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receptor, TNFICUFas, steel factor/Kit receptor. TGF- 
~/TGF receploi; insulin, EGF/EGFR, IGF-I / IGF receptor. 
and PDGF/PDGF receptor); 'Te~ (iii) intracclhllar signal 
transducers such as protein kinase C, Pl-3 kinase. Ras and 
GTPasc, PLC-y. tyrosine kinases and protein phospha- 
tases, lipid signaling molecules such as eicosanoids, 
sphingosinc, ceramide, and Ca>: > ~  (iv) cell cycle regula 
tors cxemplified by cdc-2 and E2F: ~ '~' (v) reactive oxygen 
species or other flee radicals: +v 5~, (vi) extraccllular matrix 
regulators/cell adhesion molecnles (extracelhilar matrix 
proteins such as fibrouectin and iransnlembrane integrin 
receptors); ~ (vii) specific endonucleases such as Ca :+- 
and Mg~+-dependcnt DNasc and cytoplasmic proteascs 
typified by ICE (interleukin I~ converting cnzymc) lhin 
ilv/<, e,+ and (viii) global intracelhilar environlnent such as 
cytot)lasmic pH. <''x'+' 

Many distinct morphological (cell shrinkage, membrane 
blcbbing, pyknosis, chromatin margination, denser cyto 
plasmic images) and biochemical (e.g., DNA fragmenta- 
tion into distinct ladders) features of apoptosis set it apart 
from other types of cell death such as oncosis, t 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 
nerwms system development) does not ew~ke apoptosis. I 
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 
ccramidc, cell death may be triggered by cytoplasmic 
constituents independent of nuclear activities) 7 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 itnportant 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. Therefore, one 
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 Involved 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 deserve 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: Bcl-2 (B cell 
lymphoma 2), Bax (Bcl-2-associated X protein), BcI-XL, 
Bcl-X~, several viral proteins (BHRF-1 and LMW5-HL),  

t ed  9. Mcl I, A I. Bad (bcl-X,/bcl-2 associated dcath pro- 
moter homolog), Bak (Bc]-2 hon~ologous antagonisl/kil 
ler) and NR-13. ~ ~ These proteins, via complex protein- 
protein interactions through B H I/BH2 (Bcl-2 homoh~gy) 
domains or other domains which arc highly conserved 
among nlost Bcl-2 family members, regulate cell survival 
and -lpoptosis/'~<'<' Early work has demonstrated that Bcl-2 
protein inhibits apoptotic cell death induced by mulhiple 
stimuli, that Bax promotes cell death by complexing with 
I~cl-2 m a BHI and BH2-dependent manner, and that tile 
Bcl-2/Bax ratio dictates the fate of  a cell (i.e., the higher 
the ratio the higher probability for a cell to sur'dvc'). The 
identitication of nmltiple new nlembers of the Bcl-2 fain 
ily, however, clearly makes this picture more complicated. 
Screening for protein-protein interactions has determined 
that Bcl-2, Bax, Bcl X, and Bcl-X~ are capable of homo- 
interactions and that Bcl-2 can hcterodimcrizc with Bax, 
Bcl X,  A I and Bad, Bax with BcI-X,, Mcl I and A l, and 
Bcl-Xp with Bax, Bad and Bcl-X.  <'s''" Some of these 
homo- or hetero-interactions appear to require intact Bi l l  
and/or BH2 domains. For instance, both BHI and BH2 
domains of Bcl 2 are nceded li)r its hctcrodimcrization 
with Bax. ''~ In contrast, only the BHI domain, together 
with tile membrane-anchoring region at the C-terminal 
half of the Bcl-2 is; required for its interaclion with Bcl- 
Xs/>'~ Similarly, Gly ~s'~ to Ala suhstitution in BHI of Bcl- 
X., has been shown to disrupt its hetcrodimerization with 
Bax/'<) On tile other hand, a conserved domain (distinci 
from BHI and BH2) in Bak and Bax appear to mediate 
protein binding functions and apoptotic cell death, v~ 
Among all Bcl-2 tinnily menlbers, Bcl-2, BcI-X L, NR-13, 
Mcl-1, BHRF1 and LMW5 are generally anti-apoptotic 
while BcI-X<, Bax, Bad, and Bak promote cell death. 
Another Bcl-2 binding protein, Bag-1 (Bcl-2-associated 
athanogene 1), which shares no significant homology with 
Bcl-2 fanlily members, has been shown to posscss anti- 
death activity) Eukaryotic cells clearly demonstrate tre- 
mendous redundancy in the expression of the Bcl-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 expless Mcl-1 ~' and 
Reed-Sternberg cells of Hodgkin 's  lymphoma which pri- 
marily expre~;s BcI-XL] 2 Studies on many human tumors 
including neuroblastoma, glioma, lymphoma, breast 
c a r c i n o m a ,  c o l o r e c t a l  a d e n o c a r c i n o m a ,  p ros t a t e  
adenocarcinoma, melanoma, and gastrointestinal malig- 
nancies have demonstrated a general correlation between 
increased expression of Bcl-2 (or Bcl-XL) or decreased 
expression of Bax and uncontrolled tumor cell growth, 
and, in some cases, with tumor progression and a poor 
prognosis of cancer patients] 3 79 
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Ant~iher iinptirtant aspect regarding gel-2 is tl<l,<~ it exerts 
anti-al)optosis effect and how its function is rcgt.liated. Earl} 
\~ork revealed that Bcl 2 protuin luay play tin alitiIoxidant 
r o l e  l ] l t lS pre\enting cells [roul frcc radical-elicited cvtotoxi- 
city. Recently, experiinental data suggest thai Bcl-2 as ~el l  
zls l{cl-X t il]ay t.'xerl ;.ill anti-cell cteail~ lunctioli b~, u mech- 

aiiism titlrclaled t<,) regtllatioll of R()S (reactive ( )x }r gO'I/ 
Spccics l acl ivi lv since hypoxia t ' { l l l  a l s o  induce apoptosis 
\~llich still call bc suppressed by Bcl-2 or Bcl-X~. M' As a 
mzlttcr o1 I:lct, Bcl-2 ha>, bccn dcnionstratcd to be a pro 
oxidant. ~ The resolution of tltis controvcrs} ~ i l l  bc of great 
siTnificancc in helping delineate the molecuhlr mechanisnls 
of apoptosis. SuflJce it to say, Bcl-2's ftinclion nl;.iy ~,e 
related to its physical Iocalizations inside the cells (i.e., 
prinmrily at niitochondria iiieilibrcluc) and its abilit} to 
rcgnlalc oxygen tension. How Bcl-2 expression and fnilc- 
tioi+~ are regulated b, also unclear, ahhough down rcgululion 
by p53 and g ;T ]  tti inor stippres~,or gone,, alld iilactivatiou 
by phosllhoryh_ttioli have bccll clcq/lonslratcd, s" ~ 

