in IL-3-deprived cells?
Further experiments will be needed to address these and
other important questions.

7. THE IMPORTANCE OF p53

The ability of p53 to promote apoptosis has been
well documented in avariety of systems. Inthe case of IL-
3 withdrawal-induced apoptosis, p53 appears to be
critically important (148-150). Studies using 32D cells
have shown that overexpression of wild-type p53 resultsin
accel erated apoptosis following IL-3 withdrawal (149). By
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Figure 3. Potential pathways of p53-mediated apoptosis.
The p53 protein plays an important role in IL-3
withdrawal-induced apoptosis (see text). In other systems,
p53 has been shown to induce transcription of Bax, DR5
death receptor, and enzymes involved in the production and
regulation of cellular reactive oxygen species (ROS). The
figure depicts potential pathways of p53-mediated caspase
activation.

contrast, disruption of p53 function by overexpression of
dominant-negative p53 serves to protect IL-3-deprived 32D
or DAl cells from apoptosis (148, 149). Thus, p53
function seems to be required for IL-3 withdrawal-induced
apoptosis of hematopoietic cells.

The precise mechanism whereby p53 promotes
apoptosisin IL-3-deprived cells remains unclear. However,
it seems likely that activation of caspase proteases may be
a downstream effect of p53 action. In M1 myeloid
leukemic cells, overexpression of wild-type p53 has been
shown to elicit caspase activation (151). Incubation of
these cells with IL-6 cytokine can inhibit the p53-mediated
caspase activation.

Recent studies have provided clues regarding p53-
mediated events that are more proxima than caspase
activation, and suggest that early biochemical events may
depend on the ability of p53 to act as a transcription factor
(figure 3). These studies have shown that overexpression
of p53 induces transcription of proapoptotic Bax protein
(152, 153), as well as DR5 (154), a cell surface receptor
that is directly linked to activation of caspases. In addition,
Polyak et al. (155) have demonstrated that overexpression
of p53 in a colorectal cancer cell line leads to the induction
of alimited number of p53-inducible-genes (PIGS). Of the
14 PIGs they identified, severa turned out to encode
enzymes involved in the production or regulation of
intracellular reactive oxygen species (ROS). Polyak et al.
(155) proposed that p53-mediated induction of these
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enzymes could lead to the generation of ROS, oxidative
damage to the mitochondria, release of proteins from the
damaged mitochondria, and activation of caspases by the
released mitochondrial proteins (figure 3). Future
experiments will help to determine the role of p53-inducible
genes and ROS in IL-3 withdrawal-induced apoptosis.

8. PERSPECTIVES

Athough much has been learned in recent years
concerning the regulation and execution of apoptosis, many
guestions are | eft to be answered. One area of research that
promises to be particularly exciting will be the
characterization of channels formed by Bcl-2 family
members. Studies of these channels should shed light on
the regulation of mitochondrial function and the mechanism
of cytochrome c release. |n addition, these studies will help
to determine how proteins such as Bad, through their
interactions with antiapoptotic membrane channels, serve
to promote apoptosis.

With respect to IL-3 withdrawal-induced
apoptosis, it now seems clear that caspases play an
important role in the execution process. However,
questions remain regarding which caspases are activated,
and in what order, following IL-3 withdrawal. Furthermore,
it is not known whether the individual members of the
caspase family are developmentally regulated or lineage-
restricted during hematopoiesis. A clearer understanding of
caspase expression patterns will be useful when asking
whether caspase expression or function is atered in
leukemias or lymphomas.

Finaly, it remains to be determined, from a
mechanistic perspective, how caspases become activated
following IL-3 withdrawal. Evidence from other systems
has delineated two distinct models of caspase activation. In
one model, ligand-induced activation of a cell surface
receptor (ex. Fas, DR5) results in direct activation of a
caspase (ex. caspase-8) that is part of a signaling complex
associated with the receptor cytoplasmic domain (156,
157). In the second model, depicted in figure 2, caspases
become activated in response to the release of cytochrome ¢
from the mitochondria. The release of cytochrome ¢ has
been observed following IL-3 withdrawa (99), suggesting
that the activation of caspases in IL-3-deprived cells may
occur via this second model. However, it remains possible
that caspases are activated at the cell surface, or by some
other unique mechanism, following IL-3 withdrawal. A
greater understanding of caspase activation pathways will
assist the development of therapies aimed at restoring
apoptotic potential in apoptosis-resistant leukemias and
lymphomas.

9. ACKNOWLEDGEMENTS

This work was supported by a University of
Pittsburgh Cancer Institute Markey Trust Award, and in
part by Nationa Institutes of Health Grant CA66044.
Thanks to Arup Chakraborty and Richard Cho for critical
reading of the manuscript.

10. REFERENCES

1. Maetcdf, D. The molecular control of cell division,
differentiation commitment and maturation in haemopoietic
cells. Nature 339, 27-30 (1989)

2. Ara,K. Lee F, Miygima, A., Miyatake, S., Arai, N.,
Yokota, T. Cytokines: Coordinators of immune and
inflammatory responses. Ann Rev Biochem 59, 783-836
(1990)



Apoptosis in IL-3-dependent cells

3. Metcalf, D. Control of granulocytes and macrophages:
Molecular, cellular, and clinical aspects. Nature 254, 529-
533 (1991)

4. Greenberger, J.S., Sakakeeny, M.A., Humphries, R.K.,
Eaves, C.J., Eckner, R.J. Demonstration of permanent
factor-dependent multipotential
(erythroid/neutrophil/basophil) hematopoietic progenitor
cdl lines. Proc Natl Acad Sci USA 80, 2931-2935 (1983)

5. Greenberger, J.S,, Eckner, R.J., Sakakeeny, M., Marks,
P., Reid, D., Nabel, G., Hapel, A., Ihle, JN., Humphries,
K.C. Interleukin-3-dependent hematopoietic progenitor cell
lines. Fed Proc 42, 2762-2771 (1983)

6. Williams, G., Smith, C., Spooncer, E., Dexter, T.,
Taylor, D. Haematopoietic colony stimulating factors
promote cell survival by suppressing apoptosis. Nature
343, 76-79 (1990)

