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Abstract 

A p o p t o s i s o c c u r s d u r i n g t h e n o r m a l d e v e l o p m e n t o f 

m u l t i c e l l u l a r o r g a n i s m s a n d c o n t i n u e s t h r o u g h o u t 

a d u l t l i f e . C e l l s d i e i n r e s p o n s e t o a v a r i e t y o f s t i m u l i 

a n d d u r i n g a p o p t o s i s t h e y d o s o i n a c o n t r o l l e d , 

r e g u l a t e d f a s h i o n . T h i s m a k e s a p o p t o s i s d i s t i n c t f r o m 

a n o t h e r f o r m o f c e l l d e a t h c a l l e d n e c r o s i s i n w h i c h 

u n c o n t r o l l e d c e l l d e a t h l e a d s t o l y s i s o f c e l l s , 

i n f l a m m a t o r y r e s p o n s e s a n d , p o t e n t i a l l y , t o s e r i o u s 

h e a l t h p r o b l e m s . M o r e r e c e n t e v i d e n c e h a s i n d i c a t e d 

t h a t a p o p t o s i s d e p e n d s u p o n a t i g h t l y r e g u l a t e d 

c e l l u l a r p r o g r a m f o r i t s s u c c e s s f u l i n i t i a t i o n a n d 

e x e c u t i o n . M o l e c u l a r p a r t i c i p a n t s i n t h i s p r o g r a m a r e 

p r e s e n t i n d i f f e r e n t s u b c e l l u l a r c o m p a r t m e n t s , 

i n c l u d i n g t h e p l a s m a m e m b r a n e , c y t o s o l , 

m i t o c h o n d r i a a n d n u c l e u s . T h e i n t e r p l a y a m o n g t h e s e 

c o m p a r t m e n t s a n d t h e e x c h a n g e o f s p e c i f i c s i g n a l i n g 

m o l e c u l e s a r e c r i t i c a l f o r t h e s y s t e m a t i c p r o g r e s s i o n 

o f a p o p t o s i s . T h e a b i l i t y t o m o d u l a t e t h e l i fe o r d e a t h 

o f a c e l l i s r e c o g n i z e d f o r i t s i m m e n s e t h e r a p e u t i c 

p o t e n t i a l . T h e r e f o r e , r e s e a r c h c o n t i n u e s t o f o c u s o n 

t h e e l u c i d a t i o n a n d a n a l y s i s o f t h e c e l l c y c l e 

m a c h i n e r y a n d s i g n a l i n g p a t h w a y s t h a t c o n t r o l c e l l 

c y c l e a r r e s t a n d a p o p t o s i s . For t h i s r e a s o n , t h e f i e l d o f 

a p o p t o s i s r e s e a r c h h a s b e e n m o v i n g f o r w a r d a t 

i n c r e a s i n g l y r a p i d r a t e . T h e a i m o f t h i s r e v i e w a b o u t 

g e n e r a l o v e r v i e w o f c u r r e n t k n o w l e d g e o n a p o p t o s i s 

s i g n a l l i n g c o n s i d e r s r e c e n t p r o g r e s s i n u n d e r s t a n d i n g 

t h e n a t u r e o f t h e s u i c i d e p r o c e s s a n d h o w i t i s 

c o n t r o l l e d . 
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Introduction 
T o d a y w e k n o w t h a t m o r p h o l o g i c a l c h a n g e s are the 

r e s u l t o f t h e a c t i v a t i o n o f a n i n t r a c e l l u l a r s i g n a l 

t r a n s d u c t i o n p a t h w a y , p r o b a b l y the o n l y f u n c t i o n o f 

w h i c h is to kill t h e cel l a n d to o r g a n i z e the d i s p o s a l of 

t h e b o d y . T h e a p o p t o t i c p a t h w a y r e s u l t s i n 

c h a r a c t e r i s t i c m o r p h o l o g i c a l f e a t u r e s i n c l u d i n g cel l 

s h r i n k a g e , c h r o m a t i n c o n d e n s a t i o n , f o r m a t i o n o f 

c y t o p l a s m i c b l e b s a n d a p o p t o t i c b o d i e s a n d f inal ly 

p h a g o c y t o s i s o f t h e a p o p t o t i c b o d i e s b y a d j a c e n t 

p a r e n c h y m a l c e l l s , n e o p l a s t i c cel ls a n d m a c r o p h a g e s 

( H a c k e r , 2 0 0 0 ) . T h e r e a r e t w o m a j o r m e c h a n i s m s o f 

ce l l d e a t h - n e c r o s i s a n d a p o p t o s i s . C e l l s t h a t a r e 

d a m a g e d b y e x t e r n a l in jury u n d e r g o n e c r o s i s , w h i l e 

cel ls that a r e i n d u c e d t o c o m m i t p r o g r a m m e d s u i c i d e 

b e c a u s e o f i n t e r n a l a n d e x t e r n a l s t i m u l i u n d e r g o 

a p o p t o s i s . A l t h o u g h u n d e r s t a n d i n g o f t h e d e t a i l e d 

s i g n a l l i n g p a t h w a y s t h a t t r i g g e r a p o p t o s i s i s 

i n c o m p l e t e , th is p r o c e s s is c o n t r o l l e d by a n u m b e r of 

c o m p l e x p r o t e i n s , w h i c h a r e a c t i v a t e d b y v a r i o u s 

t r i g g e r s a n d a r r a n g e d i n s e q u e n t i a l s i g n a l l i n g m o d u l e s . 

A p o p t o s i s is an e v o l u t i o n a r i l y c o n s e r v e d f o r m of cel l 

d e a t h that w a s f irst d e s c r i b e d b y Kerr a n d c o l l e a g u e s i n 

1 9 7 2 (Kerr et al., 1 9 7 2 ) . P r o g r a m m e d cel l d e a t h is 

i n t e r n a l c o m p o n e n t of Caenorhabditis elegans 

d e v e l o p m e n t . C. elegans, w a s s h o w n to act d o w n 

s t r e a m of Ced-3 a n d Ced-4 (Hortv i tz, 1 9 9 9 ) . In th is 

o r g a n i s m 1 0 9 0 s o m a t i c cel ls are g e n e r a t e d i n the 

f o r m a t i o n of the adul t w o r m , of w h i c h 131 of t h e s e ce l ls 

u n d e r g o a p o p t o s i s o r p r o g r a m m e d cel l d e a t h . B y 

c o n t r a s t , m o r e c o m p l e x a n i m a l s c a n n o t s u r v i v e 

w i t h o u t a p o p t o s i s : m u t a t i o n s that inhibit a p o p t o s i s in 

the fruitf ly Drosophila melanogaster, for e x a m p l e , are 

lethal e a r l y in d e v e l o p m e n t , as a r e m u t a t i o n s in m i c e 

that inhibit a p o p t o s i s m a i n l y in the d e v e l o p i n g brain 

(Raff , 1 9 9 8 ) . A p o p t o s i s o c c u r s n o r m a l l y d u r i n g 

d e v e l o p m e n t a n d a g i n g a n d a s a h o m e o s t a t i c 

m e c h a n i s m to m a i n t a i n cel l p o p u l a t i o n s in t i s s u e s . 