p53, a phosphoprolcin known to modulate gene tran- 
scription, police cell cycle checkpoints, control DNA 
replication and repair, and maintain generate stability, also 
plays an important role in regulating apoptosis. Wild-type 
p53 activates apoptotic prograul while p53 gene mutations 
]lave been linked ttl attenuated apoptosis in multiple c,:.tll- 
ccrs represented by Wihns" tumor, colon tauter ,  cervical 
carcJllolna and breast cancel. ~as~ A central point with 
respect to the relationship between p53 exprcs 
sion/function and apopiosis is that wikt-type p53 can 
mediate apoptosis and that cell death triggered by certain 
stimuli (such as irradiation. ADA deficiency and geno- 
toxic drugs) require wild-type p53 for the induction of 
apoplosis. 's~' However. apoptosis induced in many cell 
types by multiple slirnuli do uot require the presence of 
functional p53 or can actually proceed irrespective of the 
status of p53, i.e., no matter whelher it is wild-type or 
iYlutallts. <W Under certain circumstances, even mutant p53 
can induce apoptosis. ~ The precise mechanisn~ whereby 
p53 controls apoptosis is unknown. However, it must be 
connected to mechanisms regulating cell cycle prog 
ression, DNA repair, and apoptotic machinery since the 
transcriptional targets of p53 have been shown to include 
Gadd45, p21 wxI:~, mdm-2, Bax. c-Myc. Bcl-2, PCNA 
(proliferating cell nuclear antigen) and IGF-BP32 '~'' 

Many other oncoproteins have been implicated in apop- 
tests. The c-Myc protein is a nuclear transcriptional 
activator with the bHLH/LZ (basic region hclix-loop- 
helix/leucine zipper) motif located at the carboxyl termi- 
nus. II heterodimerizes with another bHI~H/I,Z protein 
partnm; Max, and transactivates target gene expression 
upon binding to the DNA E-box dements,  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 c Myc in apop- 

lohis. [:or exalllple, c-Myc mutants expressing only the 
t l l .H/l ,Z domains induce rapid apoptosis aftcr micro- 
injected into fibroblasls." Olhcr studies have shown thai 
c-myc expression olin e i lhcr  pi-onlo[e o r  suppress apop- 
losis, an elf cot clearly dependent on individual cell types. 
cultklre conditions, zind the specific phase of the cell cycle 
during the experimental period. BcrAbl .  a chimeric 
OIIcogcI/C IoFn]ed by LI chronlosOlllLll translocation that 
puts scquellCCS lroln tile bcr gone upstream of the second 
exotl el c-ahl,  ]s zl dercgt l laled tyroMne killaSc cxpre,,sed 
in Philadelphia chronlosome-f~nsitive hui]lal] lcukemias. 
There are two natkirally OCCLU'illo forms of Bcr-Abl: p185 
is primarily associated with acute lymphocytic leukemia 
and p210 is lbund mainly in chronic myclogcnous leuke- 
mia. Ahhougln it lms long been postulated that prohmged 
I-~en]atopoietic cell surviwd as a result of reduced afmptosis 
may be causal to Bcr-Abl induced chronic myelogcnous 
leukemhL only very rcccntly was experimental evidcllce 
pro\,ided for the Abl its a negative regulator of apopto 
sis. '+~p Overcxprcssion of Bcr Abl has been shown to 
center on cells resistance Io apoptosis induction by Fas, 
cyclohexinlide, actinonlycin D. eampiothecin, etoposide, 
cerarnide and serutll withdrawal. '~ Site-specific illLit,~Lge- 
nests studies suggest that Bcr-Abl may utilize difli.:rent 
signaling pathways to elicit tumorigenic transforn-lation 
and suppress apoptotic responses. < At least in Ihe case o( 
Bcr-Abl-snppressed DNA damage-induced apoptosis. 
i)53-dependent, p21 ~WLmediated G~ arrest or DNA repair 
appears not to be involved. Instead, a prolonged cell cycle 
arrest ;it the Ge,,xt restriction point (thus allowhig time to 
repair and complete DNA replication and chromosome 
segregation) was observed, p21 w\H/~''h is a downstream 
target of wild type p53 and generally is considered as tile 
actual mediator of the p53-induced cell cycle arrest at 
GJG~. Although wild type 53 carl activate apoptosis and 
many types of apoptosis occur at tile growth-arrested cells, 
p21 ~v~/t~p~ may not be lhe mediator of apoptosis. This is 
best illustraled in the elegant experiments by Katayosc cl 
al ~: in which they observed that overexpression of  p53 or 
p21 ~v t,,( ~,~ both leads to cell cycle arrest and overexpres- 
sion of p53 can trigger apoptosis. Ilowever, overexpres- 
sion of p21 ~'\t ~'(~p' alone does not cause ceils to die, sug- 
gesting that p53-induced apotposis is not necessarily 
mediated by p21 w~r'<pt. A different scenario has been 
presented that may also suggest complicated roles of p53- 
p21 wxH'<p~ pathway in apoptosis. In response to treatment 
bv Adriamvcin. humall T-cell leukemia virn~ type l-tran~- 
forlned lyrnphocytes are found to undergo pronlinent 
apoplosis regardless of the p53 status. ~ Also, the protein 
levels of p21 w,x<,,cm~ were flmnd to be significantly elev- 
ated. These observations emphasize the point thai different 
stimuli may trigger apoptosis by using quite different 
signaling mechanisms. This conclusion also gains support 
from studies on the invoh, ement of  Fos, Jun and Egr, a 
class of immediate early response genes closely associated 

Vol 2. No3, 1996 



120 TAN(] alid P()RTItR 

witi~ cell growth, in apoptosis, hitroduciiou of donlinanl. 
ilcgati\,e il l l l |{l l l[s ()f c jun alld l@rr.~. 1 delays, the tlllSel o1 S 
phase and reduces Ihe cell ~,ui~, i \  all", suggesling lhai these 
tWO oucogclleS positively regtllate cell sur\'iv:,ll. Hclwever, 
in lhapsigargin-induced apoptosis o12 htll l lall melanonla 
cells. E<q-t is foulld to be the illediator of apoptosis since 
the process can be blocked by either antisensc e l i t es  to 
EgI'-1 o r  by  a doininaul flcgali,<'c com>trticI. <ja Reccm expe 
rimental evidence also points against a direct involvement 
of  CLjLln and c-f  tie ill apol'~tosis. '5''" Many other oncopro-  

reins including WTI,  [{is-l, Pim-1, Rh, and nm23 ha\,e 
been proposed to be involved in apoptotic process, how- 
ever, Ihcir precise mechanisms of action (i.e., the cause- 
and-effect relationship) remain vct to be chirificd. 

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

In most cascs, growth factors/growth lhctor receptors. 
hormones, cylokines serve as necessary surviwfl lactors 
for the target cells. Well-known exalnples include 
neuronal cell death after withdrawal of NGF and apoptosis 
of lylnphocytes after lollowiilg removal of appropriate 
cyiokines such us IL-3. Blocking the EGF signaling rising 
monochmal antibodies also elicit apoptosis of cancer 
cells. F However, under certain circumstances, growlh 
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, fibroblasts 
growth-arrested following serum-depletion can undergo 
apoptosis if reslimulated by PDGF. J<~ In this section, we 
will put our emphasis on three molecules, i.e., TNFtz. 
TGF~31 and irlsulin. 