7. Rodriquez-Tarduchy, G., Collins, M.K.L., Lopez-
Rivas, A. Regulation of apoptosis in interleukin-3-
dependent hemopoietic cells by interleukin-3 and calcium
ionophores. EMBO J 9, 2997-3002 (1990)

8. Nishinakamura, R., Nakayama, N., Hirabayashi, Y.,
Inoue, T., Aud, D., McNell, T., Azuma, S., Yoshida, S.,
Toyoda, Y., Arai, K. Mice deficient for the IL-3/GM-
CSH/IL-5 beta c receptor exhibit lung pathology and
impaired immune response, while beta IL-3 receptor-
deficient mice are normal. Immunity 2, 211-222 (1995)

9. Robb, L., Drinkwater, C.C., Metcdlf, D., Li, R,
Kontgen, F., Nicola, N.A., Begley, C.G. Hematopoietic
and lung abnormalities in mice with a null mutation of the
common beta subunit of the receptors for granulocyte-
macrophage colony-stimulating factor and interleukin 3 and
5. Proc Natl Acad Sci USA 92, 9565-9569 (1995)

10. Nicola, N.A., Robb, L., Metcalf, D., Cary, D.,
Drinkwater, C.C., Begley, C.G. Functional inactivation in
mice of the gene for the interleukin-3 (IL-3)-specific
receptor beta-chain: Implication for IL-3 function and the
mechanism of receptor transmodulation in hematopoietic
cells. Blood 87, 2665-2674 (1996)

11. Nishingkamura, R., Miyajima, A. Mee, P.J,
Tybulewicz, V.L.J., Murray, R. Hematopoiesis in mice
lacking the entire granulocyte macrophage-colony
stimulating ~ factor/interleukin-3/interleukin-5  functions.
Blood 88, 2458-2464 (1996)

12. Tsujimoto, Y., Finger, L.R., Yunis, J, Nowell, P.C.,
Croce, C.M. Chromosome breakpoint of neoplastic B cells
with the t(14;18) chromosome translocation. Science 226,
1097-1099 (1985)

13. Cleary, M.L., Smith, SD., Sklar, J. Cloning and
structural analysis of cDNAS for bcl-2 and a hybrid bcl-
2/immunoglobulin transcript resulting from the t(14;18)
translocation. Cell 47, 19-28 (1986)

14.  Yunis, J.,, Frizzera, G., Oken, M., McKenna, J,,
Theologides, A., Arnesen, M. Multiple recurrent genomic
defectsin follicular lymphoma. New Eng J Med 316, 79-84
(1987)

15. lhle, JN. Cytokine receptor signaling. Nature 377,
591-594 (1995)

16. Miygima, A. Cytokine regulation:
Leukemia 11 suppl 3, 413-415 (1997)

An overview.

319

17. Hara, T., Miyaima, A. Function and signa
transduction mediated by the interleukin 3 receptor system
in Hematopoiesis. Stem Cells 14, 605-618 (1996)

18. Kitamura, T., Sato, N., Arai, K., Miygima, A.
Expression cloning of the human IL-3 receptor cDNA
reveals a shared beta subunit for the human IL-3 and GM-
CSF receptors. Cell 66, 1165-1174 (1991)

19. Hayashida, K., Kitamura, T., Gorman, D.M., Arai, K.,
Yokota, T., Miyajima, A. Molecular cloning of a second
subunit of the receptor for human granulocyte-macrophage
colony-stimulating factor (GM-CSF): Reconstitution of a
high-affinity GM-CSF receptor. Proc Natl Acad Sci USA
87, 9655-9659 (1990)

20. Miyajima, A., Mui, A.L., Ogorochi, T., Sakamaki, K.
Receptors for granulocyte-macrophage colony-stimulating
factor, interleukin-3, and interleukin-5. Blood 82, 1960-
1974 (1993)

21. Gearing, D.P., King, JA., Gough, N.M., Nicola, N.A.
Expression cloning of a receptor for human granulocyte-
macrophage colony-stimulating factor. EMBO J 8, 3667-
3676 (1989)

22. Takaki, S, Mita, S., Kitamura, T., Yonehara, S,
Yamaguchi, N., Tominaga, A., Miyajima, A., Takatsu, K.
Identification of the second subunit of the murine
interleukin-5 receptor: Interleukin-3 receptor-like protein,
AIC2B is a component of the high affinity interleukin-5
receptor. EMBO J 10, 2833-2838 (1991)

23. Tavernier, J, Devos, R., Corndlius, S, Tuypens, T.,
Van der Heyden, J,, Fiers, W., Plagtinck, G. A human high
affinity interleukin-5 receptor (IL5R) is composed of an
IL5-specific apha chain and a beta chain shared with the
receptor for GM-CSF. Cell 66, 1175-1184 (1991)

24. Muto, A., Watanabe, S., Miygima, A., Yokota, T.,
Arai, K. The beta subunit of human granulocyte-
macrophage colony-stimulating factor receptor forms a
homodimer and is activated via association with the alpha
subunit. J Exp Med 183, 1911-1916 (1996)

25. Stomski, F.C., Sun, Q., Bagley, C.J.,, Woodcock, J.,
Gooddl, G., Andrews, R.K., Berndt, M.C., Lopez, A.F.
Human interleukin-3 (IL-3) induces disulfide-linked IL-3
receptor alpha- and beta- chain heterodimerization which is
required for receptor activation but not high-affinity
binding. Mol Cell Biol 16, 3035-3046 (1996)

26. Duronio, V., Clark-Lewis, |., Federsppiel, B., Widler,
J.S., Schrader, JW. Tyrosine phosphorylation of receptor
beta subunits and common substrates in response to
interleukin-3  and  granulocyte-macrophage  colony-
stimulating factor. J Biol Chem 267, 21856-21863 (1992)

27. Mui, A., Kay, R., Humphries, R., Krystal, G.
Purification of the murine interleukin 3 receptor. J Biol
Chem 267, 16523-16530 (1992)