A l t h o u g h t h e r e a r e a w i d e v a r i e t y of s t i m u l i a n d 

c o n d i t i o n s , b o t h p h y s i o l o g i c a l a n d p a t h o l o g i c a l , that 

are t r igger a p o p t o s i s , not all cel ls wi l l n e c e s s a r y d ie in 

r e s p o n s e to the s a m e s t i m u l u s . In s o m e c a s e s it's the 

t y p e of s t imul i a n d /or the d e g r e e of s t imul i that 

d e t e r m i n e s i f cel ls d ie by a p o p t o s i s or n e c r o s i s . S i n c e 
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a p o p t o s i s typ ica l ly d o e s not i n d u c e n e i g h b o u r i n g cel l 

d e a t h , i n f l a m m a t i o n or t i s s u e s c a r r i n g , i t is w e l l s u i t e d 

f o r i ts ro le i n n o r m a l c e l l t u r n o v e r d u r i n g 

e m b r y o g e n e s i s a n d i n adul t t i s s u e . D e p e n d i n g o n the 

a p o p t o t i c s t imul i a n d the a f f e c t e d cel l t y p e , this p r o c e s s 

c a n last f r o m a f e w h o u r s to a f e w d a y s ( Z a n g et al., 

2 0 0 4 ; E l m o r e , 2 0 0 7 ) . M o r e o v e r , i n s o m e c a s e s , the 

e n g u l f m e n t o f a p o p t o t i c cel ls b y p h a g o c y t e s a p p e a r s t o 

b e n e c e s s a r y for D N A d e g r a d a t i o n , s u g g e s t i n g that the 

Nuc-1 n u c l e a s e m a y be e x p r e s s e d by, a n d fulfil l its 

f u n c t i o n w i t h i n , e n g u l f i n g cel ls ( R o b e r t s o n et al., 2 0 0 0 ) . 

A p o p t o s i s is a c o o r d i n a t e d a n d o f t e n e n e r g y d e p e n d e n t 

p r o c e s s that invo lves the act ivat ion of a g r o u p of 

c y s t e i n e p r o t e a s e s c a l l e d ' c a s p a s e s ' a n d a c o m p l e x 

c a s c a d e of e v e n t s that l ink the in i t iat ing s t imul i to the 

f inal d e m i s e o f the cel l ( E l m o r e , 2 0 0 7 ) . 

Initiation of apoptosis 
A p o p t o s i s is a mul t i -step, m u l t i - p a t h w a y c e l l - d e a t h 

p r o g r a m m e that is i n h e r e n t in e v e r y cel l of t h e b o d y . 

M a n y p h y s i o l o g i c a l g r o w t h - c o n t r o l m e c h a n i s m s that 

g o v e r n cel l pro l i ferat ion a n d t i s s u e h o m e o s t a s i s are 

l inked t o a p o p t o s i s . A p o p t o s i s m e c h a n i s m s a r e h ighly 

c o m p l e x a n d s o p h i s t i c a t e d , i n v o l v i n g a n e n e r g y -

d e p e n d e n t c a s c a d e o f m o l e c u l a r e v e n t s . R e s e a r c h 

i n d i c a t e s that a p o p t o s i s o c c u r s t h r o u g h t w o m a i n 

p a t h w a y s . T h e f irst, r e f e r r e d t o a s t h e ext r ins ic o r 

c y t o p l a s m i c p a t h w a y , i s t r i g g e r e d t h r o u g h the F a s 

d e a t h receptor , a m e m b e r of the t u m o r n e c r o s i s factor 

( T N F ) r e c e p t o r s u p e r f a m i l y (Ricci a n d El-Deiry, 2 0 0 7 ) . 

T h e s e c o n d p a t h w a y is the intr insic or m i t o c h o n d r i a l 

p a t h w a y that w h e n s t i m u l a t e d leads t o the r e l e a s e o f 

c y t o c h r o m e - c f r o m the m i t o c h o n d r i a a n d act ivat ion o f 

the d e a t h s igna l (Pei et al., 2 0 0 3 ; W o u t e r s a n d C h i u , 

2 0 0 7 ) . B o t h p a t h w a y s c o n v e r g e to a f inal c o m m o n 

p a t h w a y i n v o l v i n g the a c t i v a t i o n of a c a s c a d e of 

p r o t e a s e s c a l l e d c a s p a s e s that c l e a v e r e g u l a t o r y a n d 

s t r u c t u r a l m o l e c u l e s , c u l m i n a t i n g in the d e a t h of the cel l 

(F igure 1). 

T h e e x t r i n s i c s i g n a l i n g p a t h w a y s t h a t i n i t i a t e 

a p o p t o s i s invo lve t r a n s m e m b r a n e r e c e p t o r - m e d i a t e d 

i n t e r a c t i o n s . M e m b e r s o f the T N F r e c e p t o r f a m i l y s h a r e 

s imi lar c y t e i n e - r i c h e x t r a c e l l u l a r d o m a i n s . T h i s d e a t h 

d o m a i n p l a y s a cr i t ical role in t r a n s m i t t i n g the d e a t h 

Figure 1. Schematic representation of apoptotic events. The extrinsic pathways involved the delivery of granzyme B through perforin 
to the cells as well as receptor ligation that triggers caspase-8 activation. Caspase-9 is activated following release of mitochondrial 
components to form the Apaf complex in the instrinsic pathway. Some intracellular stres can also induce the activation of caspase-
1 2 . IAPs gene family can suppress these pathways either blocking the activation of caspase-9 or by directly inhibiting caspase-3 
activity (Zang et al., 2004). 
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s i g n a l f r o m the cel l s u r f a c e t o t h e intracel lu lar s i g n a l i n g 

p a t h w a y s . T o d a t e , the b e s t - c h a r a c t e r i z e d l igands a n d 

c o r r e s p o n d i n g d e a t h r e c e p t o r s i n c l u d e FasL/FasR, 

T N F - a / T N F R - 1 , A p o 3 L / D R 3 , A p o 2 L / D R 4 a n d 

A p o 2 L / D R 5 ( Z a n g et al., 2 0 0 4 ; E l m o r e , 2 0 0 7 ) . 