TNF~ (tumor necrosis factor-cO 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. LTb, CD27L, CD30L. CD40L, 
4-1BBI,, OX401, and Fas Iigand. '7 These Iigands are 
acidic, share ~2()(4 overall homology, and exisl mainly as 
membrane-bound forms, TNF(, binds to the cell surface 
TNI ~ receptor, a member of the TNF/NGF receptor 
superfanlily which houses at least ten inembers: the p75 
NGFR. p55 TNFR-I, p75 TNFR 11. TNF-RPfTNFR-III. 
CD27. CD30, Cf)a0, 4-IBB, OX40. ()X40 and Fas l A P e -  
l or CI)95). ' :  Thesc are lypical type I trallsnlelllbrane 
protein~, wi th nlult iple cy<,,ioine rich dnmain<< in lhe extnl- 
cellular (al l l ino ternfinal} part wl l ieh is revolved m the 
ligand binding. The past two yeafs has '~t. illlCssed a signifi- 
canl progress in OClr understanding of the illechalliSms el 
lhc death inducing effects of this powerful cytokine. 
TNFR-I is responsible for mosi of the biological properties 
of TNFct, inchiding apoplosis, ant ivini l  acl iv i ly and acti- 
vation of NF-~cB. TNFR-1 shares a \ariel}, OI physical und 
functional properties with his. ~\ hen on,aged by, agonistic 

antibodies or bv their rcspedive ligands, both can Irans 
dace a dealh signal in lhc sell. They arc homologous not 
only in the exuacellular cysleine-rich domains, hut also in 
the cytoplasmic "death domain" of a stretch of 65-80 aa. 
The death domain has been lound in multiple proteins 
including the Drosophila death gene reaper. 34 kd 
TRADD (TNFR I-associaled deaH1 domain protein). 23 kd 
FADD (Fas-associated death domain protein: also named 
MORT I for mediator of receptnr-induced toxicily), 74 kd 
RiP Ireceptor interacting " ~'~ ':"~ a~, protr ~,ell tl~ Mat]} 

other proteins including low-affinity NGI:R, pli)5Nl:-Kl3, 
pl{IONF-~:B, ankyrins, DAP kinase, and myD88. >r Death 
domains, like many other protein-binding mo6ts such as 
SH domain and PH domain, have been proposed to medi- 
ate protein-protein interaciious. Thu,< The Fas/APO1 and 
TNFRI death doniains sell associate and also bind to each 
other: FADD and RIP death domains interact with the 
Fas/APOI death domain: the TRADD death domain binds 
lo the corresponding region of TNFR I. Although ovcrex- 
pression of FADD, TRADD and RIP has been shown to 
trigger apoptosis in different cell types, not all death 
domain-possess ing proteins described above have 
revealed a death-inducing ellcct.  Besides, whereas tile 
reduction of cell death by TRADD or RIP requires only 
their deafln 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 inotif such as medial- 
ing gencral plotein-proiein recognition and binding in 
signal transduclions. Very recently, il has been observed 
that TNF treatment leads to the association with TNFR I of 
FRADD which might serve to recruit FADD through the 
respective domains.t~ Many otllel proteins such as FAF 1 
IFas-associated protein factor 1),1~ FAPI (Fas-associated 
protein tyrosine phosphatase). "~ and CAP3 and 4 (cyto- 
toxicity-dependent APe-I -assoc ia ted  proteins 3 and 4) m' 
have been reporied to be associated with Fas, but whether 
they are also involved in the TNF-induced cytotoxicity 
remains tinkllown. The molecular mechanisms for 
TNl'o'Mnduced apopiosi~, are also unclear, although the 
following could be proposed: 1) TNF binding to TNFRI 
results in the receptor oligomerization and subsequent 
recrtiitnleni of TRADI),  FAI)D or some other proteins; 21 
signal transduction triggered by this protein-protein 
"chain reaction", or by completely diftereni ll/cchunill~S, 
leads 1o PLA, act i \at ion and arachidonic acid iBcla 
hi~li<;in, sphingomyelinase activation and ccrainide pro- 
duction, and generation uf ROle (rcacti\,e ox}gen inter 
tllediales; ,;7m('m7 alld ]4) till of thc above illeciqarliSFilS, 
either independently, sequentially', or in combinalion. 
actiwiles CrmA-sensilive ICE family proleases, >s leading 
to cell death. 

TGF ~1 (translorlniug growth [actt)r ~1 ). a 25 kd he 
rnodinleric polypcptide that belongs to a liunily of multi- 
functional cytokines, could either pronlole or inhibit cell 
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grt!vvih dcpcnding on cell types. Tl/c di\erse bitHogical 
acfixilics of TGFI~ I are mediated throu<gll two tlallslllClllb 
ratio serinellhreoniiw kinascs, type I and lvpc II T t iF  l} 
receptors. The I)pc 11 receptor is a conslituli\el.,,, active 
kin~l~e, which, upon hmding to l O t : ~ l .  recruits allO pho~- 
phorylatcs the type l reccptt)r t\\'hich ahmc callilol bind to 
'I-GF[~,I) and subsequently induces the dimcric complex 
formation between two receplors. Thc complex formation 
is required for signaling, t+'x Recently. mutation and func- 
tional inacthation of TOF l] l,,pc II rcceplor ha~ bccn 
hnplicated in tile oncogencsis of colon c,:lllcer, u<> The 
molecular nlechanisnls whereby TGf:[31 inhibits cell 
growth may involve induction of cell cycle aiTeSl ai GI 
alld apoptosis. TGF[51 lms been observed to induce or 
enhance apoptosisof a variety of normal as,~vell:lstrans 
It)tined tells iocluding ectocervical epithelial cells. 
ovarian carcinotna cells, tiematopoictic progenitor cells 
and leukemia cells, wtscuh.ir cndotllelial cells, aild llorlllal 
as well as adenomatous colon epithelial cells. ~ ' , '>~ 
Growlh inhihition due to apoptosis induction by vitamJne 
1'~ and retinoic acid l-ms been It)lind to be rnedialed by 
TGF,13. > Although the data with respect to 'I'GF[-~II as an 
inducer or enhancer of apoptotic cell death is overwhehn- 
ing, this cytokine may also function as a critical survival 
factor for certain types of cells such as T lymphocytes ~-" 
by prevenling apoplosis. 

Another gro,a.th factor that has been consistently shown 
to provide protective effects fronl apoptosis is instllhl, or, 
in some cases, insulin like growth factor (#GF). ~: Insulin, 
together with EGF serves as a critical survival factor for 
mammary epithelial cells. -~t Treatment of human 
colorectal carciiloil~:.l cells with monoclonal antibodies to 
EGF receptor indtlced cell apoptosis, which CO\lid he 
delayed by insulin.-: Sponlaneous apoptosis of lens 
epithelial cells could be suppressed by insulin, an effect 
v,,lfich inight invelvc c-fos and c-jun. IGI:-I and its cognate 
receptor have been shown to suppress apoptosis in vitro as 
well as in "~ivo.'- The levels of IGF 1 rcceplor expression 
in glioblastollla cells ha\,e been shown to hc directly corre- 
h.llcd with apoptosis and tumorigenesis in nude mice. I~' 
The above discussion, lakeil together, suggests that growth 
latter,,, play a very unportant, yet complicated role ii'. 
rcgnlating cell growth and death. 