28. Sakamaki, K., Miyajima, 1., Kitamura, T., Miyajima,
A. Critical cytoplasmic domains of the common beta
subunit of the human GM-CSF, IL-3 and IL-5 receptors for
growth signal transduction and tyrosine phosphorylation.
EMBO J 11, 3541-3549 (1992)

29. Polotskaya, A., Zhao, Y., Lilly, M.L., Kraft, A.S. A
critical role for the cytoplasmic domain of the granulocyte-



Apoptosis in IL-3-dependent cells

macrophage colony-stimulating factor alpha receptor in
mediating cell growth. Cell Growth Diff 4, 523-531 (1993)

30. Sakamaki, K., Wang, H.M., Miyajima, 1., Kitamura,
T., Todokoro, K., Harada, N., Miygiima, A. Ligand-
dependent activation of chimeric receptors with the
cytoplasmic domain of the interleukin-3 receptor beta
subunit (betaIL-3). J Biol Chem 268, 15833-15839 (1993)

31. Takaki, S., Kanazawa, H., Shiiba, M., Takatsu, K. A
critical cytoplasmic domain of the interleukin-5 (IL-5)
receptor alpha chain and its function in IL-5-mediated
growth signal transduction. Mol Cell Biol 14, 7404-7413
(1994)

32. Muto, A., Watanabe, S., Miyaiima, A., Yokota, T.,
Arai, K. High affinity chimeric human granulocyte-
macrophage colony-stimulating factor receptor carrying the
cytoplasmic domain of the beta subunit but not the alpha
subunit transduces growth promoting signalsin Ba/F3 cells.
Biochem Biophys Res Comm 208, 368-375 (1995)

33. Qudle, F.W., Sato, N., Witthuhn, B.A., Inhorn, R.C.,
Eder, M., Miyajima, A., Griffin, JD., Ihle, JN. JAK2
associates with the beta, chain of the receptor for
granulocyte-macrophage colony-stimulating factor, and its
activation requires the membrane-proximal region. Mol Cell
Biol 14, 4335-4341 (1994)

34. Azam, M., Erdjument-Bromage, H., Kreider, B.L.,
Xia, M., Quédlle, F., Basuy, R., Saris, C., Tempst, P., |hle,
JNN., Schindler, C. Interleukin-3 signals through multiple
isoforms of Stats. EMBO J 14, 1402-1411 (1995)

35. Mui, A.L., Wakao, H., O'Farrell, A.M., Harada, N.,
Miygima, A. Interleukin-3, granulocyte-macrophage
colony-stimulating factor and interleukin-5 transduce
signals through two STAT5 homologs. EMBO J 14, 1166-
1175 (1995)

36. Sato, N., Sakameki, K., Terada, N., Arai, K.,
Miyaiima. Signal transduction by the high-affinity GM-
CSF receptor: two distinct cytoplasmic regions of the
common beta subunit responsible for different signaling.
EMBO J 12, 4181-4189 (1993)

37. Matsuguchi, T., Inhorn, R.C., Carlesso, N., Xu, G.,
Druker, B., Griffin, JD. Tyrosine phosphorylation of
p95Vav in myeloid cellsis regulated by GM-CSF, IL-3 and
steel factor and is congtitutively increased by
p210BCR/ABL. EMBO J 14, 257-265 (1995)

38. Cutler, R.L., Liu, L., Damen, JE., Krystal, G.
Multiple cytokines induce the tyrosine phosphorylation of
Shec and its association with Grb2 in hemopoietic cells. J
Biol Chem 268, 21463-21465 (1993)

39. Matsuguchi, T., Sdgia R, Halek, M., Eder, M.,
Druker, B., Ernst, T.J., Griffin, J.D. Shc phosphorylation
in myeloid cells is regulated by granulocyte macrophage
colony-stimulating factor, interleukin-3, and steel factor and
is constitutively increased by p210BCR/ABL. J Biol Chem
269, 5016-5021 (1994)

40. Welham, M.J., Duronio, V., Ledie, K.B., Bowtdll, D.,
Schrader, JW. Multiple hemopoietins, with the exception
of interleukin-4, induce modification of Shc and mSosl, but
not their translocations. J Biol Chem 269, 21165-21176
(1994)

41.  Itoh, T., Muto, A., Watanabe, S., Miygiima, A.,
Yokota, T., Arai, K. Granulocyte-macrophage colony-

320

stimulating  factor provokes RAS activation and
transcription of c-fos through different modes of signaling.
J Biol Chem 271, 7587-7592 (1996)

42. Satoh, T., Nakafuku, M., Miygiima, A., Kaziro, Y.
Involvement of ras p21 protein in signal-transduction
pathways from interleukin 2, interleukin 3, and
granulocyte/macrophage colony-stimulating factor, but not
from interleukin 4. Proc Natl Acad Sci USA 88, 3314-3318
(1991)

43. Duronio, V., Welham, M.J,, Abraham, S, Dryden, P,,
Schrader, JW. p2lras activation via hemopoitin receptors
and c-kit requires tyrosine kinase activity but not tyrosine
phosphorylation of p2lras GTPase-activating protein.
Proc Natl Acad Sci USA 89, 1587-1591 (1992)

44. Carrall, M.P, Clark, L.I., Rapp, U.R., May, W.S.
Interleukin-3  and  granulocyte-macrophage  colony-
stimulating factor mediate rapid phosphorylation and
activation of cytosolic c-raf. J Biol Chem 265, 19812-
19817 (1990)

45. Okuda, K., Sanghera, JS., Pelech, SL., Kanakura, Y .,
Halek, M., Griffin, J.D., Druker, B.J. Granulocyte-
macrophage colony-stimulating factor, interleukin-3, and
steel factor induce rapid tyrosine phosphorylation of p42
and p44 MAP kinase. Blood 79, 2880-2887 (1992)

46. Welham, M.J,, Duronio, V., Sanghera, J.S., Pelech,
S.L., Schrader, JW. Multiple hemopoietic growth factors
stimulate activation of mitogen-activated protein kinase
family members. J Immunol 149, 1683-1693 (1992)

47. Conscience, J.F., Verrier, B., Martin, G. Interleukin-3-
dependent expression of the c-myc and c-fos proto-
oncogenesin hematopoietic cell lines. EMBO J 5, 317-323
(1986)

