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receptor, TNF-o/Fas, steel  factor/Kit receptor. TGI-
B/TGF receptor, insulin, EGF/EGFR. IGF-1/1GF receptor.
and PDGF/PDGF receptor);'” ¥ (iii) intracellular signal
transducers such as protein kinase C. PI-3 kinase. Ras and
G'TPase. PLC-v. tyrosine Kinases and protein phospha-
tases, lipid signuling molecules such as  eicosanoids,
sphingosine, ceramide, and Ca’;™' (iv) cell cycle regula-
tors exemplified by cde-2 and E2F;" ' (v) reactive oxygen
species or other free radicals:”™ (vi) extracellular matrix
regulators/cell adhesion molecules (extracellular matrix
proteins such as fibronectin and transmembrane integrin
recepiors):” ™ (vii) specilic endonucleases such as Ca™-
and Mg *-dependent DNuasc and cyloplasmic proteascs
typilied by ICE (interleukin 1f-converting ¢nzyme) fam-
ily, " and (viii) global intracellular environment such as
cytoplasmic pH.**

Many distinct morphological (cell shrinkage, membrane
blebbhing. pyknosis, chromalin margination, denser cyto-
plasmic images) and biochemical (c.g., DNA [ragmenta-
tion into distinct ladders) features of apoplosis set it apart
from other types of cell death such as oncosis.' Often
apoptosis has been mistakingly exchanged for the pro-
grammed cell death, the latter of which in some cases
(c.g., physiological spermatogencsis and cell death during
nervous system development) does not evoke apoptosis.'
Although apoptosis was once thought to proceed from
nuclear collapse to cytoplasmic and membrane destruc-
tion, recent experimental data suggest that, at least in some
forms of apoptosis such as those induced by Fas, UV and
ceramide, cell death may be triggered by cytoplasmic
constituents independent of nuclear activities.”” In this
review article we’ll provide a concise summary of the
molecules, as mentioned above, that have been shown to
be involved in regulating cell survival and apoptosis, with
emphasis on the signal transducers. A very important point
to bear on mind is that different types of cells may utilize
quite divergent molecular mechanisms for the regulation
of their own fate: proliferation or demise. Thercfore, onc
molecular entity may positively contribute to the suicide
program in one cell type but has no effect on or even play
a negative role in the apoptosis of another.

1. Oncogenes and Tumor Suppressor Genes [nvolved in
Apoptosis

Of this class bcl-2 family and p53 are most extensively
studied. Bcl-2 has been convincingly demonstrated to sup-
press apoptosis induced by most, if not all, types of
inducers, suggesting that it sits probably at a very distal
end of the road leading to death. Two points descrve some
discussion here. First, it has become very clear that Bcl-2
is only one member of a still-expanding family of proteins.
This family now has more than ten members: Bel-2 (B cell
lymphoma 2), Bax (Bcl-2-associated X protein), Bel-X,
Bcl-X,, several viral proteins (BHRF-1 and LMWS5-HL),

ced-9. Mcl-1. Al. Bad (bel-X, /bel-2-associated death pro-
moter homolog), Bak (Bel-2 homologous antagonist/kil-
ler) and NR-13."% These proteins, via complex protein-
protein interactions through BHI/BH2 (Bcl-2 homology)
domains or other domains which are highly conserved
among most Bel-2 family members. regulate cell survival
and apoptosis.”* Early work has demonstrated that Bel-2
protein inhibits apoptotic cell death induced by multiple
stimuli, that Bax promotes cell death by complexing with
Bel-2 ina BHI1 and BH2-dependent manner, and that the
Bel-2/Bax ratio dictates the fate of a cell (i.e.. the higher
the ratio the higher probability for a cell o survive). The
identification of multiple new members of the Bel-2 fam-
ily, however, clearly makes this picture more complicated.
Screening tor protein-prolein interactions has determined
that Bel-2. Bax. Bel-X, and Bel-X_ are capuble of homo-
interactions and that Bel-2 can heterodimerize with Bax,
Bel-X,. Al and Bad, Bax with Bel-X,, Mcl-1 and Al, and
Bel-X, with Bax. Bad and Bel-X_. " Some of these
homo- or hetero-interactions appear to require intact BHI
and/or BH2 domains. For instance, both BHI and BH2
domains of Bel-2 are needed for its heterodimerization
with Bax.®” In contrast, only the BH1 domain, together
with the membrane-anchoring region at the C-terminal
half of the Bel-2 is required for its interaction with Bel-
Xs." Similarly, Gly'"™ to Ala substitution in BH1 of Bel-
X, has been shown to disrupt its heterodimerization with
Bax.” On the other hand, a conserved domain (distinct
from BH! and BH2) in Bak and Bax appear to mediate
protein binding functions and apoptotic cell death.”
Among all Bel-2 family members, Bel-2, Bel-X,, NR-13,
Mecl-1, BHRFI and LMWS5 are generally anti-apoptotic
while Bel-X,, Bax, Bad, and Bak promote cell death.
Another Bel-2 binding protein, Bag-1 (Bcl-2-associated
athanogene 1), which shares no significant homology with
Bel-2 family members, has been shown 1o possess anti-
death activity.® Bukaryotic cells clearly demonstrate tre-
mendous redundancy in the expression of the Bel-2 family
members and the balance between anti-apoptotic and pro-
apoptotic members as a result of combinatorial interactions
or feedback regulatory mechanisms will, to a large extent,
determine the eventual outcome of the cell. However, some
cells may preferentially utilize one member as their pre-
dominant survival factor. Examples include peripheral
blood B lymphocytes which primarily express Mcl-1"" and
Reed-Sternberg cells of Hodgkin’s lymphoma which pri-
marily express Bel-X,.”” Studies on many human tumors
including necuroblastoma, glioma, lymphoma, breast
carcinoma, colorectal adenocarcinoma, prostate
adenocarcinoma, melanoma, and gastrointestinal malig-
nancies have demonstrated a general correlation between
increased expression of Bcl-2 (or Bel-X,) or decreased
expression of Bax and uncontrolled tumor cell growth,
and, in some cases, with tumor progression and a poor
prognosis of cancer patients.””
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Apoplosis: A Molecular Analysis