3. lntraeellular ,gignal Transducer,~ hn,oh,ed in Apop- 
tests 

(_'ytt~pl~tslnic signal transducei~, rei~iy the il~ess;_lgc trt]l/'~ 
~rowlh factors lO llLich.'ar OllCO~elleS tit [LIIl/t)r stlppressor 
cones. \,'iuious sitm',iiing inolcctlles inc'h.iding Ct!:'. protchl 
klnase (7 (PK(T), cAMP depoildclll protein kina~c, Wccl 
kinase, Pl-.'; kmase. Ras al/d (}TPasc. PLC 7, tyrosinc 
kimises, prt)tein phosphutascs, lipici signaling molecules 
such as eict)SallOids, sphinTosillt', and ceramiOe tlave till 
been hllplicaled in :.tpt)pit)six :" it AlthouL2 h a caLIse-:.illtt- 

effect relationship has hccn established in many cull lypcs 
bcl',,:',/CCl/ the Ca "~ Ct)llCellllalit)ll fltlClLlaliOl'l and illdklclion 

of apoptosis, e~ thc prccisc roles of most olher signal lrLIlls- 
ducers in regulatmg apoptosis arc much more complicated 
alld lie cleall picture cal} be presented as yet. In this section 
v,,c shall Imclly update the role of protein phosphorylation 
mediated by PKC und lhc MAP kinase pathway 
(MEK/KRK..INK. and p3g), and of lipid biomolecules 
represented by eicosnaoids and ccramide in regulating cell 
>,tav i,.al at]cl apt)ptosis. The icadel+S af+e |eferred to 111ally 

excellent recent rex ic',,~, articles +'a~, related to these topics. 
Reversible protein phosphorylatiott rcgulated by kinases 

and phosphatases represenls one of the n-it, st important and 
versalile weapons thal eukaryotic tells utilize to manipu- 
late the protein functicm>. PKC is one of tile first protein 
kinases reported lo be involved in apoptosis. In general, 
PKC activation provides lilt]St cells a protective cllEct 
from apoptosis. Thus, activation of PKC by growth factors 
such bFGF protects endofllelial culls flom apoptosis 
induced hy radiation. Similarly. phorbol esters have been 
observed to protect K562 cells flom doxorubicin-induced 
apoptosis. ~4 On the other hand, various PKC inhibitors 
such as calphostin C. safingol and bisindolyhnalcimidc 
GFI09203X ~ have been observed to either induce or 
enhance apoptolic response. However, when the patlern of 
PKC isoform expression is allered, e.g., by overcxpressing 
PKC-r TPA may instead induce cell death by a PKC- 
dependent mcchanism. This phenomenon has been 
observed in both leukcmia cells (U973) ~ '~ as well as solid 
ttln-Jor cells (MCF7 brea,q cancer cells). ~e Interestingly, in 
U937 tells undergoing a sponlaneous apoptosis, reduced 
PKC-r and increased PKC[3 werc observed. 4~ In thymo- 
cytes undergoing apoptosis induced by stapl~ylococcal 
enterotoxin B, altered expression patten of the PKC sub- 
species was also observed. In this case. however, 
decreased mRNA lcvcls of PKC-f~ and to a much lesser 
extent, PKC (z, but not PKC ~_. were noticed. ~'  

The most exciling development on the role of cytoplasmic 
signal transducers in regulating apoptosis is the recerlt dein- 
onstratioll that ERK alld JNK-p38 MAP kinases appear to 
possess opposmg regulatory effects on apoptosis, with the 
lk!nncr being protectivc and thc hitter inducivc; ~' The MAP 
kinasc sign,'lling pathway is one of the most critical in regu- 
kiting cellular responses to exlracellular si.gnals. Three 
branches (cascadesi of MAP kinase signalmg leadino it', the 
activation of t {Rk (extracelh_llar signal-regulated kinase: 
also called MAP kinase for lnitoeen activated prolein 
kiilase). JNK (c-Jun alnino [erniinal kinasc: also called 
SAPK for slrc+s activated protein kinasc) and p38 kinasc 
[also refilled RK for ieaclivatm 7 kinase), rcspecth'el3,, have 
been identified. II'~i~ Thc classical M/k D kimise cascade 
inchides MAPKKKK (MAP kinase khiase kinase kinase), 
MAPKKK (MAP kinase kit/ase kill;_tse). MAPKK (MAP 
kinase kinase: dual specificity kinases). MAPK (MAP 
kJllase,- t)l ERKs). ,:illd regulated Stlbslralcs. In the ERK 
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cascade, extracelhllar gzowlh related signals, througli 
receptor tyrosine kinases. Gl~., proteins (via interaction 
with Pft domains), ra,4, me}s, and la l  {the MAPKKK) pro- 
leil~s, activate IMEKs {MAPK or ERK killascsi the 
MAPKK) which in turn activate ERKs (the MAPK}. In tile 
JNK/SAPK cascade, wuious stress signals includil W UV 
imidiation, heat shock, cytokines and protein synthesis 
inhibitors, possibly through ttle Rlno family small GTP- 
binding proteins such as RheA, Rac and Cdc 42, acdvale 
P/XK65 (tile MAPKKKK) which in lurn aclivales MEKK1 
(the MAPKK) which in turn activates JNKK/SEK/MKK4 
(the MAPKK} which then activates JNK/SAPK (the 
MAPK). In the p38 MAP kinasc cascade, stress signals lead 
to the activation of an unidentified MAPKKK which tbcn 
activates MKK3/MKK+ which in tUl'll activates p38 
{HOGI). il+tls There exist lnuhiple isoforms (e.g., 5 iso- 
forms 10r MEK} for many compol~ents in each cascade, thus 
making the whole signaling system even n]ore conlplicated. 
The targets regulated by the MAP kinase pathway include a 
wide diversity of molecules encompassing cytoskeletal 
proteins (Tau, MAPI/2/4, caldesmon, elc), cytosolic pro- 
teins (cPLA~, PTP2C, tyrosine hydroxylase, Rat-I,  
MAPKK, etc), nienlbrane proteins {EGF-R, NGF-R, SOS, 
ctc), and nuclear transcription factors {ATF2, Elkl,  Ets2, c- 
Jan, c-Fos, c Myc, TALl,  ctc). ~jzj> In general, the ERK 
cascade is thouoht to primarily mediate cell proliferation 
and differentiation while the JNKtp38 cascades are involved 
in stress responses and growth arrest. This conclusion is 
consistent with the observations that activation of JNK/p38 
and concurrent inhibition of ERK mediate neuronal cell 
death after NGF withdrawal. ̀ ~ Also. 2' radiation-triggered 
apoptosis of peripheral blood lymphocyles has been found 
to be correlated with the activation of JNKI. tl" However, 
cautioil needs to be executed in generalizing the potential 
roles of ERK and JNK/p38 MAP kinase pathways in regu- 
lating apoptosis since the effects could be cell type-depend- 
ent and very diffcrcnt with different apoptotic stimuli. 