48. Yi, T., Mui, A.L.-F., Krystal, G., lhle, JN.
Hematopoietic cell phosphatase associates with the
interleukin-3 (IL-3) receptor beta chain and down-regulates
IL-3-induced tyrosine phosphorylation and mitogenesis.
Mol Cell Biol 13, 7577-7586 (1993)

49. Kinoshita, T., Yokota, T., Arai, K., Miyajima, A.
Suppression of apoptotic death in hematopoietic cells by
signalling through the IL-3/GM-CSF receptors. EMBO J
14, 266-275 (1995)

50. Kinoshita, T., Shirouzu, M., Kamiya, A., Hashimoto,
K., Yokoyama, S., Miyagima, A. RafIMAPK and
rapamycin-sensitive pathways mediate the anti-apoptotic
function of p21Ras in IL-3-dependent hematopoietic cells.
Oncogene 15, 619-627 (1997)

51. Kauffmann-Zeh, A., Rodriquez-Viciana, P., Ulrich, E.,
Gilbert, C., Coffer, P., Downward, J., Evan, G.
Suppression of c-Myc-induced apoptosis by Ras sgnaling
through PI(3)K and PKB. Nature 385, 544-548 (1997)

52. Hara T., Miygjima, A. Two distinct functional high
affinity receptors for mouse IL-3. EMBO J 10, 1875-1884
(1992)

53. Fukuhara, S., Rowley, J.D., Variakgjis, D., Golomb,
H.M. Chromosome abnormalities in poorly differentiated
lymphocytic lymphoma. Canc Res 39, 3119-3128 (1979)

54. McDonnell, T.J., Deane, N., Platt, F.M., Nunez, G.,
Jaeger, U., McKearn, J.P., Korsmeyer, SJ.  bcl-2-
immunoglobulin transgenic mice demonstrate extended B



Apoptosis in IL-3-dependent cells

cdl surviva and follicular lymphoproliferation. Cell 57, 79-
88 (1989)

55. Reed J.C.,, Meister L. Tanaka S. Differentia
expression of bcl-2 protooncogene in neuroblastoma and
other human tumor cell lines of neural origin. Canc Res 51,
6529-6538 (1991)

56. McDonnell T.J.,, Troncoso P., Brisbhay S.M.,
Logothetis C., Chung L.W K., Hsieh J.T. Expression of the
protooncogene bcl-2 in the prostate and its association with
emergence of androgen-independent prostate cancer. Canc
Res 52, 6940-6944 (1992)

57. Leek R.D., Kaklamanis L., Pezzella F., Gatter K.C.,
Harris A.L. Bcl-2 in normal human breast and carcinoma,
association with oestrogen receptor-positive, epidermal
growth factor receptor-negative tumors and in situ cancer.
Br J Cancer 69, 135-139 (1994)

58. Silvestrini R., Veneroni S., Daidone M., Benini E.,
Boracchi P., Mezzetti M., Di Fronzo G., Rilke F., Verones
U. The Bcl-2 protein: A prognostic indicator strongly
related to p53 protein in lymph node-negative breast cancer
patients. J Natl Canc Inst 86, 499-504 (1994)

59. Saenz-SantamariaM.C., Reed JA., McNutt N.S,, Shea
CR. Immunohistochemical expression of Bcl-2 in
melanomas and intradermal nevi. J Cut Path 21, 393-397
(1994)

60. van den Oord J.J., Vandeghinste N., De Ley M., De
Wolf-Peeters C. Bcl-2 expression in human melanocytes
and melanocytic tumors. Am J Path 145, 294-300 (1994)

61. Bronner M., Culin C., Reed J.C., Furth EE. Bcl-2
protooncogene and the gastrointestinal  epithelia
progression model. Am J Path 146, 20-26 (1995)

62. Hockenbery, D.M., Zutter, M., Hickey, W., Nahm,
M., Korsmeyer, SJ. BCL2 protein is topographically
restricted in tissues characterized by apoptotic cell death.
Proc Natl Acad Sci USA 88, 6961-6965 (1991)

63. Veis, D.J,, Sorenson, C.M., Shutter, J.R., Korsmeyer,
S.J. Bcl-2-deficient mice demonstrate fulminant lymphoid
apoptosis, polycystic kidneys, and hypopigmented hair.
Cell 75, 229-240 (1993)

64. Kamada, S, Shimono, A., Shinto, Y., Tsujimura, T.,
Takahashi, T., Noda, T., Kitamura, Y., Kondoh, H.,
Tsujimoto, Y. bcl-2 deficiency in mice leads to pleiotropic
abnormalities: accelerated lymphoid cell death in thymus
and spleen, polycystic kidney, hair hypopigmentation, and
distorted small intestine. Canc Res 55, 354-359 (1995)

65. Vaux, D.L., Cory, S, Adams, JM. Bcl-2 gene
promotes haematopoietic cell survival and cooperates with
c-myc to immortalize pre-B cells. Nature 335, 440-442
(1988)

66. Nunez, G., London, L., Hockenbery, D., Alexander,
M., McKearn, J.P., Korsmeyer, SJ. Deregulated Bcl-2
gene expression selectively prolongs survival of growth
factor-dependent hemopoietic cell lines. J Immunol 144,
3602-3610 (1990)

67. Chen-Levy, Z., Nourse, J., Cleary, M.L. The bcl-2
candidate proto-oncogene product is a 24-Kilodalton
integral-membrane protein highly expressed in lymphoid
cel lines and Ilymphomas carrying the t(14;18)
trandlocation. Mol Cell Biol 9, 701-710 (1989)

321

68. Alnemri, E.S., Robertson, N.M., Fernandes, T.F.,
Croce, C.M., Litwack, G. Overexpressed full-length human
BCL2 extends the survival of baculovirus-infected Sf9
insect cells. Proc Natl Acad Sci USA 89, 7295-7299 (1992)

69. Nguyen, M., Millar, D.G,, Yong, V.W., Korsmeyer,
S.J., Shore, G.C. Targeting of Bcl-2 to the mitochondrial
outer membrane by a COOH-termina signal anchor
sequence. J Biol Chem 268, 25265-25268 (1993)