Another importunt aspect regarding Bel-2 1s how it exerts
anti-upoptosis effect and how its function is regulated. Early
work revealed that Bel-2 protein may play an anti-oxidant
role thus preventing cells from free radical-elicited eytotoxi-
city. Recently, experimental data suggest that Bel-2 as well
as Bel-X, may exert an anti-cell death function by« mech-
anism unrelated o regulation of ROS (reactive oxygen
species) aclivity since hypoxia can also induce apoptosis
which still can be suppressed by Bel-2 or Bel-X, ™ As a
malter ol Tuct. Bel-2 has been demonstrated to be a pro-
oxidant.™ The resolution of this controversy will be of great
significance in helping delincate the molecular mechanisms
of apoptosis. Suftice it to say. Bel-2's function may be
related 1o its physical localizations inside the cells (ie.
primarily at mitochondria. membrane) and its ability to
regulate oxygen tension. How Bel-2 expression and func-
tion are regulated is also unclear, although down regulution
by p53 and WTI tumor suppressor genes and inactivation
by phosphorylation have been demonstrated

p33. a phosphoprotein known to modulate gene tran-
scription, police cell cycle checkpoints, control DNA
replication and repair. and maintain genomic stability, also
plays an important role in regulating apoptosis. Wild-type
P33 activates apoptotic program while p53 gene mutations
have been linked to attenuated apoptosis in multiple can-
cers represented by Wilms™ tumor, colon cancer, cervical
carcinoma and breast cancer.™ A central point with
respect to the relationship between pS3 expres-
sionffunction and apoptosis is that wild-type p53 can
mediate apoptosis and that cell death triggered by certain
stimuli (such as irradiation. ADA deficiency and geno-
oxic drugs) require wild-type p53 for the induction of
apoplosis.”™ However. apoplosis induced in many cell

types by multiple stimuli do not require the presence of

functional pS3 or can actually procced irrespective of the
status of p33. 1.e.. no matter whether it is wild-type or
mutants.”” Under certain circumstances, even mutant p33
can induce apoptosis.™ The precise mechanism whereby
p33 controls apoptosis is unknown. However, it must be
connected to mechanisms regulating cell eycle prog-
ression, DNA repair, and apoptotic machinery since the
transcriptional targets of p53 have been shown to include
Gadd4s, p21™™" mdm-2, Bax. c-Myc. Bel-2, PCNA
(proliferating cell nuclear antigen) and IGF-BP3 ™"

Many other oncoproteins have been implicated in apop-
tosis. The e-Mye protein is a nuclear transcriptional
activator with the bHLH/LZ (basic rcgion helix-loop-
helix/leucine zipper) motif located at the carboxyl termi-
nus. It heterodimerizes with another bHLH/L.Z protein
partner, Max. and transactivates target gene expression
upon binding to the DNA E-box elements. c-Myc is well-
known to be involved in cell proliferation and
tumorigenesis due to its prominent amplification in mul-
tiple tumors, in particular in some lymphomas and lung
cancer. Recent work has also implicated ¢-Myc in apop-
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tosis. For example. ¢-Myc mutams expressing only the
HLH/LZ domains induce rapid apoptosis after micro-
injected into fibroblasts.” Other studics have shown that
c-myc expression can either promote or suppress apop-
tosis. an elfect clearly dependent on individual cell types.
culture conditions. and the specific phase of the cell eycle
during the experimental period. Ber-Abl. a chimeric
oncogene formed by u chromosomal translocation that
puts sequences from the ber gene upstrcam of the second
exon of c-abl. 15 a deregulated tyrosine kinase expressed
in Philadelphia chromosome-positive human leukemias,
There are two naturally occuring forms of Ber-Abl: pl8S
is primarily associated with acute Tymphocytic leukemia
and p210 is found mainly in chronic myclogenous leuke-
mia. Although it has long been postulated that prolonged
hematopoietic cell survival as a result of reduced apoptosis
may be causal 1o Ber-Abl induced chronic myelogenous
leukemia, only very recently was experimental evidence
provided for the Abl as a negative regulator ol apopto-
sis.”" Overexpression of Ber-Abl has been shown to
confer on cells resistance o apoptosis induction by Fas,
cycloheximide, actinomycin D. camptothecin. etoposide.
ceramide and serum withdrawal.” Site-specific mutage-
nesis studies suggest that Ber-Abl may utilize different
signaling pathways to clicit tumorigenic transformation
and suppress apoptotic responses.” At least in the case of
Ber-Abl-suppressed  DNA - damage-induced  apoptosis.
p33-dependent, p2 1™ ' -mediated G, arrest or DNA repair
appears not 1o be involved. Instead. a prolonged cell cycle
arrest at the G,,, restriction point (thus allowing time to
repair and complete DNA replication and chromosome
scgregalion) was observed. p2 e
target ol wild type p33 and gencerally is considered as the
actual mediator of the p53-induced cell cycle arrest at
G,/G,. Although wild type 53 can activate apoptosis and
many types of apoptosis occur at the growth-arrested cells,
p2 I hay not be the mediator of apoptosis. This is
best lustrated in the clegant experiments by Katayose et
al' in which they observed that overexpression of pS3 or
p2 1M hoth Teads to cell cycele arrest and overexpres-
sion of pS3 can trigger apoptosis. Tlowever, overexpres-
sion of p2 1™ 4lone does not cause cells to die, sug-
gesting that p53-induced apotposis is not necessarily
mediated by p21™70 A different scenario has been
presented that may also suggest complicated roles of p53-
p IR pathway in apoptosis. In response to treatment
by Adriamycin. human T-cell leukemia virus type I-trans-
tormed lymphocytes are found to undergo prominent
apoptosis regardless of the p33 status.” Also, the protein
levels of p2 ™! were found Lo be significantly elev-
ated. These observations emphasize the point that different
stimuli may trigger apoptosis by using quite different
signaling mechanisms. This conclusion also gains support
from studies on the involvement of Fos, Jun and Egr. a
class of immediate early response genes closely associated
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with cell growth, in apoptosis. Introduction of dominant
negative muitants of c-jun and Egr-1 delays the onsct of S-
phase and reduces the cell survival'”, suggesting that these
two oncogenes positively regulate cell survival. However.
in thapsigargin-induced apoptosis of human melanoma
cells. Egr-1 is found 1o be the mediator of apoptosis since
the process can be blocked by cither antisense oligos (©
Egr-1 or by a dominant negative construct.” Recent expe
rimental evidence also points against a direct involvement
of ¢-jun and c-fos in apoptosis.”™” Many other oncopro-
teins including WTI. Ets-1, Pim-1. Rb. and nm23 have
been proposed to be involved in apoptotic process. how-
cver, their precise mechanisms of action (ie.. the cuuse-
and-effect relationship) remain vet to be clarilied.

2. Growth Factors/Growth Factor Receptors, Hormo-
nes, and Cytokines Involved in Apoptosis

In most cases., growth faclors/growth factor receptors.
hormones, cytokines scrve as necessary survival factors
for the target cells. Well-known examples include
neuronal cell death after withdrawal of NGF and apoptosis
of lymphocytes after following removal of appropriate
cytokines such as IL-3. Blocking the EGF signaling using
monoclonal antibodies also elicit apoptosis of cancer
cells.” However, under certain circumstances, growth
factors normally involved in supporting cell proliferation
may trigger cell death. most probably as a result of confus-
ing signals delivered to the treated cell. Thus, {ibroblasts
growth-arrested following serum-depletion can undergo
apoptosis if restimulated by PDGE." In this section, we
will put our emphasis on three molecules. i.e., TNFw.
TGFB! and insulin.