C h e m o t h e r a p y , i r radiat ion g r o w t h - f a c t o r d e p l e t i o n 

a n d o t h e r s t imul i c a n init iate a p o p t o s i s t h r o u g h the 

m i t o c h o n d r i a l ( intr insic) p a t h w a y . T h e intr insic s i g n a l i n g 

p a t h w a y t h a t ini t iate a p o p t o s i s invo lve a d i v e r s e a r r a y 

o f n o n - r e c e p t o r - m e d i a t e d s t i m u l i t h a t p r o d u c e 

intracel lu lar s i g n a l s that act d i rect ly o n t a r g e t s w i t h i n 

t h e cel l are m i t o c h o n d r i a l - i n i t i a t e d e v e n t s ( W a n g , 2 0 0 1 ; 

v a n L o o et al., 2 0 0 2 ; K a r b o w s k i a n d Y o u l e , 2 0 0 3 ) . Pro-

a p o p t o t i c Bcl-2 f a m i l y p r o t e i n s (for e x a m p l e , Bax, B i d , 

B a d a n d Bim) are i m p o r t a n t m e d i a t o r s o f t h e s e s i g n a l s 

( H a n a d a et al., 1 9 9 5 ) . A c t i v a t i o n of m i t o c h o n d r i a leads 

to t h e r e l e a s e of c y t o c h r o m e c into c y t o s o l , w h e r e i t 

b i n d s a p o p t o t i c p r o t e a s e factor 1 ( A P A F - 1 ) to f o r m the 

a p o p t o s o m e . A t the a p o p t o s o m e , the ini t iator c a s p a s e -

9 is a c t i v a t e d . T h e r e f o r e , in a d d i t i o n to their role in 

c e l l u l a r e n e r g y m e t a b o l i s m , m i t o c h o n d r i a a r e n o w 

r e c o g n i z e d as c e n t r a l p l a y e r s in cel l d e a t h . C r u c i a l for 

the latter role a r e not o n l y t h e B a x / B a k c h a n n e l , w h i c h 

is o p e n to d i r e c t r e g u l a t i o n by Bcl-2/Bcl-x L b u t a lso a 

n o n s p e c i f i c p o r e i n t h e inner m i t o c h o n d r i a l m e m b r a n e , 

k n o w n a s the m i t o c h o n d r i a l p e r m e a b i l i t y t rans i t ion p o r e 

( M P T P ) ( N i c h o l a s et al., 2 0 0 1 ; Igney a n d K r a m m e r , 

2 0 0 2 ) . A p o p t o s i s t h r o u g h m i t o c h o n d r i a c a n b e inh ib i ted 

o n d i f f e r e n t levels b y a n t i - a p o p t o t i c p r o t e i n s , i n c l u d i n g 

the a n t i - a p o p t o t i c Bcl-2 f a m i l y m e m b e r s Bcl-2 a n d B c l -

x L a n d inh ib i tors o f a p o p t o s i s p r o t e i n s ( l A P s ) , w h i c h are 

r e g u l a t e d by S m a c / D I A B L O as s h o w n in F igure 2 

( S e c o n d m i t o c h o n d r i a - d e r i v e d a c t i v a t o r o f 

c a s p a s e / d i r e c t IAP b i n d i n g p r o t e i n ) ( I g n e y a n d 

K r a m m e r , 2 0 0 2 ; v a n L o o et al., 2 0 0 2 ) . 

T h e r e is an a d d i t i o n a l p a t h w a y that invo lves T-cell 

m e d i a t e d c y t o t o x i c i t y a n d p e r f o r i n / g r a n z y m e 

d e p e n d e n t ki l l ing o f the c e l l . T h e p e r f o r i n / g r a n z y m e 

p a t h w a y c a n i n d u c e a p o p t o s i s v i a e i ther g r a n z y m e B or 

g r a n z y m e A ( P a r d o et al., 2 0 0 4 ) . T h e s e r i n e p r o t e a s e s 

g r a n z y m e B a n d A a r e the m o s t i m p o r t a n t c o m p o n e n t 

w i t h i n t h e g r a n u l e s . G r a n z y m e B c a n ut i l i ze t h e 

m i t o c h o n d r i a l p a t h w a y for a m p l i f i c a t i o n of the d e a t h 

s igna l by s p e c i f i c c l e a v a g e of B i d a n d i n d u c t i o n of 

Figure 2. Many death signals converge onto mitochondria and release intermembrane space proteins. A variety of apoptotic stimuli 
trigger mitochondria, which results in the release of apoptotic proteins including cytochrome c, AIF, endonuclease G, Smac/DIABLO 
and Omi/HtrA2 (van Loo et al., 2002). 
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c y t o c h r o m e c r e l e a s e (Barry a n d B l e a c k l e y , 2 0 0 2 ) . In 

a d d i t i o n g r a n z y m e B c a n a lso act ivate c a s p a s e - 3 . In 

t h i s w a y , t h e u p s t r e a m s i g n a l i n g p a t h w a y s a r e 

b y p a s s e d a n d t h e r e is d i rect i n d u c t i o n of the e x e c u t i o n 

p h a s e o f a p o p t o s i s . R e p o r t s a r e s u g g e s t e d that b o t h 

t h e m i t o c h o n d r i a l p a t h w a y a n d d i rect act ivat ion o f 

c a s p a s e - 3 are cr i t ical for g r a n z y m e B i n d u c e d ki l l ing 

( G o p i n g et al., 2 0 0 3 ) . G r a n z y m e A is a lso i m p o r t a n t in 

c y t o t o x i c T c e l l i n d u c e d a p o p t o s i s a n d a c t i v a t e s 

c a s p a s e i n d e p e n d e n t p a t h w a y s ( E l m o r e , 2 0 0 7 ) . T h e 

extr ins ic, intr insic a n d g r a n z y m e B p a t h w a y s c o n v e r s e 

o n the s a m e t e r m i n a l , o r e x e c u t i o n p a t h w a y . A l t h o u g h 

t h e t r i g g e r i n g o f e i ther the d e a t h r e c e p t o r m e d i a t e d 