Eicosanoids are a hirge group of oxygcnatcd molecules 
derived from arachidonic acid (AA), an essential compo- 
nent of tile cell membrane phospholipids. Released AA, 
through tile action of phospholipa,;e A,, is metabolized via 
three major biochemical pathways: (i) the cyclooxygenase 
( C O X )  p a t h w a y  l e ad ing  to the g e n e r a t i o n  of  
prostaglandins, prostacyclin, and thromboxane; (it) the 
lipoxygenase ([,OX) pathway giving rise to various hyd- 
roperoxy {HPETEs) and bydroxy (HETEs) faity acids as 
well a< lenkotriene,< and ~iii} the P45{}-dependent epoxy- 
genase pathway generating EETs. Various AA metabolites 
have been implicated in a wide variety of growth-related 
signaling pathways involving ras, interfcron-a. EGF, 
cAMR protein kinase C, MAP kinascs and fi}s (reviewed 
in Ref. 120). Numerous studies have demonstrated a 
strong correlation between growth factor pro|noted cell 
proliferation and generation of various COX products, 
primarily prostaglandins. Similarly, eicosanoids derived 

fzoln LOX pathways as well as epoxygcna>,c pathways of 
AA metabolism also phi}, all essential role in mediating the 
growth factor-slinmlated cell growth. ~"~:; On the other 
hand, both COX and LOX products {}1 AA metabolism 
may also be inxolvcd in luoduhlting cell survival and 
apoptosis. Man',, prostaglandins exogenously administered 
havc been sl3ov~n to induce apoptosis. The administralion 
of a synlhelic analog of PGE~ m mice induces thymocyte 
al}optosis. Similarly, exogcnons PGE, indt|ces apoptosis 
of freshly D, olatcd l>ml)ho,,yte: and immature normal a~4 
well as malignant B lylnphocytcs and a positixe correla- 
tion has bccn observed between hlduciion of lymphocyte 
apoptosis and PGE~ production by inacrophages infected 
with HIV. Also, apoptosis of ownian surface epithelial 
cells is inhibitcd by indomethacin whose cfl0ct could be 
reversed by exogenous PGE, or PGF2~ (reviewed in Ref. 
120}. The PGE, induccd apoptosis may be mediated by 
elcvating iniracelluhlr cAMP levels since agents which 
elewilc cAMP concerHtations have I-}ecn shown to induce 
[hymocyte apoplosis. Oilier effects ,,uctl 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 tnnlor cell apoptosis possibly 
tim>ugh arresting cclls in the GdM I}hase and synthesizing 
novel death-rehited genes, or by down-regulating p21 ~v~ 
and enhancing cyclin-dependent kinasc 2 activity. 13'i~2 
hlterestingly, various COX inhibitors (NSAID) have been 
consistently deinonstratcd to trigger apoptosis of cultured 
cells.P~l'~ Thns, indonletl]acirL sulindac sulfide and snl- 
fcme bare been observed Io inhibit colon carcinoma cell 
(HT-29) growth by inducing apoptosis, l:a Like'aise, mul- 
tiple NSAIDs including diflunisal, indometbacin, aceme- 
lhacin, diclofenac, mefenamic acicl, flufenamic acid. nif- 
lumic acid, ibuprofen, and carprofen cause apoptosis in 
chicken embryo fibroblasls. 1> The mechanisms of apop- 
tests induction by these NSAIDs are very complicated, but 
may not involve prostaglandin production. Induction of  
apoptosis in HT-29 cells by snlindac sulfide and some 
other COX inhibitors appear to involve inhibition of cell 
proliferation and cell cycle arrest caused by inhibition {}1 
activity of cycli |l-dcpendent kinases. :~4 Fibroblast apop- 
tests induced by indomethacin and other NSAIDs men- 
tioned above could not be inhibited by PGE~. Interesting- 
]y, the chronic neatment of the fibroblasts with these 
NSAIDs 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 thc COX 
activity, the authors concluded that COXs and their prod- 
ucts may play a key role in preventing apoptosis, t23 This 
conclusiorl recently gained support from the observation 
that overexpression of COX-2 confers on rat intestinal 
epithelial ceils resistance to apoptosis induction. ~> 

Similarly, LOXs and their products have also becn 
inlplicated in regulating cell survival and apoptosis. 
Exogenous lipid hydroperoxides such as 15-HPETE 
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induce,, t l lV  ~nlcctccl hunlan 1 <ell,, lhe high ,cn.,{li\ it,, 
t~I thc,,c co in  i:, chic t~> tl~cir +nabilh\ tt+ c'~m',crt 15 ItPI~]It0 
!c~ 15-ttl-]Tt; t)' , \ i l l~ t~l ~i l/lalkCct rcr iil glut i t i i l ionc 
]lCl't)\ld;.l~,C ;.Icti', i t \  ( le\  ie~.tett in Rcl  12()i. l . ( )X inhit-,il~rs 
>uch '<t', I {T" l ' \  culct N I ) ( IA  l~a\c been ..ho\',n tll inhibit  
INl:(~. induced apol)tt~xl~, vii IIILIrlIIC Ilbr{l-arct)ill~.i cel l ,  
~1>)29)."' liltcrc,,liil<_,l}. Iipox?gcna,,c pr~>ducl 12I.S)- 
itt{ '{ I- ;ll'.(~ i~l,~ itlv'c! :l I~t~+lc'ctix e effect. ()n the c>thcr 11;.tilt1. 