TNFa (tumor necrosis factor-c) has been shown to
induce, either directly or in the presence of protein syn-
thesis inhibitors such as cycloheximide, apoptosis of mul-
tiple cell types. It belongs to the TNF ligand superfamily
which also includes LTa. LTh, CD27L. CD30L. CD40L.
4-1BBL.. OX401. and Fas ligand.” These ligands are
acidic, share ~20% overall homology, and exist mainly as
membrane-bound forms. TNFa binds to the cell surfuce
TNI' receptor. & member of the TNEF/NGE receplor
superfamily which houses at least ten members: the p75
NGFR. p55 TNFR-L. p75 TNFR-II. TNF-RP/TNFR-HI.
CD27. CD30, CD40, 4-1BB, 0X40. OX40 and Fas (APO-
I or C1D95).”" Thesc are typical type T transmembrane
proteins with multiple cysteine-rich domains in the extra-
cellular (amino terminal) part which 15 involved 1n the
ligand binding. The past two years has witnessed a signifi-
cant progress in our understanding ol the mechanisms of
the death-inducing cffects of this powertul cytokine.
TNFEFR-I is responsible for most of the hiological properties
of TNFo. including apoptosis. antiviral activity and acti-
vation of NF-kB. TNFR-1 shares a variety of physical and
functionul properties with Fas. When engaged by agonistic

antibodics or by their respective ligands. both can trans-
duce o death signal 1o the cell. They are homologous not
only in the extracellular cysteine-rich domains. but also in
the cytoplasmic "death domain” of a stretch off 65-80) aa.
The death domuwin has been found in multiple proteins
including the Drosophila death gene reaper. 34 kd
TRADD (TNFR I-associated death domain protein). 23 kd
FADD (Fas-associated death domain protein: also named
MORTI for mediator of receptor-induced toxicity). 74 kd
RIP (receptor interacting protein),”™"™ as well as many
other proteins including low-attinity NGEFR, plOSNI--xB.
plOONF-kB. ankyrins, DAP kinasc. and myD88."" Dcath
domains. like many other protein-binding motifs such as
SH domain and PH domain. have heen proposed to medi-
ate protein-protein interactions. Thus, The Fas/APOT and
TNEFR1 death domains self associate and also bind to each
other: FADD and RIP death domains interact with the
Fus/APO1 death domain: the TRADD death domain binds
(o the corresponding region ol TNFRI. Although ovcrex-
pression of FADD, TRADD and RIP has been shown to
trigger apoptosis in different cell types. not all death
domain-possessing  proteins  described above have
revealed a death-inducing effect. Besides, whereas the
induction of cell death by TRADD or RIP requires only
their death domains, apoptosis induced by FADD overex-
pression occurs independently of its C-terminal death
domain. These observations suggest some other potential
biological functions of this protein motil such as mediat-
ing general protein-protein recognition and binding in
signal transductions. Very recently. it has been observed
that TNF treatment leads to the association with TNFR1 of
TRADD which might serve to recrait FADD through the
respective domains.'” Many other proteins such as FAF1
(Fas-associated protein factor 1).'”" FAPI (Fas-associated
protein lyrosine phosphatase).'"™ and CAP3 and 4 (cylo-
loxicity-dependent APO-I-ussociated proteins 3 and 4)'”
have been reported to be associated with Fas, but whether
they are also involved in the TNF-induced cytotoxicity
remains  unknown. The molecular mechanisms  for
TNI'o-induced apoptosis are also unclear. although the
following could be proposed: 1) TNF binding 1o TNFR |
results in the receptor oligomerization and subsequent
recruitment of TRADD., FADD or some other proteins; 2}
signal transduction triggered by this protein-protein
“chain reaction”. or by compietely different mechanims.
leads 1o PLA. activation and arachidonic acid meta-
bolism. sphingomvelinase activation and ceramide pro-
ductton, and generation of ROIs (reactive oxyvgen inter-
mediates; """ and 3) all of the above mechanisms,
cither independently. scquentially, or in combination.
activates CrmA-sensitive ICE family proteases.'” leading
to cell death.

TGF BI (transtorming growth factor B1). a 25 kd ho-
modimeric polypeptide that belongs to a family of multi-
functional cytokines. could either promote or inhibit cell
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erowth depending on cell types. The diverse brological
activities of TGEBL are medinted through two transmemb-
rane serine/threonine kinases, type I and type 11 TGFp
receptors. The type H oreceptor is a constitutively active
kinase. which, upon binding to TGEBI. recruits and phos-
phorylates the type 1 receptor (which alone cannot bind to
TGFR1) and subsequently induces the dimeric complex
formation between two receptors. The complex formation
is required for signaling.'™ Recently. mutation and func-
tional inactivation of TGER type Il receptor has been
implicated in the oncogenesis ol colon cancer.” The
molecular mechanisms  whereby  TGEBRD inhibits cell
growth may involve induction of cell cycle arrest at Gl
and apoptosis. TGEPRT has been observed to induce or
enhance apoptosis ot a variety of normal as well as trans-
formed including ectocervical cells.
ovarian carcinoma cells, hematopoietic progenitor cells

and leukemia cells, vascular endothehial cells, and normal
IDRERENI

cells cpithelial

as well as adenomatous colon epithelial cells
Growth inhibition due to apoptosis induction by vitamine
I: and retinoic acid has been tound to be mediated by
TGER.™ Although the data with respect to TGFBI as an
inducer or enhuncer of apoplotic cell death is overwhelm-
ing, this cytokine may also lunction as a critical survival
factor for certain types of cells such us T lymphocytes'”
by preventing apoplosis.

Another growth tactor that has been consistently shown
to provide protective etfects from apoptosis is insulin, or.
in some cases, insulin-like growth factor (IGF)."" Insulin,
together with EGF serves as a critical survival lactor for
mammary epithelial  cells.?' Treaument of human
colorectal carcinoma cells with monoclonal antibodies to
EGF receptor induced cell apoptosis. which could he
delayed by insulin. Spontaneous apoptosis of lens
epithelial cells could be suppressed by insulin, an effect
which might involve e-fos and ¢-jun, [GEF-and its cognate
receptor have been shown to suppress apoptosis in vitro as
well as in vivo.” The levels of IGF-1 receptor expression
in ghoblastoma cells have been shown to be directly corre-
lated with apoptosis and tumorigenesis in nude mice.'"
The above discussion, taken together. suggests that growth
fuctors play a very mmportant. yet complicated role ir
regulating cell growth and death.