70. Yang, E., Korsmeyer, SJ. Molecular thanatopsis: A
discourse on the BCL2 family and cell death. Blood 88,
386-401 (1996)

71. Boyd, JM., Gdlo, G.J., Elangovan, B., Houghton,
A.B., Malstrom, S., Avery, B.J., Ebb, R.G., Subramanian,
T., Chittenden, T., Lutz, R.J., Chinnadurai, G. Bik, a novel
death-inducing protein that shares a distinct sequence motif
with Bcl-2 family proteins and interacts with viral and
cellular survival-promoting proteins. Oncogene 11, 1921-
1928 (1995)

72. Wang, K., Yin, X.-M., Chao, D.T., Milliman, C.L.,
Korsmeyer, SJ. BID: A novel BH3 domain-only death
agonist. Gene Dev 10, 2859-2869 (1996)

73. Oltvai, Z.N., Milliman, C.L., Korsmeyer, SJ. Bcl-2
heterodimerizes in vivo with a conserved homolog, Bax,
that accelerates programed cell death. Cell 74, 609-619
(1993)

74. Antonsson, B., Conti, F., Ciavatta, A., Montessuit, S.,
Lewis, S, Martinou, 1., Bernasconi, L., Bernard, A.,
Mermod, J.-J., Mazzei, G., Maundrell, K., Gambale, F.,
Sadoul, R., Martinou, J-C. Inhibition of Bax channd-
forming activity by Bcl-2. Science 277, 370-372 (1997)

75.  Muchmore, SW., Sattler, M., Liang, H., Meadows,
R.P., Harlan, JE., Yoon, H.S., Nettesheim, D., Chang, B.S,,
Thompson, C.B., Wong, S-L., Ng, S-C., Fesik, SW. X-
ray and NMR structure of human Bcl-X,, an inhibitor of
programmed cell death. Nature 381, 335-341 (1996)

76. Minn, AJ, Veez, P, Schendd, SL., Liang, H.,
Muchmore, SW., Fesik, SW., Fill, M., Thompson, C.B.
Bcl-X forms an ion channel in synthetic lipid membranes.
Nature 385, 353-357 (1997)

77. Schendd, S.L., Xie, Z., Montal, M.O., Matsuyama, S.,
Montal, M., Reed, JC. Channel formation by
antiapoptotic protein Bcl-2. Proc Natl Acad Sci USA 94,
5113-5118 (1997)

78. Yang, E., Zha, J., Jockel, J., Boise, L.H., Thompson,
C.B., Korsmeyer, S.J. Bad, a heterodimeric partner for Bcl-
X, and Bcl-2, displaces Bax and promotes cell death. Cell
80, 285-291 (1995)

79. Zha, J., Harada, H., Yang, E., Jockel, J., Korsmeyer,
SJ.  Serine phosphorylation of death agonist BAD in
response to survival factor results in binding to 14-3-3 not
Bcl-X. Cell 87, 619-628 (1996).

80. Datta, SR., Dudek, H., Tao, X., Masters, S,, Fu, H.,
Gotoh, Y., Greenberg, M.E. Akt phosphorylation of BAD
couples survival signals to the cell-intrinsic death
machinery. Cell 91, 231-241 (1997)

81. Dudek, H., Datta, S.R., Franke, T.F., Birnbaum, M.J,,
Yao, R., Cooper, G.M., Segd, RA. Kaplan, D.R,
Greenberg, M.E. Regulation of Neuronal survival by the



Apoptosis in IL-3-dependent cells

serine-threonine protein kinase Akt. Science 275, 661-665,
1997

82. Kulik, G., Klippel, A., Weber, M.J. Antiapoptotic
signalling by the insulin-like growth factor | receptor,
phosphotidylinositol 3-kinase, and Akt. Mol Cell Biol 17,
1595-1606 (1997)

83. Kennedy, S.G., Wagner, A.J., Conzen, S.D., Jordan, J.,
Bellacosa, A., Tsichlis, P.N., Hay, N. The PI 3-kinase/Akt
signaling pathway delivers an anti-apoptotic signal. Gene
Dev 11, 701-713 (1997)

84. Ahmed, N.N., Grimes, H.L., Belacosa, A., Chan,
T.0., Tsichlis, P.N. Transduction of interleukin-2
antiapoptotic and proliferative signals via Akt protein
kinase. Proc Natl Acad Sci USA 94, 3627-3632 (1997)

85. Khwaga, A., Rodriguez-Viciana, P., Wennstrom, S,,
Warne, P.H., Downward, J. Matrix adhesion and Ras
transformation both activate a phosphoinositide 3-OH
kinase and protein kinase B/Akt cellular survival pathway.
EMBO J 16, 2783-2793 (1997)

86. Burgering, B.M., Coffer, P.J. Protein kinase B (c-Akt)
in phophatidylinositol-3-OH kinase signal transduction.
Nature 376, 599-602 (1995)

87. Franke, T.F., Yang, Sl.,, Chan, T.O., Datta, K.,
Kazlauskas, A., Morrison, D.K., Kaplan, D.R., Tsichlis,
P.N. The protein kinase encoded by the Akt proto-
oncogene is a target of the PDGF-activated
phosphatidylinositol 3-kinase. Cell 81, 727-736 (1995)

88. Aless, D.R., Andjelkovic, M., Caudwell, B., Cron, P.,
Morrice, N., Cohen, P., Hemmings, B.A. Mechanism of
activation of protein kinase B by insulin and IGF-1. EMBO
J 15, 6541-6551 (1996)

89. Datta, K., Belacosa, A., Chan, T.O., Tsichlis, P.N.
Akt is a direct target of the phosphatidylinositol 3-kinase.
Activation by growth factors, v-src¢ and v-Ha-Ras in Sf9
and mammaian cdls. J Biol Chem 271, 30835-30839
(1996)

90. Scheid, M.P., Lauener, RW., Duronio, V. Role of
phophatidylinositol 3-OH-kinase in the inhibition of
apoptosis in haemopoietic cells: Phosphatidylinositol 3-
OH-kinase inhibitors reved a difference in sgndling
between interleukin-3 and granulocyte-macrophage colony
stimulating factor. Biochem J 312, 159-162 (1995)