I .()X inhihihw,~ ,,_'{ill t'~ill>O ap~q'Ho',i'~ tel" htlll/HIi leclk<_u~lilt 
i~iii-,t ccil~' 'L ",LI~C",/I!I7 Ill:it III -,Ollle ceils " I . ( )~ \  I'l]J\ 
!tltlClit)n ~i <, [1 ',d.ll\ iXUl [ktCltll'. ( ) i l l  lCCel]l \kl)lix ++ dell/Ol]- 
,qr;.ttcd that 12 [.()X :filet plob;.tbly. 15-[..()X. hut il~ll 5+ 
t<()X, l)la) [111 es-,cnlial role ill regulating <tptlptosis <~t Fat 
W+ilker C:AI'CiI1OSIII'Ct)IYi~I coils of  i l l t) l i t Ic)loJd <+ri,_,in 
rVx'25G). [hc ' ,c  cel l ,  t.txplc~,> pialclct I }pc 12 l . ( ) . \  ~tlltt 
synthesize 1 2iS!- and 1 5!S)- t lVI I ' ,s  ~ts tl/elr tn~iior , \ , \  
i ipoxygcnasc nielab<~lhe', i )~lwn-rcgulat ion o1 12-iip~,x>- 
,.z, cnasc ~cnu cxprc',~,ion by ~liitiSCl>>e t)ligtonucleotidcs 
iliggcl-r i inic mid dcp~c dcpcrident ap~.q~iosJx. !he \>v25~ 
cell deati~ lri.,_,gcrcd by the alltiset>,e oligos cnuld be par- 
l ia l ly  blocked by 0x(l~t'ilOtl~, [2(~)- t)t- 15 (S) - t tF ,F t ]  bul noi 
by 5~ S >HET iL  Fhe antisense uligo tre~.ltnlelll :l]h~ rcsult0d 
in cl signif icant dccci:.isc in the I i l l io  of  Bcl-2/Bax. u crific~ll 
dClel l ] l inal l t  o f  apoptosis. As expected, o\ctcxprcssion t)i 
Flel-2 proicin provided purl ial dcalh--sl~aiJn. ~ effect. ~+-'<' 
(-Jellcrai Jnhibitors ~lf lhe I.()X '<icli,+ity {such \is NI)GA/a~,  
\vetl as 12-t.OX-select ivc inhihiturs (,,uch a,, bmcalein and 
f+l)(') also caused significant W256 cell death. W256 coils 
arc not the only coil type that rcN~mcls it) the abo\'c treat 
monl b v tllldCl~.*.t)ill~ alX~ptosis. Other tUlllOF cells such as 
RBI+-I (rat I~asophilic lettketlli~.t cells). MTI .n-3  (ra( 
illallilllai+y :.idellOc~ircillOllla cells), aild HEI.  ihtiM:.iil er},'- 
/h ro leuke ln ia  cell l ine) cells all I.llldCl'gO ',/poptosis fo l low-  
ing tt-0atment with NDGA,  althouoh the close,; required 
\,ary with dif ferent cell lines. In c~,)illii.i,,t, icornlal cells ,,uch 
is r.:.lt aortic ci,dothr cells IRAE( ' )  do no~ undoig,;) 
~iln.>ptosis upon Iroatil len{ wi[h aiiti,,ellS0 uiigus ur I . O X  
mhibitors, 'jl-:' su.~u'-;tip,_,,<, �9 " ,, that t i l l / lot  cells di f fer ,deni l i -  
cani lv f i t /nl i ~ i i l l a l  cells ~,iti~ respecl tl~eh usage o f  [ . ( ) .Xs 
in re~-ulatin 7 cell survival :.llld apopiosis. Based tipoil ihe 
~tt;t)ve disctl<.;sioli, it is possible to pres0nt a nlodel l] lr tilL' 
cltu-ll role o [  LOX~. i l l  rcEtulating tUtllor cell ~,ur\iv:.tl ;\lid 
4~optosis. For some [LII71Of c'elis OF ul ldel  cei-taiil Cil,t.'tllll-- 
'4\antes, I .OXs/I.OX prodctllS alO Ihe :.tC{tl:.il inedJatos of  
the growth etfecl inilJaled by sLnvival Iaclors (growth 
laclors, h(+rlllOtles, cytokines, etc). In tills case, the I.OX 
system is critical for the sell survival. Bh~ckine Ihe tmne 
expression of LOXs or theif enzymatic activities with 
inhibitors will trigger cell death thrt~uoh~, apoptosis. The 
prototypical example is W256 cells presented above. For 
~ther t t i i l lor cells or tinder different eircttlnstances, 
I+OXs/LOX products are the actual mediators of apoptosis 
triggered by death signals+ The prototypical example tot 
this case is the apoptosis induced hv TNF-o(. Whether 
I.OXs/I,OX producls play a pro-survival or pro-apoptotic 

t(llc w tl! depend tm ~llc cc!l lypc and the imlncdiatc un \ i -  
ltHIIllCIll~.ti llli[icU ceil,, dl'C ]II C~)I1tacl v,.'ifil (i.c.. Stll'\ I\ r .~I" 

clcath laClOlSl, l'hi', dtt:ti-lItllctiOll ni~+dcl nl',o ,q+q;eaIS u+ 
:q-+pl.~ It+ lhC ('()X>,/('()."( prr, du,.:ts \~. hlch c:m I',c, th indticc 

cell ,.le',tth ..tnd protect eel Is It,ntn a?,.+ptuxix. 

Ait<+tlicr p,>teut hioacti \c  lipid illtllCctlh2 tliut ha'-, 
lCCCl\Ct[ {t'cnlctidOLl'-, ~IttcIIli~)l] Ill [hc upc, pto>i:--. IicM i-, 
ccYan'+idc dcrlxcd !lt+l/J lilt ,l)hillgt~tll}CliJl iIICtl.tboiJ'.qll. ' 
Simil : l r  tu the mode ~>t +\,\ inctab<fli:,nl, the ,,lJhin.~tu11', mill1 
pilll-i\va 3. ,ahich is init iated bt hydnHbsis of the i/lCllli ~ 
r'<tne-cimcc_'ntrulcd ph~,,l~h~Hipid >,l:,hh/gcmi\ctirl ti{i +.he 
ztcti{ul , f l  ei lhcr <tcidic ,>I-neutYal '.l~hin~onl)'ctitmsc. is a 
uhiqui lous ,i,__umlin,.z' s\"qcm Ihlkin<_, cell .,tirlticc receptors 
1.(-~ illiCit\l>,, i.ike it]:.lli\ cicosanoid,., cefLilllidt.' could plt) 
iilcdc cell i)i~+llJcr:.iti<Ul + :' <r, ~.',cll ~l'~ incltlce ceil ~lt)v, lh 
{llle<-,l 71ilcl ap~piosi,,. +'> Many <_,rtva. lt] lLlctt',l~ sLtch H>, ileLno- 
trol)hins and P[ ) ( i t  < could n~tn.ltilalc Ihe act ivi ty t~l .~phin- 
uonl',.cliua>>e rims i-liodulathlg 1.he level> ~1I ccranlidc. 
t;xt)gCll<,)tlS, illelllbl-~illC-t)eillle~ti31e, ct'rHnlide dllHlt}Us hate 
Ivc i l  sho\~<l'i it) indncc :/pol]ttitic death uf  tnuit iplc coil 
lypes mcluding U937 lnonobh.t,~lic. I l l . f~ ( ) imml>e locy i ic  
h:ukeniia se l ls . . lu rka l  cells, anct 1.92<Jll+M ~tlid WI{H1- 
1(;4tl 3 htlll]Llll librosmC'Olna cells. +̀ ' ~'<' [~]ndogcliOLlS ~.Cel]el 
alien oi: ceramide Hm)ugli sphingonl}el inase activat ion 
has beet1 pl-op~scd h) inedialc [:ast,.\fJ()-I -. T.NF(z and 
radiat io i>induccd apoptosis ;<~> aild de iI()',,/i geileration o i  
cor;.tillide \i:_i :.lclivzllit)il o i  corLliilide s vnlhast_' has hecll 
,>ho\~,li tO be responsible Ior the d:.tciROltlbicill-illCtuccd 
apoptosis of  leukemia cells.: ' :  How ccranlidc is invol'~cd 
in tr iggering cell dc<ith is CLIIICIII.]) act i \e l \ ,  t~i.nstlCtl by' 
many groups wor ld wide. ( 'eramide MJl/lics SOl-till1 with- 
dl:l'~Val in il/dtlcJllO ceil c~cle arlest el + MOI; I ' -4 htll l lan 
]etlkenlia uolls. ~ all el l i ,  ct ~h ich ill\i},' be mediated 
throtioh dophosphoryla l ion o1: I>,.b. ~> [)o\~,,incgtilation c,f 
P, cl-2 proteil~ levels has bcc_'i~ proposed to he ;issoeiated 
wit i i  Cel:.tlilide-tnediated apuptosis, l~ Mai lv  polci l t ia l  
ccramide targeis Ila~,c been identif ied. These ii'lc'ltide: 1) 
ceramide ~letivatcd protein (CAP) kJnase, a 97-kd ptol ine- 
dii+ected (m i r l i i na l  recogn i t i on  sequence -F- t . -P-)  
~,elii ielthreonine kimlse ,ahich recently is shov,,n I+.', be :.~ 
Ral l  kJmise (it ph,,)sph.oryl,:.ttes Raf l  :.tl Thr 26 t) and acti- 
vates Raf l  by ilqclei.15,111g its activity towards MEK): lu 2) 
SAPK/.INK: '~" ~) PKC (:~'~ 4.1 a 23-kd nuclear tyrosinc 
phosphoprotein:~~l /itld 5) olhers such as Vav oncoprotein 
and CAPP (eetamide-activ,<tted pt+otein phosphal:+ise, a 
cation-h/dependent heterotr imerie protein of  the class 
PP?A) +0 Whet rn!es these -tivergep, t <~a,get lnoloculo:~ play 
in transducing the apoplotic signals clearly will be hot 
topics of future rcscarch. 