ext r ins ic p a t h w a y of a p o p t o s i s or the m i t o c h o n d r i a l 

c y t o c h r o m e c - m e d i a t e d intr insic p a t h w a y s o f a p o p t o s i s 

i s d e p e n d e n t u p o n t h e d e a t h s t i m u l u s and/or the cel l 

t y p e i n v o l v e d , t h e r e i s c r o s s t a l k b e t w e e n the t w o 

p a t h w a y s . I t h a s b e e n s h o w n that c a s p a s e - 8 c a n 

c l e a v e B i d , a d e a t h - i n d u c i n g m e m b e r of the Bcl-2 

fami ly . T h e t r u n c a t e d Bid in turn t r a n s l o c a t e s to the 

m i t o c h o n d r i a a n d i n d u c e s c y t o c h r o m e c r e l e a s e w h i c h 

s u b s e q u e n t l y r e s u l t s i n c a s p a s e - 9 - d e p e n d e n t 

act ivat ion o f e x e c u t i o n e r c a s p a s e s ( C h e n a n d W a n g , 

2 0 0 2 ; W o u t e r s a n d C h i u , 2 0 0 7 ) . T h e f a c t t h a t 

c y t o p l a s m o f a c t i v a t e d c e l l s d e p l e t e d o f B i d b y 

i m m u n o p r e c i p i t a t i o n w a s n o l o n g e r a b l e t o i n d u c e 

c y t o c h r o m e c r e l e a s e i n d i c a t e d that Bid w a s the o n l y 

e f f e c t o r m o l e c u l e d o w n s t r e a m o f c a s p a s e - 8 that h a s 

s u c h a c a p a b i l i t y . H o w e v e r , a p o p t o s i s t r i g g e r e d 

t h r o u g h Fas w a s u n a f f e c t e d i n l y m p h o i d cel ls but w a s 

largely r e d u c e d in liver cel ls f r o m m i c e lack ing B i d . 

T h e s e f i n d i n g s s u g g e s t t h a t the p r o t e o l y s i s o f Bid m a y 

not be e s s e n t i a l for cel l d e a t h in all cel l t y p e s , but that 

t h e c r o s s t a l k b e t w e e n t h e t w o c a s p a s e act ivat ion 

p a t h w a y s m a y he lp t o a m p l i f y w e a k e r a p o p t o t i c s i g n a l s 

a n d a c c e l e r a t e s cel l d e a t h e x e c u t i o n in c e r t a i n cel l 

t y p e s s u c h as h e p a t o c y t e s ( Z a n g et al., 2 0 0 4 ) . 

Execution of apoptosis 
O n c e the a p o p t o t i c p r o g r a m is a c t i v a t e d , i t in i t iates the 

cel l d i s a s s e m b l y p r o c e s s , w h i c h i n c l u d e s nuc lear D N A 

f r a g m e n t a t i o n , c y t o p l a s m s h r i n k a g e , a n d e x p o s u r e o f 

'eat m e ' s i g n a l ( s ) o n t h e cel l s u r f a c e t o i n d u c e 

p h a c y t o s i s b y n e i g h b o r i n g cel ls ( C o n r a d t a n d X u e , 

2 0 0 5 ) . D u r i n g a p o p t o s i s , the c o n t r o l l e d d e s t r u c t i o n o f 

t h e cel l i s c o o r d i n a t e d , f r o m w i t h i n , b y the c a s p a s e 

f a m i l y o f c y s t e i n e p r o t e a s e s . T h i s m e e t i n g f o c u s e d o n 

t w o o f t h e m a j o r a p o p t o t i c p a t h w a y s : o n e in i t iated b y 

t h e act ivat ion o f d e a t h r e c e p t o r s a n d the o t h e r b y 

s t r e s s - i n d u c i n g s t i m u l i . T h e d i s c o v e r y of a f a m i l y of 

c y s t e i n e - a s p a r t a t e p r o t e a s e s ( c a s p a s e s ) a n d the i r 

i n v o l v e m e n t i n s i g n a l i n g a n d e x e c u t i n g a p o p t o s i s 

i m p l i c a t e d the cr i t ical i m p o r t a n c e of t h e s e e n z y m e s in 

this f o r m o f cel l d e a t h ( M a r c F a r l a n e a n d W i l l i a m s , 

2 0 0 4 ) . T h e p r o t e i n e n c o d e d b y the C e d - 3 g e n e w a s 

f o u n d to be v e r y s imi lar to a h u m a n p r o t e i n c a l l e d 

inter leukin-1 c o n v e r t i n g e n z y m e ( ICE). ICE i n d u c e s 

a p o p t o s i s w h e n e x p r e s s e d i n cel ls a n d c r m A , a n ICE 

inhibi tor s u p p r e s s e s a p o p t o s i s ; h o w e v e r , ICE is not a 

g r a n z y m e B s u b s t r a t e (Shi et al., 1 9 9 6 ) . T h e d i s c o v e r y 

a n d c h a r a c t e r i z a t i o n of ICE p r o v i d e d no c l u e s to the 

role of ICE-l ike p r o t e a s e s in cel l d e a t h . In m o s t 

s i t u a t i o n s , a p o p t o s i s i s c o o r d i n a t e d b y c a s p a s e s , 

w h i c h d i s m a n t l e t h e c e l l b y t a r g e t i n g n u m e r o u s 

p r o t e i n s for l imi ted p r o t e o l y s i s , n o w w i d e l y k n o w n a s 

c a s p a s e s , p lay key role in a p o p t o s i s e x e c u t i o n ( K u m a r , 

2 0 0 7 ) . 