3. Intracellular Signal Transducers Involved in Apop-
tosis

Cytoplasmic signal transducers refay the message trom
growth lactors 10 nuclear oncogenes or WMOr suppressor
genes. Various signaling molecules including Ca™”. protein
kinase C (PKC)., ¢cAMP-dependent protein Kinase, Weel
kinase. PI-3 kinase. Ras and GTPase. PLC-v. tyrosine
Kinases. protemny phosphatases. lipid signaling molecules
such as cicosanoids. sphingosine. and ceramide have all
been imphicated in apoptosis ™ Although a cause-und-
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eflect relationship has been established in many cell types
between the Ca'™ concentration Tluctuation and induction
of apoptosis.™ the precise roles of most other sienal trans-
ducers in regulating apoptosis are much more complicated
and no clean picture can be presented as yet. In this section
we shall brielly update the role of protein phosphorylation
mediated by PKC and the MAP  kinase pathway
(MEK/FRK. INK. and p38). and of lipid biomolecules
represented by cicosnaoids and ceramide in regulating cell
survivad and apoptosis. The readers are referred o many
excellent recent review articles™ " related to these topics.

Reversible protein phosphorylation regulated by Kinases
and phosphatases represents once of the most important and
versatile weapons that cukaryotic cells utitize to manipu-
late the protein functions. PKC is one of the [irst protein
kinases reported 1o be involved in apoptosis. In general,
PKC activation provides most cells a protective elfect
from apoptosis. Thus, activation of PKC by growth factors
such bEGE protects endothelial cells from  apoptosis
induced by radiation. Similarly. phorbol esters have been
observed to protect K562 cells from doxorubicin-induced
apoptosis.'™ On the other hand, various PKC inhibitors
such as calphostin C. safingol and bisindolylmaleimide
GF109203X" have been observed to either induce or
enhance apoptotic response. However, when the pattern of
PKC isoform expression is altered. e.g., by overexpressing
PKC-L, TPA may instead induce cell death by a PKC-
dependent  mechanism.  This  phenomenon has  been
observed in both leukemia cells (U973 as well as solid
tumor cells (MCF7 breast cancer cells).™ Interestingly, in
U937 cells undergoing a spontaneous apoptosis, reduced
PKC-Z and increased PKC were observed.™ In thymo-
cytes undergoing apoptosis induced by staphylococcal
enterotoxin B, altered expression patten of the PKC sub-
species  was also observed. In this cuse. however,

ecrcased mRNA levels of PKC-f and 1o a much lesser
extent, PKC-ax. but not PKC-{. were noticed.'"

The most exciting development on the role of cytoplasmic
signal transducers in regulating apoptosis is the recent dem-
onstration that ERK and JNK-p38 MAP Kinases appear o
nossess opposing regulatory effects on apoptosis, with the
former being protective and the latter inducive.™ The MAP
kinase signaling pathway is one of the most critical in regu-
lating cellular responses to extracellular signals, Three
branches (cascades) of MAP kinase signaling leading to the
activation of ERK (extracellular signal-regulated  kKinase:
also called MAP kinase for mitogen activated profein
Kinase). INK (c-Jun amino terminal Kinase: also called
SAPK for stress activaled protein kinase) and p38 Kinase
tulso called RK for reactivating kinase). respectively, have
been identified.™"™ The classical MAP kinase cascade
includes MAPKKKK (MAP kinase Kinase Kinase Kinase).
MAPKKK (MAP kinase kinase kinase). MAPKK (MAP
kinase Kinase: duai specificity kinases). MAPK (MAFP
Kinases or ERKs). and regulated substrates. In the ERK



122 ) TANG and PORTER

cascade,  extracellular  growth related  stgnals.  through
receplor tyrosine Kinases. Gy, proteins (via interaction
with PH domains), ras. mos. and raf (the MAPKKK) pro-
teins, activate MEKs (MAPK or ERK kinases: the
MAPKK) which in turn activate ERKs (the MAPK). In the
INK/SAPK cascade. various stress signals including UV
irradiation, heat shock. cytokines und protein synthesis
inhibitors. possibly through the Rho family smull GTP-
binding proteins such as RhoA. Rac and Cde 42, activate
PAK6S (the MAPKKKK) which in turn activates MEKK
(the MAPKK) which in trn activates INKK/SEK/MKK4
(the  MAPKK) which then activates JNK/SAPK (the
MAPK). In the p38 MAP kinusc cascade. stress signals lead
to the activation of an unidentificd MAPKKK which then
activates MKK3/MKK4 which in turn activatles p38
(HOG1).!'"™" There exist muliiple isoforms (c.g.. 5 iso-
forms tor MEK ) for many components in each cascade. tus
making the whole signaling system even more complicated.
The targets regulated by the MAP kinase pathwuy include a
wide diversity of molecules encompassing  cytoskeletal
proteins (Tau, MAPI1/2/4. caldesmon, etc), cytosolic pro-
teins (cPLA., PTP2C. tyrosine hydroxylase, Raf-1,
MAPKK, etc¢), membrane proteins (LGH-R, NGF-R, 508,
cle), und nuclear transeription factors (ATF2. EIk1, Ets2, ¢-
Jun, ¢-Fos, ¢-Myc, TALL cte).'”'™ In general, the ERK
cascade is thought to primarily mediate cell proliferation
and differentiation while the INK/p38 cascades are involved
in stress responses and growth arrest. This conclusion is
consistent with the observations that activation ol INK/p38
and concurrent inhibition ol ERK mediale neuronal cell
death after NGF withdrawal.™ Also. v radiation-triggered
apoptosis of peripheral blood lymphocytes has been found
to be correlated with the activation of INKI.""” However,
caution needs to be executed in generalizing the potential
roles of ERK and INK/p38 MAP kinase pathways in regu-
lating apoptosis since the effects could be cell type-depend-
ent and very different with different apoptotic stimuli.
Eicosanoids are a large group of oxygenated molecules
derived from arachidonic acid (AA), an cssential compo-
nent of the cell membrane phospholipids. Released AA,
through the action of phospholipase A.. is metabolized via
three major biochemical pathways: (i) the cyclooxygenase
(COX) puthway leading to the generation of
prostaglandins, prostacyclin. and thromboxane; (i) the
lipoxygenase (LOX) pathway giving rise to various hyd-
roperoxy (HPETEs) and hydroxy (HETEs) fatty acids as
well as leukotrienes: and (iii) the P450-dependent epoxy-
genase pathway generating EETs. Various AA metabolites
have been implicated in a wide variety of growth-related
signaling pathways involving ras, interferon-o., EGE,
cAMP, protein kinase C. MAP kinascs and fos (reviewed
in Ref. 120). Numerous studies have demonstrated a
strong correlation between growth factor promoted cell
proliferation and generation of various COX products.
primarily prostaglandins. Similarly, eicosanoids derived