91. Yao, R., Cooper, G.M. Requirement  for
phophatidylinositol-3 kinase in the prevention of apoptosis
by nerve growth factor. Science 267, 2003-2006 (1995)

92. Yao, R, Cooper, G.M. Growth factor-dependent
survival of rodent fibroblasts requires phosphatidylinositol
3-kinase but is independent of pp70S6K activity.
Oncogene 13, 343-351 (1996)

93. Kodaki, T., Woscholski, R., Hallberg, B., Rodriquez-
Viciana, P., Downward, J., Parker, P.J. The activation of
phosphatidylinositol 3-kinase by Ras. Curr Biol 4, 798-
806 (1994)

94. Rodriquez-Viciana, P., Warne, P.H., VVanhaesebroeck,
B., Waterfield, M.D., Downward, J.  Activation of
phosphoinositide 3-kinase by interaction with Ras and by
point mutation. EMBO J 15, 2442-2451 (1996)

322

95. Klippel, A., Kavanaugh, W.M., Pot, D., Williams,
L.T. A specific product of phosphatidylinositol 3-kinase
directly activates the protein kinase Akt through its
pleckstrin homology domain. Mol Cell Biol 17, 338-344
(1997)

96. Franke, T.F., Kaplan, D.R., Cantley, L.C., Toker, A.
Direct regulation of the Akt proto-oncogene product by
phosphatidylinositol-3,4-bisphosphate. Science 275, 665-
668 (1997)

97. Liu, X., Kim, C.N., Yang, J., Jemmerson, R., Wang, X.
Induction of apoptotic program in cell-free extracts:
Requirement for dATP and cytochrome c. Cell 86, 147-157
(1996)

98. Reed, J.C. Cytochrome c: Can't live with it-Can't live
without it. Cell 91, 559-562 (1997)

99. Vande Heiden, M.G., Chandel, N.S., Williamson,
E.K., Schumacker, P.T., Thompson, C.B. Bcl-X, regulates
the membrane potential and volume homeostasis of
mitochondria. Cell 91, 627-637 (1997)

100. Zamzami, N., Marchetti, P., Castedo, M., Zanin, C.,
Vayssiere, J.L., Petit, P.X., Kroemer, G. Reduction in
mitochondrial membrane potential constitutes an early
irreversible step of programmed lymphocyte death in vivo.
J Exp Med 181, 1661-1672 (1995)

101. Zou, H., Henzel, W.J,, Liu, X., Lutschg, A., Wang,
X. Apaf-1, a human protein homologous to C. eegans
CED-4, participates in cytochrome c-dependent activation
of caspase-3. Cell 90, 405-413 (1997)

102.  Li, P., Nijhawan, D., Budihardjo, I., Srinivasula,
S.M., Ahmad, M., Alnemri, E.S., Wang, X. Cytochrome ¢
and dATP-dependent formation of Apaf-1/caspase-9
complex initiates an apoptotic protease cascade. Cell 91,
479-489 (1997)

103. Schlesinger, P.H., Gross, A., Yin, X.M., Yamamoto,
K., Saito, M., Waksman, G., Korsmeyer, S.J. Comparison
of theion channel characteristics of proapoptotic BAX and
antiapoptotic BCL-2. Proc Natl Acad Sci USA 94, 11357-
11362 (1997)

104. Yang, J, Liu, X., Bhalla, K., Kim, C.N., lbrado,
AM., Ca, J, Peng, T.l., Jones, D.P, Wang, X.
Prevention of apoptosis by Bcl-2: Release of cytochrome ¢
from mitochondria blocked. Science 275, 1129-1132 (1997)

105. Kluck, R.M., Bossy-Wetzel, E., Green, D.R,,
Newmeyer, D.D. The release of cytochrome c from
mitochondriaz A primary site for Bcl-2 regulation of
apoptosis. Science 275, 1132-1136 (1997)

106. Monaghan, P., Robertson, D., Amos, T.A.S.,
Dyer, M.J.S., Mason, D.Y ., Greaves, M.F. Ultrastructural
localization of BCL-2 protein. J Histochem Cytochem 40,
1819-1825 (1992)

107. Kraewski, S, Tanaka, S., Takayama, S., Schibler,
M.J., Fenton, W., Reed, J.C. Investigation of the
subcellular distribution of the b¢l-2 oncoprotein:  Residence
in the nuclear envelope, endoplasmic reticulum, and outer
mitochondrial membrane membranes. Canc Res 53, 4701-
4714 (1993)

108. Susin, SA., Zamzami, N., Castedo, M., Hirsch, T.,
Marchetti, P., Macho, A., Daugss, E., Geuskens, M.,
Kroemer, G. Bcl-2 inhibits the mitochondria release of an
apoptogenic protease. J Exp Med 184, 1333-1344 (1996)



Apoptosis in IL-3-dependent cells

109. Petit, P.X., Susin, SA., Zamzami, N., Mignotte, B.,
Kroemer, G. Mitochondria and programmed cell death:
Back to the future. FEBS Lett 396, 7-13 (1996)

110. Martin, S.J., Green, D.R. Protease activation during
apoptosis. Death by a thousand cuts?. Cell 82, 349-352
(1995)

111. Fraser, A., Evan, G. A licenseto kill. Cell 85, 781-
784 (1996)

112. Sdalvesen, G.S, Dixit, V.M. Caspases. Intracellular
signaling by proteolysis. Cell 91, 443-446 (1997)

113.  Alnemri, E.S,, Livingston, D.J., Nicholson, D.W.,
Savesen, G., Thornberry, N.A., Wong, W.W., Yuan, J.
Human ICE/CED-3 protease nomenclature. Cell 87, 171
(1996)

114. Kondo S., Barna B.P., Morimura T., Takeuchi J.,
Yuan J., Akbasak A., Barnett G.H. Interleukin-1beta-
converting enzyme mediates cisplatin-induced apoptosis in
malignant gliomacdls. Cancer Res 55, 6166-6171 (1995)

