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Abstract. Programmed cell death (PCD) is critical for development and homeostasis of 
multicellular organisms. Genetic and biochemical studies have revealed that PCD is 
under complex and delicate regulation. An important level of such regulation may be 
pre-mRNA splicing as suggested by the observation that a number of PCD regulatory 
genes are expressed as functionally distinct or even antagonistic isoforms as a result 
of alternative splicing. Studies on alternative splicing of these genes are reviewed 
here. Expression and function of a large number of genes involved in PCD are regu- 
lated by alternative splicing, including death receptors and intracellular components 
of the death machinery. Alternative splicing affects not only intracellular distribu- 
tion but also functional activity of these death regulators, providing a fine-tuning 
mechanism in modulating a presumably tightly controlled process of cell death. 
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rogrammed cell death (PCD), also known as apopto- 
sis, is a form of cell death characterized by cell P shrinkage and nuclear condensation, usually without 

inducing inflammatory responses (1). PCD is a fundamen- 
tally important biological process that is essential for devel- 
opment and homeostasis of multicellular organisms (see 
Refs. 2 and 3 for reviews). For example, PCD is essential 
for deleting autoreactive cells during lymphoid develop- 
ment and eliminating excessive neurons during neural de- 
velopment. Inappropriate PCD may play a role in the patho- 
genesis of a variety of human diseases, including cancer, 
autoimmune diseases, viral infections, and neurodegenera- 
tive disorders (4). 

Morphological characteristics of PCD were described 
over 20 years ago (1); however, only in the past few years 
have genes involved in the genetic pathway of PCD been 
identified. We have now begun to understand molecular 
mechanisms underlying PCD. Elegant studies by Horvitz 
and colleagues on development cell death in C. elegans 
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revealed several central players in PCD, ced genes (re- 
viewed in Ref. 2). The ced-3 and ced-4 genes function to 
kill cells whereas the ced-9 gene suppresses PCD. The ge- 
netic program controlling PCD is highly conserved through 
evolution. Vertebrate homologs of ced-9 are members of the 
bcl-2 family, capable of inhibiting PCD. Apoptosis protease 
activating factor 1 (apaf-1) ( 5 )  is the likely vertebrate ho- 
molog of ced-4. The 4 - 3  gene product is a cysteine pro- 
tease (6) related to members of vertebrate ICE (interleukin- 
1 P-converting enzyme) family now named caspases (cyste- 
ine aspases) (7). 

A variety of signals including growth factor depriva- 
tion, activation of certain cell surface receptors (death re- 
ceptors), and metabolic or cell cycle perturbation may ac- 
tivate cell death machinery via divergent signal transduction 
pathways. It is currently thought that these divergent death 
signals converge as a central death signal that leads to ac- 
tivation of caspases (Fig. 1). It is the activation of the 
caspases that results in the terminal events leading to the 
ultimate demise of the cell. 

Genetic and biochemical studies suggest that expres- 
sion and function of PCD genes are under complex regula- 
tion at multiple levels, from transcription control to post- 
translational modification of different PCD genes. In this 
review, we will focus on the potential role of alternative 
pre-mRNA splicing in regulating PCD. Since the discovery 
of pre-mRNA splicing, numerous studies have suggested 
that alternative splicing is an important mechanism for gen- 
erating functionally distinct products from the same gene 
(See Refs. 8-1 1 for recent reviews). Alternative splicing has 
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been shown to regulate expression and function of genes 
involved in almost every aspect of cell function including 
cell proliferation and cell death. The molecular mechanisms 
controlling pre-mRNA splicing and alternative splicing 
regulation in general have been covered in several excellent 
recent reviews (8-14). Here we will review recent studies 
on alternative splicing of genes involved in regulating PCD. 
These studies demonstrate that alternative splicing is in- 
volved in the processing of mRNA precursors of many 
genes important for PCD and that expression and function 
of these PCD genes are regulated by alternative splicing. 

Expression of PCD Genes and their 
Alternative Splicing 

Alternative splicing has been found to be involved in 
processing pre-mRNAs of a large number of genes acting at 
different steps along the PCD pathway, ranging from mem- 
brane-associated death signal receptors to members of the 
caspase family (Table I). This suggests that alternative 
splicing may play an important role in regulating PCD. 