from LOX pathways as well as epoxygenase pathways of
AA metabolism also play an essential role in mediating the
erowth factor-stimulated cell growth.''*" On the other
hand. both COX and LOX products of AA metabolism
may also be involved in modulating cell survival and
apoptosis. Many prostaglanding exogenously administered
have been shown to induce apoptosis. The administration
of a synthetic analog of PGE. in mice induces thymocyte
apoptosis. Similarly. exogenous PGE. induces apoptosis
ol freshly isolated lyniphocytes and immature normal as
well as malignant B lvmphocytes and a positive correla-
tion has been observed between induction of lymphocyte
apoptosis and PGE, production by macrophages infected
with HIV. Also. apoptosis of ovarian surface epithelial
cells is inhibited by indomethacin whose effect could be
reversed by exogenous PGL, or PGIF2a (reviewed in Rel.
120). The PGE,-induced apoplosis miy be mediated by
clevating intracellular ¢cAMP levels since agents which
elevate cAMP concentrations have been shown to induce
thymocyte apoptosis. Other effects such as increased c-
Myc protein expression may also be involved. Cyclopen-
tenone prostaglandins such as PGA, and A"-PGJ, have
also been reported to induce tumor cell apoptosis possibly
through arresting cells in the G/M phase and synthesizing
novel death-related genes. or by down-regulating p21%*"
and enhancing cyclin-dependent kinase 2 activity.'™'™
Interestingly. various COX inhibitors (NSAID) have been
consistently demonstrated to trigger apoptosis of cultured
cells. ™ Thus, indomethacin. sudindac sulfide and sul-
fone have heen observed 1o inhibit colon carcinoma cell
(HT-29) growth by inducing apoptosis.'~ Likewise. mul-
tiple NSAIDs including diftunisal, indomethacin, aceme-
thacin, diclofenac. mefenamic acid. flufenamic acid. nif-
lumic acid. ibuprofen. and carprofen cause apoptosis in
chicken embryo fibroblasts.'? The mechanisms of apop-
Losis induction by these NSAIDs are very complicated. but
may not involve prostaglandin production. Induction of
apoptosis in HT-29 cells by sulindac sulfide and some
other COX inhibilors appear to involve inhibition of cell
proliteration and cell cycle arrest caused by inhibition of
activity of cyclin-dependent kinases.'™ Fibroblast apop-
tosis induced by indomethacin and other NSAIDs men-
tioned above could not be inhibited by PGE.. Interesting-
ly. the chronic treatment of the fibroblasts with these
NSAILDs resulted in increased mRNA levels of both COX-
I and COX-2 and increased protein levels of COX-2.
Based on the fact that all these NSAIDs inhibit the COX
activity, the authors concluded that COXs and their prod-
ucls may play a key role in preventing apoptosis.'™ This
conclusion recently gained support from the observation
that overexpression of COX-2 confers on rat intestinal
epithelial cells resistance to apoptosis induction.'”
Similarly, LOXs and their products have also becn
implicated in regulating cell survival and apoptosis.
Exogenous  lipid hydroperoxides such as  15-HPETE
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induces HIV-mtected human T eells, The hiah sensitivity
ot these cells s due w there inabitity to convert 13-HPETEH
10 13-HETE owing to o marked reduction in glutathione
perovidiase activity (reviewed i Ret 120). LOX mhibitors
such as ETYA and NDGA huve been shown o mhibit
I'NFaindueed apoptosts ol inurtne libroswreoma celis
(1929 [208)-
HETE also provided o protective effect. On the other hand.
S-1.OX mbibitors can cause apoptosis of human leukemia

Interestinglve lipoxveenuse  product

Ohist cells’ L suzgesung that m ~some cells d-1OX may
function as o survival tactor. Our pecent work™ demon-
strated that 12-LOX and probablve 15-LOX. but not 3-
LOX. play an essential role in regulating apoptosis ol rut
Walker carcinosarcoma
IW2S0). These celis express platelet-tiype 12-LOX and
svithesize 1209~ and 15(S-HETEs as their major AA
fipoxyvecnase metabolites. Down-regulation ot 1 2-lipoxy -

cells ol monoeytoid  origin

senase pene expression by antisense oligonucleotides
iriggered tme- and dose-dependent apoptosis. Fhe W236
cell death triggered by the antisense oligos could he par-
tally blocked by exogenous 12(5)- or I5(85)-HETE but not
by SiS)-HETE. The untisense ohigo treatment also resalted
in a significant decerase i the rato of Bel-2/Bax. w eritical
determinant of apoptosis. As expected, overexpression of
Bel-2 protemn provided partial death-sparing offeet. '
Giencral inhibitors of the LOX activily (such us NDGA) s
well s 12-LOX-sefective inbibitors (such as baicalein and
CDC) also caused significant W236 cell death. W256 cells
are not the only cell type that responds 1o the above treat-
ment by undergoing apoptosis. Other wmor celis such as
RBL-1 (rat buasophilic leukemia cells), MTLn-3  (rat
mammary adenocarcinoma cells). and HEL thumin ery-
throleukemia cell ling) cells all undergo apoptosis follow-
ing treatment with NDGA. although the doses required
vary with ditferent cell lines. In contrast. normal cells such
as rat aortic endothelial cells (RAEC) do not undergo
apoptosis upon treatment with antisense oligos or LOX
mhibitors, "=
cantly from normal cells with respect their usage of LLOXs
in regulating cell survival and apoptosis. Based upon the
above discussion, it is possible to present a model for the
dual role of LOXs in regulating tumor cell survival and
apoptosis. For some tumor cells or under certain cireum-
stances, LOXs/LLOX prodeurs are the actual mediato s of
the growth effect mitiated by survival factors (growth
factors, hormones. cytokines, ete). In this case. the LOX
system is critical for the cell survival. Blocking the gene
expression of LOXs or their enzymatic activities with
inhibitors will trigger cell death through apoptosis. The
prototypical example is W256 cells presented above. For
other twmor cells or under differcnt
LOXs/LOX products are the actual mediators of apoptosis
triggered by death signals. The prototypical example for
this case is the apoptosis induced by TNF-o. Whether
L.OXs/1.OX products play a pro-survival or pro-apoptotic

suggesting that tumor cells differ signifi-

circumstances,
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role wilb depend on the cedl type and the immediate envi-
ronmental milicu cells are m contact with (e survival or
death tactorsy, This dicd-funciion model also appears to
apply 1o the COXS/COX products which can both induce
cell death and protect eells from apoptosis.