115. Zhu H., Fearnhead H.O., Cohen G.M. An ICE-like
protease is a common mediator of apoptosis induced by
diverse stimuli in human moncytic THP.1 cells. FEBS Lett
374, 303-308 (1995)

116. AnB., Dou Q.P. Cleavage of retinoblastoma protein
during apoptosis: An interleukin 1beta-converting enzyme-
like protease as candidate. Cancer Res 56, 438-442 (1996)

117. Datta R., Banach D., Kojima H., Tdanian R.V.,
Alnemri E.S,, Wong W.W., Kufe D.W. Activation of the
CPP32 protease in apoptosis induced by 1-beta-D-
Arabinofuranosylcytosine and other DNA-damaging agents.
Blood 88, 1936-1943 (1996)

118. Antoku K., Liu Z., Johnson D.E. Inhibition of
caspase proteases by CrmA enhances the resistance of
human leukemic cells to multiple chemotherapeutic agents.
Leukemia 11, 1665-1672 (1997)

119. Soldatenkov V.A., Prasad S., Notario V., Dritschilo
A. Radiation-induced apoptosis of Ewing's sarcoma cells:
DNA fragmentation and proteolysis of poly(ADP-ribose)
polymerase. Cancer Res 55, 4240-4242 (1995)

120. Tewari M., Dixit V.M. Fas- and tumor necrosis
factor-induced apoptosis is inhibited by the poxvirus crmA4
gene product. J Biol Chem 270, 3255-3260 (1995)

121. Enari M., Hug H., Nagata S. Involvement of an | CE-
like protease in Fas-mediated apoptosis. Nature 375, 78-81
(1995)

122. LosM., Van de Craen M., Penning L.C., Schenk H.,
Westendorp M., Baeuerle P.A., Droge W., Krammer P.H.,
Fiers W., Schulze-Osthoff K. Requirement of an ICE/CED-
3 protease for Fas/APO-1-mediated apoptosis. Nature
375, 81-83 (1995)

123. Boudreau N., Sympson C.J., Werb Z., Bissell M.J.
Suppression of ICE and apoptosis in mammary epithelial
cells by extracdlular matrix. Science 267, 891-893 (1995)
124. Gagliardini V., Fernandez P.-A., Lee RK.K., Drexler
H.C.A., Rotello R.J., Fishman M.C., Yuan J. Prevention of
vertebrate neuronal death by the crmA gene. Science 263,
826-828 (1994)

323

125. StefanisL., Park D.S,, Yan C.Y.l., Faringli S.E., Troy
C.M., Shelanski M.L., Greene L.A. Induction of CPP32-
like activity in PC12 cells by withdrawa of trophic
support. J Biol Chem 271, 30663-30671 (1996)

126. Kaufmann SH., Desnoyers S., Ottaviano Y.,
Davidson N.E., Poirier G.G. Specific proteolytic cleavage
of poly(ADP-ribose) polymerase: An early marker of
chemotherapy-induced apoptosis. Cancer Res 53, 3976-
3985 (1993)

127. Lazebnik Y.A., Kaufmann SH., Desnoyers S., Poirier
G.G., Earnshaw W.C. Cleavage of poly(ADP-ribose)
polymerase by a proteinase with properties like ICE.
Nature 371, 346-347 (1994)

128. Tewari M., Quan L.T., O'Rourke K., Desnoyers S.,
Zeng Z., Bedler D.R., Poirier G.G., Salvesen G.S,, Dixit
V.M. Yama/CPP32beta, a mammalian homolog of CED-3,
is a CrmA-inhibitable protease that cleaves the death
substrate poly(ADP-ribose) polymerase. Cell 81, 801-809
(1995)

129. Juarez-Salinas H., Sims JL., Jacobson M.K.
Poly(ADP-ribose) levels in carcinogen-treated cells. Nature
282, 740-741 (1979)

130. Benjamin R.C., Gill D.M. Poly(ADP-ribose)
synthesis in vitro programmed by damaged DNA. A
comparison of DNA molecules containing different types
of strand breaks. J Biol Chem 255, 10502-10508 (1980)

131. Cherney B.W., McBride O.W., Chen D., Alkhatib
H., BhatiaK., Hensley P., Smulson M.E. cDNA sequence,
protein structure, and chromosomal location of the human
gene for poly(ADP-ribose) polymerase. Proc Natl Acad Sci
USA 84, 8370-8374 (1987)

132. Thornberry, N.A., Bull, H.G., Calaycay, JR.,
Chapman, K.T., Howard, A.D., Kostura, M.J., Miller,
D.K., Molineuax, S.M., Weidner, J.R., Aunins, J., Elliston,
K.O., Ayada, JM., Casano, F.J, Chin, J., Ding, GJF.,
Egger, L.A., Gaffney, E.P., Limjuco, G., Palyha, O.C., Raju,
S.M., Rolando, A.M., Sdlley, J.P., Yamin, T.-T., Leg, T.D.,
Shively, JE., MacCross, M., Mumford, R.A., Schmidt,
JA., Tocci, M.J. A novel heterodimeric cysteine protease
is required for interleukin-1beta processing in monocytes.
Nature 356, 768-774 (1992)

133. Nicholson, D.W. ICE/CED-3-like proteases as
therapeutic targets for the control of inappropriate
apoptosis. Nature Biotech 14, 297-301 (1996)

134. Pickup, D.J., Ink, B.S,, Hu, W., Ray, C.A., Joklik,
W.K. Hemorrhage in lesions caused by cowpox virus is
induced by a viral protein that is related to plasma protein
inhibitors of serine proteases. Proc Natl Acad Sci USA 83,
7698-7702 (1986)

135. Ray, C.A., Black, R.A., Kronheim, SR., Greenstreet,
T.A., Sleath, P.R., Salvesen, G.S,, Pickup, D.J. Vird
inhibition of inflammation: Cowpox virus encodes an
inhibitor of the interleukin-1beta converting enzyme. Cell
69, 597-604 (1992)