Multiple proteins and their interactions feed into the 
PCD pathway at different steps. Binding of death signaling 
molecules, such as Fas ligand (FasL), tumor necrosis factor 
(TNF), and TNF-related apoptosis-inducing-ligand 
(TRAIL), to their receptors leads to activation of death re- 
ceptors. In the case of Fas (also named APO-1 or CD95) or 
tumor necrosis factor receptor 1 (TNFRl), oligomerization 
of the receptors results in transduction of the signal. Fol- 
lowing activation of the death receptors, the signal is trans- 
duced to activate intracellular components of death machin- 
ery resulting in possible dissociation of Apaf- l/procas- 
pase-3 complex from the death-protecting molecules such 
as members of the Bcl-2 gene family (15, 16). Activation of 
caspases leads to the final degradation events of PCD. 

Death Receptors TNF-R1 and Fas are both cyste- 
ine-rich cell surface receptors related to the low-affinity 
nerve growth factor family. Binding of their respective li- 
gands, FasL and TNF, to Fas and TNF-R1 induce apoptosis. 
The extracellular region of these TNF receptor family mem- 
bers carries two to six repeats of a cysteine-rich motif. 
These receptors also share homology in their cytoplasmic 

-bPhagocytosis 

Figure 1. The major events involved in programmed cell death. 

domain. This domain, which is sufficient to trigger apopto- 
sis when overexpressed alone, has been termed the death 
domain. Additional members of this family have been iden- 
tified including lymphocyte-associated receptor of death 
(LARD, also named DR3, wsl, Apo-3 or TRAMP), death 
receptor-4 (DR4), and TRAIL receptor inducer of cell kill- 
ing-2 (TRICK-2) (17-19). 

Many members of the death receptor family have mul- 
tiple isoforms produced as a result of alternative splicing. 
Human activated peripheral mononuclear cells, EBV in- 
fected B cells, and hematopoietic and nonhematopoietic tu- 
mor cell lines express several Fas mRNA variants in addi- 
tion to the predominant Fas mRNA species that generates 
the membrane-bound form of the functional receptor (20) 
(Table I). With the exception of FasEx06De1, which is char- 
acterized by an in-frame deletion of the exon 6 encoded 
region, all of these variants of alternative splicing lead to 
translation in a different reading frame with premature ter- 
mination codons, resulting in the formation of soluble re- 
ceptor proteins lacking the transmembrane domain. Inter- 
estingly, in FasEXOSDel, which was predominantly found 
in tumor resistant clones, alternative splicing leads to skip- 
ping of exon 8, and therefore, a downstream change of the 
reading frame with a premature termination codon and 
elimination of the cytoplasmic death domain (21, 22). It is 
possible that these soluble receptors or the receptor lacking 
the death domain may function as dominant inhibitory 
forms of the full-length receptor. 

Alternative splicing of LARD pre-mRNA by skipping 
one or more exon generates at least 11 distinct isoforms 
(17). The full-length LARD-1 , isoforms LARD- l b  and 
LARD-8 encode proteins containing both the transmem- 
brane domain and the death domain, whereas the other iso- 
forms generate secreted molecules without a transmem- 
brane domain. TRICK2 can transduce the cytotoxic signal 
from TRAIL/APO-2L. Two TRICK2 mRNA isoforms, 
TRICK2a and TRICK2P, are generated by alternative 
splicing and differ by 29 amino acid residues extending into 
the intracellular domain (IS).  TRICK2a and TRICK2P can 
both function as receptors of TRAIL together with DR4. 

Bck2 Gene Family. Bcl-2 gene was originally dis- 
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Table 1. Alternatively Spliced Products of Different PCD Genes and their Functional Activities 
Gene family Gene lsoform Function 

Receptors Fas (Apo-1, CD95) 

Bcl-2 

LARD (DR3, Wsl, ApO-3, TRAMP) 

TRICK2 

Bcl-2 

Bcl-x 

Bcl-w 

Bax 

Bim 

Ced-4 Ced-4 

Caspases Caspase-1 (ICE) 

Caspase-2 (Ich-1) 

Caspase-3 (CPP32, YAMA, apopain) 

Caspase-4 (TX, lch-2, ICErel-ll, Mih-1) 

Caspase-6 (Mch-2) 