To d a t e , a t least 14 m e m b e r s of th is f a m i l y h a v e 

b e e n ident i f ied in m a m m a l s a l t h o u g h not all o f t h e m 

f u n c t i o n d u r i n g a p o p t o s i s . T h e c a s p a s e f a m i l y 

m e m b e r s c a n b e d i v i d e d i n t o t h r e e s u b g r o u p s 

d e p e n d i n g o n i n h e r e n t s u b s t r a t e speci f ic i ty , d o m a i n 

c o m p o s i t i o n or the p r e s u m e d role in a p o p t o s i s : t h e y 

i n c l u d e in i t iators in a p o p t o s i s ( c a s p a s e - 2 , 8, 9 a n d 10), 

e x e c u t i o n e r s in a p o p t o s i s ( c a s p a s e - 3 , 6 a n d 7) a n d 

p a r t i c i p a n t s i n c y t o k i n e act ivat ion ( c a s p a s e - 1 , 4 , 5 , 1 1 , 

12, 13 a n d 14). A h ierarch ica l r e l a t i o n s h i p is p o s t u l a t e d 

to ex ist b e t w e e n the in i t iators a n d e x e c u t i o n e r s in that 

the in i t iators act u p s t r e a m o f t h e e x e c u t i o n e r s . T h e 

a c t i v a t e d e x e c u t i o n e r s c l e a v e key p r o t e i n s r e q u i r e d for 

t h e m a i n t e n a n c e o f h o m e o s t a s i s , l e a d i n g t o t h e 

c o l l a p s e a n d d e m i s e o f the cel l . Al l the init iator a n d 

e x e c u t i o n e r c a s p a s e s h a v e e i ther a d i r e c t or ind i rect 

role in the p r o c e s s i n g , p r o p a g a t i o n a n d a m p l i f i c a t i o n of 

a p o p t o t i c s i g n a l s that results in t h e d e s t r u c t i o n of 

cel lu lar s t r u c t u r e s ( Z a n g et al., 2 0 0 4 ) . 

C a s p a s e s are s y n t h e s i z e d a s inact ive p r o e n z y m e s 

w h i c h a r e a c t i v a t e d b y c l e a v a g e a t s p e c i f i c A s p 

r e s i d u e s t o act ive e n z y m e s c o n t a i n i n g b o t h large (p20) 

a n d s m a l l ( p 1 0 ) s u b u n i t s . I n s o m e c a s e s t h e s e 

s u b u n i t s are s e p a r a t e d by a l inker r e g i o n of u n k n o w n 

f u n c t i o n but w h i c h m a y be i n v o l v e d in r e g u l a t i o n of the 

act ivat ion o f the c a s p a s e . T h e p r o c e s s a n d a s s o c i a t i o n 

m o d e l p o s t u l a t e s that the p 2 0 - p 1 0 h e t e r o d i m e r i s 

d e r i v e d f r o m the s a m e p r o c a s p a s e m o l e c u l e (F igure 

3 ) . S u b s e q u e n t r e m o v a l o f the l inker a n d p r o d o m a i n s 

a l l o w s the t w o h e t e r o d i m e r s t o f o r m the t e t r a m e r i c 

s t r u c t u r e ( C h a n g a n d Y a n g , 2 0 0 0 ) . All c a s p a s e s are 

c l e a v e d at s p e c i f i c r e s i d u e s , rais ing the possib i l i ty that 

s o m e c a s p a s e s s e q u e n t i a l l y a c t i v a t e o t h e r s , s o 

A d v a n c e s in M o l e c u l a r B i o l o g y 



Apoptos is s ignal l ing 
Arican 61 

Figure 3. Caspase-3 tetramer structure in complex with Ac-

DEV-CHO. The p17 subunits in red and pink, and bound 

inhibitors in yellow. The C termini of p17 and N termini of p12 

are indicated (Chang and Yang, 2000). 

es tab l i sh ing a h ierarchy of c a s p a s e s . A mode l has 

been p roposed in w h i c h c a s p a s e - 8 has been t e r m e d 

an ' ini t iator ' p ro tease , w h i c h ac t iva tes an 'ampl i f ier ' 

p ro tease such as c a s p a s e - 1 , w h i c h in turn ac t iva tes a 

'mach ine ry ' p ro tease such as c a s p a s e - 3 o r c a s p a s e - 7 

( C o h e n , 1997) . 

C a s p a s e s a re a m o n g the m o s t spec i f i c 

e n d o p e p t i d a s e s . T h e sus t ra te speci f ic i ty o f h u m a n 

c a s p a s e s w a s d e t e r m i n e d us i ng a s y s t e m a t i c 

app roach invo lv ing comb ina to ry pept ide f luo rogen ic 

subs t ra tes . Ca tego r i z i ng c a s p a s e s b a s e d on their 

subs t ra te speci f ic i ty g ives a d i f ferent result than do ing 

so b a s e d on s e q u e n c e homo logy a m o n g the c a s p a s e s 

(F igure 4 ) . Th is d i f fe rence is re lated to the fact that on ly 

sma l l n u m b e r s o f am ino ac ids de te rm ine the subs t ra te 

speci f ic i ty . 

T h e act ivat ion o f c a s p a s e s may be respons ib le for 

the neu rodegene ra t i on assoc ia ted w i th A l zhe ime r ' s 

d i sease a n d severa l recent s tud ies have s u g g e s t e d 

tha t c a s p a s e s m a y a l so p lay ro le i n p r o m o t i n g 

pa thogen ic m e c h a n i s m s under ly ing this d i sease (Rohn 

a n d H e a d , 2009 ) . H o w e v e r , there i s now accumu la t i ng 

ev idence ind icat ing that cel l dea th can occu r in a 

p r o g r a m m e d fash ion but in comp le te a b s e n c e a n d 

i n d e p e n d e n t o f c a s p a s e a c t i v a t i o n . C a s p a s e 

i n d e p e n d e n t ce l l d e a t h p a t h w a y s a re i m p o r t a n t 

Figure 4. Activation of the caspase cascade. Apoptotic signal 

trigger oligomerization of death adapter proteins. Active initia¬ 

tor caspases then process and activate effector procaspases. 

Effector caspases cleave various death substrates to induce 

apoptosis (Chang and Yang, 2000). 

sa fegua rd m e c h a n i s m s to protect the o r g a n i s m aga ins t 

u n w a n t e d a n d potent ia l harmfu l cel ls w h e n c a s p a s e -

med ia ted routes fail but can also be t r iggered in 

response to cy to tox ic agen ts or o ther dea th s t imul i . 

Endop lasm ic re t icu lum (ER) is an impor tan t senso r of 

cel lu lar s t res that can w i thho ld prote in syn thes is and 

me tabo l i sm to restore cel lu lar homeos tas i s . I f the 

d a m a g e to the ER is too ex tens ive , this can init iate 

apop tos is v ia the un fo lded prote in response or v ia 

re lease of ca lc ium into the c y t o p l a s m (Breckenr idge et 

al., 2003 ) . Th is leads to act ivat ion of c a s p a s e - 1 2 , 

poss ib ly v ia t rans loca t ion o f the Bcl -2 fami ly m e m b e r 

B im to the ER. In add i t ion a n d i ndependen t of c a s p a s e -

12 ac t iva t ion , ER s t res can induce permeab i l i za t ion o f 

the mi tochondr ia l m e m b r a n e a n d thus act ivate the 

c l a s s i c a p o p t o t i c p a t h w a y as w e l l a s o t h e r 

mi tochondr ia l dea th p a t h w a y s (Broker et al., 2005 ) . 