Another  potent liptd
receved tremendous attention me the apoptosis field s

hiouactive mofecule  that has
ceramide derinved from thie sphingoninveding metaboiism. ™
Similar 1o the mode of AA metabolism. the sphingomyelin
pathway. which is inttated by hydralysis of the memb-
vane-concentrated  phospholipid  sphingomyelin via the
action of either acidic or neutral sphingomyelinase, s a
ubiquitous signaling system linking cell surface receptors
to nucleus, Like many cicosanords, ceramide could pro-
mote cell proliferason” ™ as well as nduce cell growth
arrest and apoptosis.” Many arowth factors such as neuro-
trophins and PDGE could modufate the activity of sphin-
comyclinase thus modulating the fevels o ceramide.
Exogenous, membrane-permeable ceramide analogs have
heen shown to induce apoptatic death of muitiple cell
Lypes including U937 monoblastic. HLOO promyelocytic
leukemia cells, Jurkat celis. and L929WLM und WLEHI-
164/13 human fibrosarcoma cells. '
ation of cerumide through sphingomyelinase activation
has been proposed to mediate Fas/APO-1-. TNFu- and
radiution-induced apoptosis and de novo generation of
ceramide via activation of cerumide synthase has been

"Endogenous gener-

HLI20

shown 10 be responsible for the daunorubicin-induced
apoptosis of leukemia cells. ™ How ceramide 1s involved
in triggering cell death is currently actively pursued by
many groups world wide. Ceramide mimics serum with-
drawal in mducing cell cycle arrest of MOLT=4 human
leukemia cells. ™ an which may be mediated
through dephosphorylation of Rb."™ Downregulation of

elfect

Bel-2 protein levels has been proposed o be associuted
with cerumide-mediated  apoptosis.'™ Many  polential
ceramide targets have been identified. These include: 1)
ceramide-activated protein (CAP) kinase. a 97-kd proline-
{mintmal recognition -T-L-P-)
serine/threonine kinase which recentlv is shown 1o be 2
Rall Kinase (it phosphorylates Raf'l at Thr 269 and acu-
vates Rat'l by increasing its activity towards MEK:'™ 2)
SAPK/INK:'™ 3) PKC-C;" 4) a 23-kd nuclear tyrosine
phosphoprotein:*" and 5} others such as Vav oncoprotein
and CAPP (ceramide-activated protein phosphatase. a
cation-independent  heterotrimeric protein of the class
PP2A)Y % What rales these divergent tarzet molecules play
in transducing the apoptotic signals clearly will be hot
topics of tuture rescarch.

directed sequence

4. Cell Cycle Regulators Involved in Apoptosis

Cell cycle progression and upoptotic process share
many phenotypic similarities and apoptosis has often-
times been considered as g consequence of "milotic
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catastrophe”. Multiple oncoproteins  involved in cell
cycle regulation typified by p33. p2I™™' ¢-Myc¢ and
pIO3* have also been implicated in apoptosis (sce dis-
cussion in the preceding sections). Many recent review
articles (e.g. Ref. 46} have provided detailed accounts of
the relationship between the cell cycle and apoptosis.,
Only a couple of important points will be summarized
here. First. certain cell cycle regulator may be linked to
certain types of apoptosis, however, the causc-and-effect
relationship may not be universally applicable to all
cases of apoptosis. This is illustrated by p34** (cdk 1).
Early studies indicate that premature activation of Cdc2
kinase is required for apoptosis. Apoptosis in 7-hydroxy-
staurosporine-treated T lymphocytes  corrclates  with
activation of cdk! and 2 with a concomitant increase in
the H1 kinase activities of these proteins.” Withdrawal
of NGF induces apoptosis of PC 12 cells which is ac-
companicd by a signilicant increase in the amounts of
cyclin B associated with p34*"* Also, apoptosis in
HLOO cells induced by DNA damage is preceded by
unscheduled activation of cyclin B1/Cde2 kinase,™
However, using a temperature sensitive expression sys-
tem of p34°*”, Martin et al found that this kinase activity
is not obligatory for the apoptosis induction in FT-210
cells by multiple inducers such as actinomycin D, cvclo-
heximide, H,0,, UV irradiation, VP16. and ceramide. '
These authors conclude that Cdc2 may only represent an
upstream regulator of the apoptotic machinery instead of
an integral part of this machinery."* This conclusion also
gains support from recent studies showing that a form of
mammalian  Cdc2  actually can  suppress  apoplosis
induced by DNA damage.” Second. apoptosis induction
may occur in any phase of the ccll cycle. Some forms of
apoptotic cell death can take place only in a specific cell
cycle phase while others can occur in any compartment
of the cell cycle. For example, Fas ligation induced
MML-1 cell death appears to occur specifically in GIB
compartment.””” HIV envelope-initiated CD4 cell death
occurs specifically in G, phase.'™ X-irradiation (rig-
gered-apoptosis of p33-null HL.60 cells is observed at the
G, checkpoint.™ In contrast (o these cell cycle phase-
specific apoptosis. programmed cell death induced by
transfected wild-type p53 is observed in all phases.™
Third, alterations in the cell eycle progression can result
in apoptosis.  E2F-1. a transcription factor which nor-
mally heterodimerizes with the DP family proteins and
associate with pRb and pRh-related proteine pl07 and
pl130 and thus is involved in the S-phase protein syn-
thesis. can initiate apoptosis when the protein is mutated
resulting in a lengthened S phase. Also. puint mutations
in E2F-1 which disrupt its binding 1o RB (a negative
regulator of cell proliferation) cnhances S-phase entry
and promotes apoptosis.”* Even normal E2F1 expression
can induce apoptosis in the absence of necessary sur-
vival fTactors and overcxpression of the E2F-1/DP-1

complex can induce apoptosis in the presence of survival
fuctors. These discussions illustrate the complex rela-
tionship between cell eyele and apoptosis and call for
caution in making generalizations.