4. Cell Cycle Regulators Involved in Apopto,~is 

Celt cycle progression and apoptotic process share 
many phenotypic similarities and apoptosis has often- 
ti]nes been considered as a consequence  of "milolic 
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catastrophe". Multiple oncoproteins inwflved in cell 
cycle regulation typified by p53. p21 ~\~ ,  c-Myc and 
p l05  +<~ have also been implicated in apoptosis (sec dis 
cussion in the preceding sectionsl. Many recent review 
articles (e.g. Ref. 46) have provided detailed acconnls of 
the relationship bet,xeen the cell cycle and apoptosis. 
Only a couple of  impoz'tant points will be sununarized 
here. ViiM. certain cell cycle regulator may be linked to 
certain types of apoptosis, however, the cause and-effect 
relationship may not be universally applicable to all 
cases of apoptosis. This is ilhlstratcd by p34 ~u<2 (cdk I ). 
Early studies indicate that premature actiwttion of Cdc2 
kinase is required for apoptosis. Apoptosis in 7-hydroxy- 
staurosporine-treated T lymphocytes correlates with 
actiwnion of cdkl  and 2 with a concomitant increase in 
the I t l  kinase activities of these proteins.~5 Withdrawal 
of  NGF induces apoptosis of PC 12 cells which is ac- 
companied by a significant increase in the amounts of 
cyclin B associated with p34~a<'. 4+ Also, apoptosis in 
HL60 cells induced by DNA damage is preceded by 
unscheduled activation of cyclin B l/Cdc2 kinase+ ~> 
However, using a temperature sensitive expression sys- 
tem of p34 <u<+, 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, cycle 
heximide, H+O> UV irradiation, VPI6,  and cerainide, u~+ 
These authors conclude that Cdc2 may only represent an 
upstream regulator of  the apoptotic machinery instead of 
an integral part of this machinery, t> This conclusion :llso 
gains support from recent studies showing that a form of 
manmmlian Cdc2 actually can suppress apoptosis 
induced by DNA damage. ~s Second, apoptosis induction 
may occur in any phase of the cell cycle. Some forths 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 G l B  
cornpartmcnt, t~v HIV envelope initiated CD4 cell death 
occurs specifically in G e phase, k+'~ X-irradiation trig- 
gered-apoptosis of p53-nttll HI+60 cells is observed at the 
G 2 checkpoint. 14~ In contrast to these cell cycle phase- 
specific apoptosis, programmed cell death induced by 
transi'ected wild-type p53 is observed in all phases. N~ 
Third. alterations in the cell cyc}e progression can rcsuh 
in apoptosis. E2F-I .  a transcription factor which nor 
inally heteroditnerizes with the DP family proteins arm 
associate ,,vith pRb and pRb relented protein~ p!07 and 
p l30  and thus is involved in the S-phase protein syn- 
(heMs. can initiate apoptosis when the protein is mutated 
rcsuhing in a lengthened S phase. 42 Also, point lnutations 
in E2F-I which disrupt its binding to RB (a negative 
regulator of cell proliferation) enhances S-phase entry 
and promotes al)optosis. J+j t{ven normal E2FI expression 
can induce apoptosis in the absence of necessary sur- 
vival factors atld overexpression of the E21:-I/DP-1 

coulplex can induce apoptusis in the presence of survival 
factors. These discussions illustrate the complex rela 
tionship between cell cycle and apoptosis and call for 
caution ill tnaking generalizations. 

5. Reactive Oxvgett Species and Free Radicals In valved 
ht Apoptosis 

Reactive oxygen intermediates (ROI) or species (ROS) 
aild variotts free radicals are t,biqtfitou>, cntitien during 
physiological cell growth, aoing process and response to 
stress as well its HI;Ally pathological conditions involving 
organelles (such as mitochondria) and various organs 
(e.g., heart, lung, I-wain). 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 factors such as AP-1. NF-~B, NF-AT and 
Oct-I.  signaling molecules such as tyroinc khmses 
p56/59 l'~k, p72 "'k and p77 I''k, p21 "~ and ERK. and cell cycle 
regnlator p2lW'XVt. 1~2'14~ Many growth fi~.ctors inchlding 
FNt;0~. bl;GK PDGI{ angioteusin, LPA (lysophosphatidic 
acid) and TGF~3 exert their signaling functions, at least 
partly, via ROS production. ~4. ~4~, D u c  to  the potential 
detrimental effects of ROls, mamrnalian cells have devel- 
oped various defensive mechanisms which primarily 
include antioxidant enzymes such as superoxide dismutase 
and low inolccular weight antioxidant biomolecules such 
as reduced glutathione and metallothionein. The evidence 
for the involvenlenl of  ROls in apoptosis is overwhehning. 
compelling and unarguable. However, whether ROIs arc 
absolutely required for apoptosis and whether they are the 
actual mediators of cell death are questionable due 1o the 
recent findings that apoptosis can be induced in hypoxic 
conditions ~~ and Bcl-2, a protein claimed to protect cells 
flom apoptotic death by serving as an antioxidant, can also 
exert its anti-death eftcot under hypoxic conditions and 
Bcl 2 may actually possess a pro-oxidant effect. ~~ 