Regulation of apoptosis 
T h e apop to t i c se l f -des t ruc t ion m a c h i n e r y is t ight ly 

con t ro l l ed . Va r i ous p ro te ins regu la te the apopto t i c 

p rocess at d i f ferent levels. T h e m e m b e r s of the Bcl-2 

fami ly , w h i c h regu la te apop tos is a t the mi tochondr ia l 

level , are an impor tan t c lass of regu la tory p ro te ins . 

T h e y can be d i v ided into an t i -apopto t i c a n d p ro -

apopto t ic pro te ins accord ing to their func t ion ( H a n a d a 

et al., 1 9 9 5 ; I gney a n d K r a m m e r , 2 0 0 2 ) . T h e 
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comp lex i t y o f the apopto t ic p rog ram began to inc rease 

w i th the d iscovery of Bcl-2 a g e n e w h o s e p roduc t 

c a u s e s res is tance to apop tos is in l ymphocy tes . Bc l -2 

w a s s h o w n to cor rec t part ia l ly the p h e n o t y p e of a C. 

elegans muta t ion in Ced -9 , a cel l surv iva l g e n e that 

func t ions u p s t r e a m o f C e d - 4 and Ced -3 . Th is f ind ing 

s u g g e s t e d a n a p p a r e n t o n e - f o r - o n e c o r r e l a t i o n 

b e t w e e n the C. elegans a n d m a m m a l i a n p ro - a n d 

ant iapopto t ic p a t h w a y s (Naga ta , 1997) . A l t hough the 

p r e c i s e i n t race l l u l a r l oca l i za t i on o f al l p r o t e i n s 

con ta ined wi th in this fami ly is u n k n o w n , i t is c lear that 

Bc l -2 i s l o c a t e d in m i t o c h o n d r i a l , e n d o p l a s m i c 

re t icu lum and nuc lear m e m b r a n e o f d i f ferent cel l t ypes 

a n d possesses an ant i -apopto t ic func t ion . S u b s e q u e n t 

a n a l y s i s d e m o n s t r a t e d t ha t Bc l -2 o v e r e x p r e s s i o n 

inhibi ts cel l dea th (V iera et al., 2002 ) . 

S ince these ear ly obse rva t i ons , approx ima te ly 20 

re la ted m a m m a l i a n po lypep t ides have been ident i f ied. 

On the bas is o f func t iona l a n d s t ruc tura l cr i ter ia, t hese 

po lypep t ides can be d iv ided into three g roups , the 

a n t i a p o p t o t i c g r o u p I f a m i l y m e m b e r s a n d the 

p roapop to t i c g r o u p I I a n d g r o u p III fami ly m e m b e r s . 

G r o u p I fami ly m e m b e r s , w h i c h inc lude Bc l -2 , Bc l -x L , 

Bc l -w, M c l - 1 , A 1 / B f l 1 , B o o / D i v a , Nr f3 , a n d Bc l -B , 

genera l l y con ta in four shor t , c o n s e r v e d BH (Bcl-2 

homo logy ) d o m a i n s , B H 1 - B H 4 , a n d mos t con ta in a C-

te rmina l t r a n s m e m b r a n e d o m a i n that targets t h e m to 

t he c y t o p l a s m i c s u r f a c e s o f v a r i o u s i n t race l l u la r 

m e m b r a n e s , i n c l u d i n g the ou te r m i t o c h o n d r i a l 

m e m b r a n e a n d the e n d o p l a s m i c re t icu lum. G r o u p I I 

fami ly m e m b e r s , w h i c h inc lude Bax, Bak, a n d Bok /M td , 

lack the N- terminal B H 4 d o m a i n but con ta in the o ther 

BH d o m a i n s . Final ly, g r o u p III fami ly m e m b e r s , w h i c h 

inc lude B id , Bad , Bik, B im, Blk, Bmf, Hrk, Bn ip3 , Nix, 

Noxa , P U M A , a n d Bc l -G, are a more he te rogeneous 

co l lect ion o f po lypep t ides that share l imi ted s e q u e n c e 

h o m o l o g y on ly in their 15 -amino ac id B H 3 d o m a i n s , 

w h i c h is s u m m a r i z e d in F igure 5. I t has been o b s e r v e d , 

for e x a m p l e , tha t c y t o c h r o m e c r e l e a s e d u r i n g 

apop tos is in f ib rob lasts requ i res exp ress ion of e i ther 

Bax or Bak, w h e r e a s the re lease o f S M A C requ i res 

exp ress ion of bo th . T h e mechan is t i c bas is for this 

observa t ion rema ins to be d e t e r m i n e d (Ol iver et al., 

2 0 0 5 ; K a u f m a n n , 2007 ) . 

T h e an t i -apopto t i c m e m b e r s Bc l -2 , Bc l - x L , a n d 

Mcl-1 p reven t the re lease of mi tochondr ia l p ro te ins , 

inc lud ing c y t o c h r o m e c , e n d o n u c l e a s e G, a n d A IF , by 

inhib i t ing the pore - fo rming func t ion o f BH-3 d o m a i n -

con ta in ing Bcl -2 pro te ins . Da ta f r om h u m a n s tud ies 

sugges t tha t Bc l -2 fami ly pro te ins might a lso par t ic ipate 

in the regula t ion of the s t ress response by in teract ing 

w i th heat s h o c k pro te ins (Luc ianot et al., 2 0 0 6 ; Z h a n g 

et al., 2005 ) . 

Apop tos i s can a lso be regu la ted by int racel lu lar 

s igna l t ransduc t ion p a t h w a y s . Severa l c o m p o n e n t s o f 

the m i togen ac t iva ted prote in k inase ( M A P K ) pa thway 

ext race l lu lar regu la ted k inase-1 /2 , c -Jun N- terminal 

k inase , and p38 p a t h w a y s are di f ferent ia l ly ac t iva ted 

d e p e n d i n g on the region of brain and t iming after in jury. 