5. Reactive Oxygen Species and Free Radicals Involved
in Apoptosis

Reactive oxygen intermediates (ROI) or specics (ROS)
and various free radicals are ubiquitous entities during
physiological cell growth, aging process and response to
stress as well as many pathological conditions involving
organelles (such as mitochondria) and various organs
(c.g.. heart, lung, brain). They play an essential role in
transducing signals leading to either cell proliferation or
cell death. Numerous cellular targets have been reported
for the oxidative signaling. Exmaples include various
transcription lactors such as AP-1. NF-xkB. NF-AT and
Oct-1. signaling molecules such as  tyroine  Kinuses
pS6/SQ™ p727* and p77™. p21™ and ERK. and cell cycle
regulator p2 1% =214 Many erowth factors including
TNFo. bIF'GE, PDGLIY, angiotensin, LPA (Iysophosphatidic
acid) and TGFR exert their signaling functions. at least
partly, via ROS production.”™* Duc 10 the potential
detrimental effects of ROls. mammalian cells have devel-
oped various defensive mechanisms which primarily
include antioxidant enzymes such as superoxide dismutase
and low molecular weight antioxidant biomolecules such
as reduced glutathione and metallothionein. The evidence
for the involvement of ROIs in apoptosis is overwhelming.
compelling and unarguable. However, whether ROIs arc
absolutely required for apoptosis and whether they are the
actual mediators of cell deuth are questionable due to the
recent findings that apoptosis can be induced in hypoxic
conditions™ and Bcl-2. a protein claimed to protect cells
from apoptotic death by serving as an antioxidant. can also
exert its anti-death effect under hypoxic conditions and
Bel-2 may actually possess a pro-oxidant effect.™*!

6. Role of Cell-Cell and Cell-Matrix Interactions in
Apoptosis

Most normal ccells. especially epithehial cells, would
require at least two signals tor their survival: diffusible
growth factors and survival signals derived from celi-cell
contact and cell-matrix interactions. Although the critical
for seluble erowth factors in maintaining cell
survivability has been realized and investigated [or the
past several decades. the potential function for cell-
cell/ecll-matrix interactions. which are mediated by vari-
ous adhesion molecules primarily represented by carbohy-
drates. integrins. cadherins. immunoglobulins and selec-
tins, as survival parameters hus only very recently come
to the scene. Earlier studies observed that prevention or
disruption of the cell-cell/cell-matrix associations of nor-

role
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e epitheliad cells would cause these celis 1o undereo
progcrammed cell death b contrast, vranstormed cells are
wetl-hnown for ther disrupred eyvtoskeletal oreanizations,
redduced fibronectin matny assembly and dimmished cell-
coll/cell-mutris adhesions: however, they  also have
crvalved mechamsims 1o bypass the requirement tor the
anchorape-dependent survisal Theretores generally spe
Eing. tumor cells e estended sunvnabiiity i the
absenee ob these o Hie-supporting paramelers (L.
crovu it factors and anchoraee . Abnormal adheston cyents
have been observed moapoptoue cells For example
neutraphil apoptosis bias been observed (o be accompanied
By altered expression patierns ol adieston mofecules with,

reduced  [-sclect/selectn Hpand and
COCD s and CREI/CDIST Cel

cellrect-matx miteracuons could regulare apoptosts

specitically,

HICTCIUNC U

versatle wavs, by somie cases, cel=cels conimunication s
ewsentith tor the ool survival Mouse mabgpanmt -
pvinphoma cells (U821 underge apoptosis when they are
cultared alone. Coculture of these celis with Ivinpn node
stroinal cells could Dlock therr death. suggesting that some
fuctor(sy (i ths cuse. cysteioet released from the stromal
celly possess anti-apoptotie effects ™ Analogousiy. nor-
miad tonstiar plasma cells although Bel-270 undergo swil
programmed celb death which can he provented by co-
caftwred bone marrow fibroblasts or rheunustond synovio-
cvtes ' Also. spontaneous  apoplosis ol mature
fvinphocyies m Bol-2-deticient nnuce cun be inhibited by
TB cell imeraction=."™ Sometimes. conjugation of el
surtace adheston receptors 1y cnough o dehver cell sar-
vival signals. For example. CD44 engagement. either by
its heand hyalurome actd or anti-CD44 monoclonul ant
podies coula significantly inhibie apoptosis of 3DC F
cells induced by dexamethasone or anti-CE3 monovionald
antibodies. ™ Cell-matrix iteractions may afso be eritical
for the cell survivai. Biointegring have been shown te b
mportint Tor the survival of normal breast epithehal celie
but pot brease carcinoma cells™ Blochea exprossion o
2B in MDCOK cells with anlisense oxpression vector
result- 1 programmed  celd death ™ Culrire of
b
which coutd be mhibited by TGEE
miechunisms for adheston regutated coll survival are ot

human,

cratinocyies i suspension feads (@ apoplote celi dewn
ol

The moiecoia

tidne understood althoneh enhanced Bel-Z expressiorn,
suppression of ICE tunction. and tas signalhimg nathway™ -’

e been proposed,

7. Role of Endonucleases and Proteinases in Apoptosis

One of the cardinal rochonncal feamires of apoptosis
the DNA trugmentation which s mantiested o o disunct
Ladder on electrophoresis. This Ladoered pattern i~ thought
o result From step-wise frugmentatnon of DNA (rom 100
kb to 50 Kb and finally to internucicosomal ohgomers oi
~18t bpy cleaved perferentially ar nuciar matres attach-
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ment sttes. This fed o the hvpothesis that activation of
spectiic endonucteases prior te apoptosis may be aenoead
Cyent Nnerots experiments e provided evidence that
this hypothesis iy hold true For nstance. two mgor
DNase actvites aermed nue 38 and nuce 40 based on ther
apparent o with cation=dependent churacierisoes funve
been found m CTHE2 Ivmphocytes undergomg apoplosts
upon 2 withdrawal, Smwilarly. Burkiie ivimphoiie ool
apoptosis induced by jonomyvem has been found o b
accompanicd by the activaton of g jow nyw . Co 7 =depen-
dent nuclease. which may be o orelanvedy fate event siee
this endonuelease does not cleave DNACinio S0 kR frag-
ments T Different types of celis possess a different reper
torre ol endonucleases and dittferent apoptotic stimuli
activate diiteren sets of cndonuacleses. ever i the sanie
tpe of cells, Porpheral PMNS and mmmature myveloia
procenitors coniam both Ca™ /Mg -dependent and DNase
I Tike zonde endonuclease activity o the nuclei whiic
awcutating CL34T cells possess Mo -dependene Ca
mdependent endonuclease activity, When Co340 celhs are
differentiate toward
Ca"/Me™ -depenaent and acidic endonucicase re-cmeres

mduced (o vranuiocvtes.  the

with conconmtant disappearance of the Mp -dependent

endonuclcase ™ On the other hand. apoplosis induced by
many stimeh may not mvolve endonucleases sinee the
nuclear free

apopiotic process can o reconstiuied in

extracts.™ Or activation of endonuclecase activity may
proceed with fragmented DNA - formation without mor-
phological teatures of apoptosis tsuch as chromatin con-
densation and membrana blebbing 17 Alsol in vitro midie
pulations (such as SDS and proteinase K ireatmenty during
isclion of fragmented DNA may artificiaily disrupt the
mteerity of genonne DNAL Therefore. as with many other
stiuaions, cavtion needs 1©0 be execuied when exploring
the retationship between endonucicase activity and apope
tosis and mterprenng data The satesi way 16 prove the
nature of apoptotc cell death s to combine DNA fragmen-
Lo as=avs witi somie other approaches such as electron
IICTONCOPY,