6. Role of Cell-Cell atld Cell-Man'ix htteractio#l~ ill 
Apoptosis 

Most normal cells, especially epithelial cells, would 
require at least two signals for theh survival: dilTusible 
growth factors and survival signals derived from cell-cell 
contact and cell-matrix interactions. Although the critical 
role t'or soluble erowth factors in tnaintaining cell 
survivability has been realized and investigated lor the 
past several decades, the potential function tk~r cell 
cell/cell-matrix interactions, which are mediated by vari- 
ous adhesion molecules primarily rel-nesenled by cmbohy- 
drates, inte~rins, cadherins, immunoglobulins and selec- 
tins, as survival parameters has only very recently conic 
to the scene, t~arlier studies observed thai prevention or 
disruption of the cell-cell/cell-matrix associations of nor 
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reactive propcptidc of 404 aa. Active ICE is Ik~rmed from 
protcCytic cleavage lat Aspl()3, Asp119, Asp297 and 
Asp316) of Ibe proenzymc by, most probably, ICE itself. 
to generate p20 (residues 120-297) and pit) (residues 317- 
404) subtmits which associale into a (p2()),/(plO), tetra- 
mer. "~' ~'~ ICE has been shown to undergo alternative ~,plic- 
ing to generate ill least four isoiin-ms with differential 
apoptotic acti\itics. ~ ICE is a ",or 3' unique cysteine 
prolease in that its enzymatic acti,,ity requires Asp m the 
Pt postion :11!(1 a small hydrol~hohlc aa residues at Pl', a 
property shared with otherwise unrelaled serine proleses 
(granzyme 13 and fragmentin 2) of lhe granzyme B family, 
The optimal pcptide sequence recognized by ICE is 
YV/\D, thus laying foundation for the frequent use of 
symhefic pcpfide Ac YV/\I)-CMK (clfloronlcthylkelone) 
as an effective ICE inhibitor, j~ 

Multiple ICE family members have been reported. They 
inchlde: I) Ncdd2/ICH 1 both of which can be alternative 
ly spliced inlo the fulldcngth protein and a shorter form:r<" 
2) CPP32 (32 kd pulafive cysleine pro|case) whicln is 
synthesized al,,,o its pro-enzyme and fl~en converted to the 
active form by proteCytic cleavage by' some other 
enzymes instcad of by autoclea\agc like ICE: 1"" 31 priCE 
(protease rcsembling ICE), also termed Yanta/CPP3213 ~* 
o,  apopain >. This enzyme may represent an authcnlic 
"executioner" of apoptosis since il is different from ICE in 
that it does not cleave pro-lL-IJJ btil instead cuts 
poly(ADP-ribose) polymerase (PARP), a marker protein 
that hits been found to be degraded in nearly all forms of 
apoptosis; 4) TX/ICH-2/ICE,d-II, which cleaves itself and 
p30 pro-ICE but not pro-IL-I [~ or PARP; 5>~'u'5" 5) ICE,,,r 
11[; >~' 6) Mch2 (mammalian Ced-3  homologue 2}, '~r a 
protein identified using PCR with degenerate primers 
designed front the highly conserved pentapeptides 
QACRG and GSWFI. Mch-2cz. which is the full-length 
protcin, like CPP32, can cleave PARP and induce apop- 
tosis when overexpressed: j>: 7) M c h 3 / I C E - L A P 3 .  a pro- 
tein hiohl\, relaled to CPP_ ~ and also cleaves apoptotic 
markers such as PARP and lamins. <<'=. These ICE family 
proteins, according to their overall homology, can be 
roughly catcgorizcd into three subfamilies: the ICE 
subfamily including ICE, ICE,~JI, ICE,.dllI: the Ncdd2 
subfamily including Nedd2 and ICH-I:  and the YAMA 
subfamily including Yama, Mch2a, Ced-3.  and Mch3tz. 

There has presented compelling evidence that ICE fam- 
ily protcases play a key role in triggering apoptosis. Apop- 
tests induced by a wide diversity of agent,, includin~ 
glucocorticoids, chemotherapeutic drugs (such as cis- 
platin), TNF-u,  and Fas inwflves activation of one of 
more of the ICE family proteases, jys~> How do fllese 
cysteine proteases execute cell killing has not been fully 
characterized. Neither is it known how these ICE family 
members arc 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 proteasc activatitm. 
Thus. TX/ICH-2 can autocJcavc itscJf and process pro 
ICE'":': ICE p r o c e s s e s  both p r o - I C E  and pro-  
"~'AMA/(PP_~_13': tile in v i \o  proteolytic actixation of 
. aCl l " , r l ty :  a l l d  g r a n / y n l e  1~ Mch3o'~ may depend on CPP32 " ~'~ 
induces apoptosis \ ia  clea\ ing the acti \ating CPP32. "'' A 
hypothesis ~s has been proposcd to determine whelhcr an 
ICE family memher is trully invoh, ed in mcdialing apop- 
tosis by testing whether its pro-apoptolic activity can be 
inhibiled by Gill|A, il Cu'.apox x. irn~, prutcin h~hibiltw of 
ICE-mediated apoptosis (such as in Fas- and TNF-trig- 
gered cell death), I"s and by whedler it cleaves PARP. I:as- 
and TNF-induccd apoptosis can also bc inhibited by' the 
baculovirus p35 protein, t~'f possibly as a rcsult of inhibi 
fion o1 ICE family proieascs by p35. Polenlial stlbMrales 
for the ICE cysteine proteases include cytoskeletal pro- 
teins such its fodrm and at(in nticrofilaments, stcrul regu- 
latory elcment-binding proetins (SREBP 1 and 2), the 70 
kd protein conlpuncnt of the UI, snRNP, PARR lamins, 
l)NA-dependent protein kinase, prolein kinase C 8 and 
relinoblastoma protein. ~': ~r~; It can be salel} predicted that 
more subMratcs for ICE and related pro|eases \viii be 
Mentified. The question remains whether the degradation 
of thesc target molecules is absolutely required for apop- 
losis or, in some instances, is jnsl an accompanying event 
ensuing ihe initiation of the cell cleatta program. Also it 
shtltlld be bore on mind flint not gill l'ornls of apop{osis 
necessarily e\,oke the aclivation ICE and that re:my other 
plotcascs such as calpain and st)mc novel scrinc pro|cases 
may also be involved in the executi(m of cell death. 

Perspec t ives  

There it 11o doubt that w e v e  made striking progress 
towards underslanding the molecular mechanisms regu- 
lating apoptosis, a bcwildcringly complicated pre-prog- 
rammed biological process which can be triggered by 
both physiological stimuli as well as pathological insults. 
The well-conserved families of apoptosis regulators such 
as Bcl-2 and ICE are still expanding in their numbers 
while new pro-apoptotic (such as C S E I )  and anti-apop- 
|eric ,genes (such as d a d - I  and IAPs) are constantly being 
reported. We firmly believe that elucidation of the mol- 
ecular mechanisms regulating apoptosis will significant- 
ly enhance our understanding of many diseases inflicting 
the human beings. Development of  novel, apoptosis- 
based thcrapcutic reaimens will bring us hope to conquer 
these diseases. 
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