Act iva t ion of the prote in k inase C s igna l ing pa thway 

has a lso been repor ted . Pro-surv iva l in t racel lu lar s igna l 

t ransduc t ion p a t h w a y s are a lso ac t i va ted after brain 

Figure 5. Schematic representation of Bcl-2 family members and related proteins in apoptosis. Group I polypeptides are antiapop-

totic and include Bcl-2, Bcl-xL, Bcl-w, Mc l -1 , A 1 , Boo/Diva, Nrf3, and Bcl-B. Among these, Mcl-1 is unique in lacking a BH4 domain 

and containing a proline/glutamate/serine/threonine-rich (PEST) sequence, which is often seen in short-lived polypeptides. Group II 

family members are proapoptotic and include Bax, Bak, and Bok/Mtd. Group III family members, which share limited sequence 

homology only in their 15-amino acid BH3 domains, include Bid, Bad, Bik, Bim, Blk, Bmf, Hrk, Bnip3, Nix, Noxa, PUMA, and Bcl-G 

(Kaufmann, 2007). 
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in jury (Zang et al., 2005 ) . In m a n y t umors , gene t i c 

d a m a g e apparen t l y fai ls to induce apoptos is b e c a u s e 

the cons t i tuen t ce l ls have inac t iva ted the g e n e that 

c o d e s for the p53 pro te in . Th is pro te in , i t wi l l be 

reca l led , can lead to act ivat ion of the cel l 's apopto t ic 

mach ine ry w h e n D N A is in jured (Duke et al., 1996) . 

T h e cr i t ical role that p53 p lays is ev iden t by the large 

n u m b e r of t umors that bear a muta t ion in this gene . 

Loss o f p 5 3 in m a n y c a n c e r s leads to g e n o m i c 

instabi l i ty, impa i red cel l cyc le regu la t ion, a n d inhib i t ion 

o f apop tos is . Af ter D N A d a m a g e , p53 ho lds the cel l a t 

a checkpo in t unti l the d a m a g e is repa i red . If the 

d a m a g e is i r revers ib le , apop tos is is t r iggered . T h e 

m e c h a n i s m by w h i c h p53 p romo tes apop tos is is still 

not ful ly unde rs tood (Ghobr ia l et al., 2005 ) . 

Nuclear DNA fragmentation 
Apop tos i s , or p r o g r a m m e d cel l dea th , is a m e c h a n i s m 

by w h i c h cel ls unde rgo dea th to cont ro l cel l pro l i ferat ion 

o r i n r e s p o n s e t o D N A d a m a g e . T h e nuc lea r 

a l tera t ions, w h i c h are the p re -em inen t u l t rast ructura l 

c h a n g e s o f a p o p t o s i s , are o f ten a s s o c i a t e d w i t h 

i n te rnuc leosoma l c l eavage of DNA, recogn ized as a 

" D N A ladder " o n c o n v e n t i o n a l a g a r o s e ge l 

e lec t rophores is and long cons ide red as a b iochemica l 

ha l lmark o f apop tos is . Dur ing apop tos is , nuc lear D N A 

is c o n d e n s e d and d e g r a d e d into large (50 to 3 0 0 kb) 

a n d s u b s e q u e n t l y in to s m a l l o l i g o n u c l e o s o m a l 

f r a g m e n t s o f s e v e r a l h u n d r e d b a s e pa i r s . 

In te rnuc leosomal c l eavage o f D N A now appears to be 

a relat ively late even t in the apopto t i c p rocess w h i c h in 

s o m e mode ls may be d i ssoc ia ted f rom ear ly cr i t ical 

s t e p s ( G h o b r i a l e t al., 2 0 0 5 ; E l m o r e , 2 0 0 7 ) . 

B iochemica l pur i f icat ion by severa l g roups led to the 

d i scove ry of a c a s p a s e regu la ted D N a s e c o m p l e x 

t e r m e d D F F ( D N A f r a g m e n t a t i o n fac to r ) t ha t i s 

c o m p o s e d o f a D N a s e t e r m e d C A D (caspase ac t iva ted 

D N a s e : a lso n a m e d D F F 4 0 a n d C P A N ) a n d its inhibi tor 

ICAD (also n a m e d D F F 4 5 ) . In hea l thy cel ls , C A D is 

c o m p l e x e d w i th ICAD a n d funct iona l ly inact ive. In 

apopto t i c ce l ls , ICAD is c l eaved by c a s p a s e - 3 a n d -7 , 

re leas ing C A D to d e g r a d e nuc lear DNA. D F F induces 

both ch romat in condensa t i on and D N A f ragmen ta t i on 

in vitro, a n d cel ls f r om mice def ic ien t for D F F act iv i ty 

exh ib i t nei ther o f t hese c lass ic apopto t i c fea tu res w h e n 

i nduced to d ie . Ano the r caspase -3 -ac t i va ted factor, 

n a m e d a c i n u s , i n d u c e s c h r o m a t i n c o n d e n s a t i o n 

w i thou t af fect ing D N A f ragmen ta t i on . T h e task o f D N A 

f ragmen ta t i on a p p e a r s to be sepa ra te f r o m o ther 

pheno typ i c aspec ts o f apop tos is . D N A f ragmen ta t i on is 

a d o w n s t r e a m ef fect of c a s p a s e act ivat ion and is 

d i spensab le for cel l k i l l ing. Ins tead, D N A f ragmenta t ion 

is a w a y of "h id ing the body" a n d represents one of the 

mu l t ip le para l le l e x e c u t i o n p a t h w a y s in a p o p t o s i s 

(Chang a n d Y a n g , 2000 ) . 

Inhibitor of apoptosis family of 
proteins 
M a n y na tu ra l i nh ib i t o rs o f c a s p a s e s a re k n o w n , 

inc lud ing severa l v i ra l and cel lu lar pro te ins that e i ther 

act as d i rec t inh ib i tors o f c a s p a s e s or b lock the 

act ivat ion o f c a s p a s e s (Kumar , 2007 ) . 

IAP g e n e fami ly is h ighly c o n s e r v e d in a w ide range 

o f o r g a n i s m s rang ing f rom insects to h u m a n s . T h e first 

IAP w a s d i scove red in bacu lov i rus , w h e r e i t w a s s h o w n 

to be invo lved in supp ress ing the dea th of v i ra l - in fec ted 

host cel ls . S. Mart in d i s cussed the h ierarch ica l nature 

of the c a s p a s e act ivat ion c a s c a d e that is t r iggered by 

cel lu lar s t ress . Mar t in 's t e a m have s h o w n that A p a f 1 , 

c a s p a s e - 9 , c a s p a s e - 3 a n d the X- l i nked inhibi tor o f 

apop tos is (X IAP) are the main cons t i tuen ts o f the 

nat ive ' apop tosome ' , and that c y t o c h r o m e c is not 

s tab ly assoc ia ted w i th the act ive comp lex . Mart in a lso 

p r e s e n t e d d a t a o b t a i n e d f r o m g l o b a l p r o t e o m i c 

ana lyses of apopto t ic cel ls a n d d i scussed the role o f 

spec i f ic c a s p a s e s wi th in this c a s c a d e in ta rget ing 

cel lu lar p ro te ins for deg rada t i on . T h e da ta sugges t that 

m o r e t h a n 4 0 0 p ro te i ns a re t a r g e t e d for l im i ted 

pro teo lys is dur ing the te rmina l ' demo l i t i on ' phase o f 

apop tos is (MarcFar lane a n d Wi l l i ams , 2004 ) . 