The observanons that many forms of apoptosis can be
reconstituted i the nuciei-free. eviosoiie exuits sugees
that molecubn entiiies present i cviossl may pe respon

sthiv tor nggerme cell deatli Ths hypothesis has pained

fult support front one of the most exciting developments
ICE Gtereuior )

comveriimg enszvioer dnd refated molocuivs as essenoi

I
1
§

the past vear the aentification of

mammalian celi death should be atnbuted o the Gionmy
ob tpe celt aeath gene. codt 2L o o ddeanis Kight ater
clotig of Cea- L the refated monse proicin NedelZ and tie
humanr homotogue JCH-1 were wdentitied and character-
1ol IO e wevtoplasmic cysieine tevsteine 85 being
the catabyuce residuc) protease whieh cleaves mactive 3
ko pro-li-16 car Asplio-Alal
PUS Rd - TR e s expressed i many Ussues as o 45 kd

P70 foc generate the aclive
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inactive propeptide of 404 aa. Active ICE is formed from
profeolytic cleavage (at AsplO3. Aspl19. Asp297 und
Asp316) of the proenzyme by, most probably. ICE itself.
to generate p20 (residues 120-297) and p 1O (residues 317-
404) subunits which associate mto a (p20)./(p 10}, tetra-
mer.” "™ 1CE has been shown to undereo alternative splic-
ing o generate at least four isoforms with differential
apoptotic activities.™ 1CE is a very
protease in that its enzymatic activity requires Asp in the
P, postion and a small hydrophobic aa residues at P, a
property shared with otherwise unrelated serine proteses
(granzyme B und ragmentin 2) of the eranzyme B fumily.
The optimal peptide sequence recognized by ICLE s

unique  cysteine

YVAD, thus laying foundation lor the frequent use of

syntheuc peptide Ac-YVAD-CMK (chloromethylketlone )
as an effective ICL inhibitor. "™

Multiple ICE family members have been reported. They
include: 1) Nedd2/1ICH-1 both of which can be alternative-
ly spliced into the full-length protein and a shorter form:'™
2) CPP32 (32 kd putative cysleine protease) which is
synthesized also as pro-enzyme and then converted to the
active form by proteolytic cleavage by some other
enzymes instead of by autocleavage like ICE;"™ 3) priCE
(protcase resembling ICE), also tenmed Yama/CPPA2B™
or apopain™. This enzyme may represent an authentic
"executioner” of apoptosis since it s different from ICE in
that it does not cleave pro-IL-1f but instead cuts
poly(ADP-ribose) polymerase (PARP). a marker protein

that has been found to be degraded in nearly all forms of

apoptosis; 4) TX/ICH-2/ICE, 11 which cleaves itself and
p30 pro-ICE but not pro-1L-1p or PARP;7"% 5) ICE, -
1, 6) Mch? (mammalian Ced-3 homologue 2).'%7 a
protein identified using PCR with degenerate primers
designed from the highly conserved pentapeptides
QACRG and GSWFIL. Mch-2a.. which is the full-length
protein, like CPP32, can cleave PARP and induce apop-
tosis when overexpressed:'”” 7) Mch3/ICE-LAP3. a pro-
tein highly related to CPP32 and also cleaves apoptotic
markers such as PARP and lamins.®"*". These ICE family
proteins. according tw their overall homology. can be
roughly categorized into three sublamilies: the ICE
subfamily including ICE. ICE_II, ICE_IIl: the Nedd2
subfamily including Nedd2 and ICH-1: and the YAMA
subfamily including Yama, Mch2a, Ced-3. and Mch3o.
There has presented compelling evidence that ICE fam-
ily proteases play a key role in triggering apoptosis. Apop-
tosis induced by a wide diversity of agents including
glucocorticoids. chemotherapeutic drugs (such as cis-

platin), TNF-a, and Fas involves activation of one of

more of the ICE family proteases.”™™ How do these
cysteine proteases execute cell killing has not been fully
characterized. Neither is it known how these ICE family
members are each individually regulated and what is the
interactive relationship among this group of proteins. [t
appears that diverse apoptotic inducers, through signal

transduction, trigger a cascade of proteuse activation.
Thus. TX/ICH-2 can autocleave itsell and process pro-
ICE™: ICE processes both pro-ICE and pro-
YAMA/CPP32B™: the in vivo proteolytic activation of
Mch3o may depend on CPP32 activity:”' and granzyme B
induces apoptosis via ¢leaving the activating CPP32." A
hivpothesis™ has been proposed o determine whether an
ICE family member is trully involved in mediating apop-
tosis by testing whether its pro-apoptotic activity can be
mnibited by CrmA, a cowpor virus protein inhibitor of
ICE-mediated apoptosis (such as in Fas- and TNF-trig-
gered cell death),"™ und by whether it cleaves PARP. Fus-
and TNF-induced apoptosis can also be inhibited by the
baculovirus p35 protein.’" possibly as a result of inhibi-
tion of ICE family proteases by p35. Patential substrates
for the ICL cysteine proteases include cytoskeletal pro-
teins such as fodrin and actin microfilaments, sterol regu-
latory clement-binding procetins (SREBP-1 and 2). the 70
kd protein component of the Ul snRNP, PARP, lamins.
DNA-dependent protein kinase, protein kinase C 6 and
retinoblastoma protein.'"~"™ It can be sately predicted that
more substrates for ICE and related proteases will be
identified. The question remains whether the degradation
of these target molecules is absolutely required for apop-
OS1s OF, 10 SOMC INstances, 18 Just an accompanying event
ensuing the initiation of the cell death program. Also it
should be bore on mind that not all forms of apoptosis
necessarily evoke the activation ICE and that many other
proteases such as calpain and some novel serine proteases
may also be involved in the execution of cell death.

Perspectives

There is no doubt that we've made striking progress
towards understanding the molecular mechanisms regu-
laling apoptosis, a bewilderingly complicated pre-prog-
rammed biological process which can be triggered by
both physiological stimuli as well as pathological insults.
The well-conserved tamilies of apoptosis regulators such
as Bel-2 and ICL are still expanding in their numbers
while new pro-apoptotic (such as CSE/) and anti-apop-
totic genes (such as dad-1 and [APs) are constantly being
reported. We tirmly believe that elucidation of the mol-
ecular mechanisms regulating apoptosis will significant-
ly enhance our understanding of many diseases inllicling
the humun beings. Development ol novel. apoptosis-
buscd therapeutic regimens will bring us hope to conquer
these discases.
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