Caspase-7 (Mch-3, ICE-LAP3, CMH-1) 

Caspase-10 (Mch-4) 

Fas 
FasEXOGDel( FasTMDel) 
FasEX03,4Del 
FasEX03,4,6Del 
FasEX04Del 
FasEX04,6Del 
FasEX04,7Del 
FasEX08Del 
LARD-1, Ib, 8 
LARD-2-7,9-11 
TRICK2a 
TR I C K2 p 
Bcl-2a 
Bcl-2ATM 
Bcl-x 
Bcl-XS 
BcI -x~  
Bcl-xATM 
BcI-x~ 
Bcl-w 
Bcl-w- rox 
Baxa 
Bax-p 
Bax-y 
BimEL 
BimL 
BimS 
Ced-4L 
Ced-4S 
ICEa 
ICEp 
ICEy 
ICES 
ICE& 
Ich-1 L 
Ich-1 S 
Ich-1 p 
CPP32a 
CPP32P 
Mih-la 
Mih-1 p 
Mih-ly 
Mih-16 
Mch-2a 
Mch-2P 
Mch-3a 
Mch-3P 
Mch-4a 
Mch-4B 

membrane- bound 
soluble 
soluble 
soluble 
soluble 
soluble 
soluble 
membrane-bound 
mem brane-bound 
soluble 
active, membrane-bound 
active, membrane-bound 
membrane-bound, prevent PCD 
inactive, or less active 
prevent PCD 
promote PCD 
prevent PCD 
prevent PCD 
prevent PCD 
prevent PCD 
? 
membrane- bou n d 
soluble 
? 
promote PCD 
promote PCD 
promote PCD 
prevent PCD 
promote PCD 
active 
active 
active 
inactive 
inactive 
active, promote PCD 
inactive, prevent PCD 
inactive 
active 
active 
active 
active 
active 
active 
active 
in active 
active 
inactive 
active 
active 

covered as an oncogenic gene at the chromosomal break- 
point in B-cell lymphoma carrying t( 14; 18) chromosomal 
translocation (23, 24). Subsequent studies found that Bcl-2 
has potent antiapoptotic activity and is capable of inhibiting 
apoptotic cell death induced by many different death signals 
(reviewed in Refs. 25 and 26). The Bcl-2 gene is essential 
for lymphoid development (27). A large number of proteins 
have now been identified that belong to the Bcl-2 gene 
family. The Bcl-2 family of proteins plays a key role in 
regulation of PCD. 

Several models have been proposed for the function of 

Bcl-2 in PCD. Structural similarity between Bcl-2 family 
member Bcl-xL and the pore-forming domain of a certain 
bacterial toxin suggests that Bcl-2 family proteins can func- 
tion as channels for transporting ions or proteins across the 
membrane. Recent biochemical studies suggest that anti- 
apoptotic members of the Bcl-2 family may function in 
PCD by interacting with Ced-4/Apaf-l proteins to suppress 
activation of caspases. The Bcl-2 superfamily is composed 
of both death-preventing and death-promoting proteins (25, 
26, 28, 29). Bcl-2, Bcl-xL, Bcl-w, BJZ-1, Brag-1, Mcl-1, and 
A1 inhibit PCD, whereas Bax, Bak, Bcl-xS, Bad, Bid, Bik, 
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Bim, and Hrk activate PCD. Many members of this family 
contain a carboxyl-terminal transmembrane domain that an- 
chors the protein to the mitochondrion and other intracel- 
lular membrane structures. Several proteins of this family, 
including Bcl-2, Bcl-x and Bax, have both membrane-bound 
and soluble isoforms generated by alternative splicing 
(Table I). Protein-protein interaction among different Bcl-2 
family members as well as interactions with other PCD 
regulatory proteins are an important mechanism for their 
function. It has been proposed that the relative ratio of 
death-preventing and death-promoting proteins and selec- 
tive interactions among different Bcl-2 family members de- 
termines whether the cell is to survive or to die. 

The Bcl-2 gene contains at least two exons. Bcl-2a is 
produced by splicing within the first exon and joining to the 
second exon, whereas, Bcl-2P mRNA is transcribed from 
the first exon (30). Bcl-2cx is the predominant isoform con- 
taining a carboxyl-terminal transmembrane domain and has 
potent death-inhibitory activity. Bcl-2P lacks the transmem- 
brane domain and has reduced (31) or no (32) antiapoptotic 
function. 