To da te , seven m a m m a l i a n m e m b e r s o f the IAP 

fami ly have been ident i f ied; they are X I A P , c - I A P 1 , c -

QfOMfihtti 

M A * I I I I I • 
c " * w l l l l I I I M l 

***n i t s . . I I II -I M 

HUP I I I I I I 'I ] 

I I B l f l mold m R I N G flnjw 

Figure 6. Schematic representation of IAP family members. 
The proteins were originally identified in baculovirus and are 
structurally similar (Schulze-Osthoff et al., 1998). 
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IAP2, NAIP , surv iv in , livin and Ts - IAP . All o f t hese 

pro te ins possess o n e o r more 70 - to 8 0 - a m i n o ac id 

bacu lov i ra l IAP repeat (BIR) d o m a i n s , the p resence o f 

w h i c h is essent ia l for the ant i -apopto t ic func t ion of the 

IAPs. Unl ike the Bc l - 2 fami ly of pro te ins , w h i c h exer t 

their regu la tory ef fects th rough the m i tochondr ia , the 

IAPs d i rect ly b ind a n d inhibi t c a s p a s e - 3 , 7, a n d 9 but 

not o ther c a s p a s e s . In add i t ion to the BIR d o m a i n , mos t 

of the IAPs con ta in a R I N G z inc- f inger (RZF) near their 

ca rboxy l t e rm inus (F igure 6) . T h e ba lance b e t w e e n 

IAPs and their negat ive regu la tors is pos tu la ted to 

c o n s t i t u t e a n o t h e r a p o p t o t i c c h e c k p o i n t , p o s s i b l y 

d o w n s t r e a m to tha t c o m p r i s e d by p ro - a n d an t i -

a p o p t o t i c Bc l -2 f a m i l y p r o t e i n s ( E l m o r e , 2 0 0 7 ; 

W a u t h e r s and Ch iu , 2007 ) . Overa l l IAPs have a cent ra l 

role in regula t ing apop tos is . Ove rexp ress i on of one or 

more of the IAPs or d o w n regulat ion of their negat ive 

regula tor pro te ins may help supp ress apop tos is by 

a l lowing unres t r i c ted IAP act iv i ty (Zang et al., 2004 ) 

Concluding remarks and future 
directions 
A p o p t o s i s i s an e s s e n t i a l c o m p o n e n t o f m o s t 

d e v e l o p m e n t a l abnorma l i t i es a n d h u m a n d i seases and , 

in m a n y cases , the under ly ing c a u s e of the resul t ing 

pa tho logy . An inc reased unders tand ing of s ignal l ing in 

apop tos is con t i nues to be a p rom inen t research focus 

wi th in th is f ie ld . Apop tos i s is a ub iqu i tous w a y of cel l 

dea th in both phys io log ica l a n d pa tho log ica l cond i t ions . 

D u r i n g the pas t d e c a d e t h e r e h a v e b e e n ma jo r 

a d v a n c e s in our unde rs tand ing of the f undamen ta l 

m e c h a n i s m s o f the apopto t ic dea th p r o g r a m , espec ia l l y 

the funct ion of three fami l ies of p ro te ins inc lud ing 

c a s p a s e s , Bc l -2 a n d I A P s . A l t h o u g h s i gn i f i can t 

p rog ress has been m a d e to spec i f ica l ly de f ine a n d 

charac te r i ze the par t ic ipat ion of nuc lear c h a n g e s in 

apopto t i c cel l dea th , th is a rea is stil l re lat ively y o u n g in 

so far as a k n o w l e d g e of essent ia l , c o m p u l s o r y even ts 

that mus t occur in o rder to el ici t nuc lear condensa t i on 

a n d f ragmenta t ion a n d D N A b r e a k d o w n i s lack ing. An 

u n d e r s t a n d i n g o f the m e c h a n i s m s cont ro l l i ng a n d 

imp lemen t i ng apop tos is is more than a mat ter of mere 

sc ient i f ic in terest . In c o m p a r i s o n to the execu t i on 

p h a s e o f the mi tochondr ia l apopto t ic pa thway , we k n o w 

a little abou t h o w the ups t r eam s igna l ing p a t h w a y s to 

the m i tochondr ia are regu la ted . H o w are the s igna ls 

f r om e i ther d e v e l o p m e n t a l cues o r d a m a g e s igna ls 

t r a n s d u c e d to a n d in tegra ted in the m i tochondr ia? 

T h e s e ques t i ons wi l l be so l ved in a near fu ture , 

permi t t ing a genera l v i e w on the m e c h a n i s m by w h i c h 

m i tochondr ia regu la te apop tos is . F rom a therapeu t i c 

po int o f v iew, th is k n o w l e d g e w o u l d a l low the rat ional 

des ign a n d use o f spec i f ic syn thet ic mo lecu les that 

m imic Bcl-2- l ike pro te ins , IAP-b ind ing factors or the 

act ion m o d e o f S m a c b . T h e s e mo lecu les may not 

necessar i l y p rovoke apop tos is , but they might sens i t i ze 

cel ls to apopto t ic s t imul i , a l lowing more ef f ic ient cance r 

therap ies . A re the B H 3 - on ly pro te ins the major s igna l 

t r a n s d u c e r s ? Or a re t h e y on l y pa r t o f a m o r e 

comp l i ca ted ne twork o f p ro te ins? To answer these 

ques t ions , we wi l l need to d e v e l o p more soph is t i ca ted 

s t ra teg ies to ident i fy o ther p layers , e i ther th rough 

b iochemica l assays o r gene t i c sc reens . O n l y then wi l l 

we beg in to see the big p ic ture o f w h a t is happen ing 

w h e n cel ls dec ide w h e t h e r to live or d ie . 
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