136. Komiya, T., Ray, C.A., Pickup, D.J,, Howard, A.D.,
Thornberry, N.A., Peterson, E.P., Salvesen, G. Inhibition
of interleukin-1lbeta converting enzyme by the cowpox
virus serpin CrmA. J Biol Chem 269, 19331-19337 (1994)



Apoptosis in IL-3-dependent cells

137. Clem, R.J,, Fechheimer, M., Miller, L.K. Prevention
of apoptosis by a baculovirus gene during infection of
insect cells. Science 254, 1388-1390 (1991)

138. Rabizadeh, S., LaCount, D.J., Friesen, P.D.,
Bredesen, D.E. Expression of the baculovirus p35 gene
inhibits mammalian neural cell death. J Neurochem 61,
2318-2321 (1993)

139. Kumar, S. Inhibition of apoptosis by the expression
of antisense Nedd2. FEBS Lett 368, 69-72 (1995)

140. Harvey, N.L., Butt, A.J, Kumar, S. Functional
activation of Nedd2/ICH-1 (caspase-2) is an early process
in apoptosis. J Biol Chem 272, 13134-13139 (1997)

141. Furlong, 1.J.,, Ascaso, R., Lopez-Rivas, A., Callins,
M.K.L. Intracellular acidification induces apoptosis by
stimulating | CE-like protease activity. J Cell Sci 110, 653-
661 (1997)

142. Ohta, T., Kinoshita, T., Naito, M., Nozaki, T.,
Masutani, M., Tsuruo, T., Miyaiima, A. Requirement of
the caspase-3/CPP32 protease cascade for apoptotic death
following cytokine deprivation in hematopoietic cells. J
Biol Chem 272, 23111-23116 (1997)

143. Antoku, K., Liu, Z., Johnson, D.E. IL-3 withdrawal
activates a  CrmA-insensitive poly(ADP-ribose)
polymerase cleavage enzyme in factor-dependent myeloid
progenitor cells. Leukemia, In Press

144. Barge, RM.Y ., Willemze, R., Vandenabedle, P., Fiers,
W., Beyaert, R. Differential involvement of caspases in
apoptosis of myeloid leukemic cells induced by
chemotherapy versus growth factor withdrawal. FEBS Lett
4009, 207-210 (1997)

145. Enari, M., Sakahira, H., Yokoyama, H., Okawa, K.,
lwamatsu, A., Nagata, S. A caspase-activated DNase that
degrades DNA during apoptosis, and its inhibitor ICAD.
Nature 391,43-50 (1998)

146. Sakahira, H., Enari, M., Nagata, S. Cleavage of CAD
inhibitor in CAD activation and DNA degradation during
apoptosis. Nature 391, 96-99 (1998)

147. Liu, X., Zou, H., Slaughter, C., Wang, X. DFF, a
heterodimeric protein that functions downstream of
caspase-3 to trigger DNA fragmentation during apoptosis.
Cell 89, 175-184 (1997)

148. Gottlieb, E., Haffner, R., von Ruden, T., Wagner,
E.F., Oren, M. Down-regulation of wild-type p53 activity
interferes with apoptosis of 1L-3-dependent hematopoietic
cells following 1L-3 withdrawal. EMBO J 13, 1368-1374
(1994)

149. Blandino, G., Scardigli, R., Rizzo, M.G., Crescenzi,
M., Soddu, S, Sacchi, A. Wild-type p53 modulates
apoptosis of normal, IL-3 deprived, hematopoietic cells.
Oncogene 10, 731-737 (1995)

150. Canman, C.E., Gilmer, T.M., Coutts, SB., Kastan,
M.B. Growth factor modulation of p53-mediated growth
arrest versus apoptosis. Genes and Dev 9, 600-611 (1995)

151. Lotem, J, Sachs, L. Cytokine suppression of
protease activation in wild-type p53-dependent and p53-
independent apoptosis. Proc Natl Acad Sci USA 94, 9349-
9353 (1997)

324

152. Zhan, Q., Fan, S., Bag, |., Guillouf, C., Liebermann,
D.A., O'Connor, P.M., Fornace, A.J. J. Induction of bax
by genotoxic stress in human cells correlates with normal
p53 status and apoptosis. Oncogene 9, 3743-3751 (1994)

153. Miyashita, T., Reed, J.C. Tumor suppressor p53 is
a direct transcriptiona activator of the human bax gene.
Cell 80, 293-299 (1995)

154. Wu, G.S, Burns, T.F., McDonald, E.R., Jang, W.,
Meng, R., Krantz, 1.D., Kao, G., Gan, D.D., Zhou, J.Y.,
Muschel, R., Hamilton, S.R., Spinner, N.B., Markowitz, S.,
Wu, G., El-Deiry, W.S. Killer/DR5 is a DNA damage-
inducible p53-regulated desth receptor gene. Nat Genet 17,
141-143 (1997)

155. Polyak, K., Xia, Y., Zweier, JL., Kinzler, K.W.,
Vogelstein, B. A model for p53-induced apoptosis. Nature
389,300-305 (1997)

156. Boldin, M.P., Goncharov, T.M., Goltsev, Y.V.,
Wallach, D. Involvement of MACH, a novd
MORTLV/FADD-interacting protease, in Fas’APO-1- and
TNF-receptor-induced cell death. Cell 85, 803-815 (1996)

157. Muzio, M., Chinnaiyan, A.M., Kischkel, F.C,,
O'Rourke, K., Shevchenko, A., Ni J., Scaffidi, C., Bretz,
JD., Zhang, M., Gentz, R., Mann, M., Krammer, P.H.,
Peter, M.E., Dixit, V.M. FLICE, a novel FADD-
homologous |CE/CED-3-like protease, is recruited to the
CD95 (Fas/APO-1) death-inducing signaling complex. Cell
85, 817-827 (1996)

Key words: Apoptosis, Hematopoietic cells, IL-3, Bcl-2,
Bad, Cytochrome ¢, Caspases

S
end correspondence to: Daniel E. Johnson, Ph.D.,
University of Pittsburgh, Biomedical Science Tower, Room
BST E1055, 211 Lothrop Street, Pittsburgh, PA 15213-
2582, Tel: (412) 624-7820, Fax: (412) 624-7794, E-
mail:johnsond+@pitt.edu