The Bcl-x gene plays a critical role in development of 
both the hematopoietic process and the central nervous sys- 
tem. Bcl-x-deficient mice exhibit massive cell death of im- 
mature hematopoietic cells and neurons (33). Bcl-x has sev- 
eral transcripts with different biological functions. The 
mouse Bcl-x gene exhibits a three-exon structure with the 
first exon containing a 5’ untranslated region (Fig. 2) (34). 
The coding region of Bcl-xL is generated by ligation of 
exons I1 and I11 through a splicing reaction, whereas Bcl-xS 
is produced by usage of an alternative 5’ splice site located 
within exon I1 with the BHUBH2 domain deleted. Bcl-xL is 
similar to Bcl-2 in inhibiting cell death whereas Bcl-xS an- 
tagonizes the antiapoptotic action of Bcl-2 or Bcl-xL (35). 
Three other murine Bcl-x isoforms have been identified: 
Bcl-xATM (36), Bcl-xp (37, 38), and Bcl-xy (39). Bcl- 
xATM deletes the carboxyl terminal transmembrane domain 
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Figure 2. Alternative splicing of the Bcl-x gene. The Bcl-x gene has 
three exons with exon 1 encoding the 5‘ untranslated region. The 
translation start site is located in exon 2 in all the identified isoforms. 
Bcl-xS utilizes a 3’ splice site located in exon 2 with an in-frame 
deletion of the region coding for the BHl/BH2 domain. Bcl-xp is 
generated by splicing intron 1 with intron 2 retained in the transcript. 
Bcl-xATM involves additional splicing using 5’ and 3’ splice sites that 
reside in exon 3. Bcl-xy is produced by alternative splicing using a 
different carboxyl-terminal exon. 

of Bcl-x via alternative splicing. The involved 5’ splice 
donor site is in exon 3 and located 12 nucleotides down- 
stream of the 3’ splice acceptor site for Bcl-xs. Bcl-xATM is 
possibly a product of an intraexonic splicing using nonca- 
nonical splice donor and acceptor sites because both the 5’ 
and 3’ splice sites reside in exon 3 of the Bcl-x gene. Bcl- 
xATM can inhibit apoptosis in B cells. The Bcl-xp mRNA 
is generated by ligation of exon 1 and exon 2 with the intron 
2 retained. Bcl-xp is expressed in embryonic and postnatal 
tissues and can inhibit apoptosis in neurons. Bcl-xy, which 
carries a unique carboxyl terminus, is expressed primarily in 
thymocytes and mature T cells (39). Expression of Bcl-xy in 
mature T cells is associated with ligation of the T-cell re- 
ceptor (TCR). Unlike other Bcl-x isoforms, Bcl-xy is spe- 
cifically associated with TCR ligation and is important for 
resistance to TCR-dependent apoptosis. Activated T cells, 
which express Bcl-xy, are resistant to PCD after CD3 liga- 
tion of TCR. Generation of Bcl-xy involves alternative 
splicing, which ligates exon 1 and exon 2 with exon 2 
spliced to an exon different from exon 3 (Fig. 2) .  The exon 
specific to Bcl-xy has not been well characterized. 

Similar to Bcl-2 and Bcl-xL, the Bcl-w protein pro- 
motes cell survival (40). The Bcl-w gene contains at least 
four closely spaced exons with the coding region split be- 
tween exon 3 and exon 4. Bcl-w-rox corresponds to tran- 
scripts spliced from exon 3 of the Bcl-w gene to an exon of 
the adjacent rox gene. The location of the remainder of the 
rox gene and the significance of bcl-w-rox transcripts is 
unclear (40). 

Bax shows extensive amino acid homology with Bcl-2 
and forms homodimers and heterodimers with Bcl-2 in vivo. 
When Bax predominates, PCD is accelerated, and the death 
repressor activity of Bcl-2 is inhibited (41). The Bax gene 
consists of six exons (Fig. 3). Protein-encoding information 
is contributed by all six exons. Several transcripts are gen- 
erated by alternative splicing (Fig. 3). Bax-cx encodes a pro- 
tein containing a transmembrane domain. The retention of 
intron 5 results in the Bax-p mRNA that generates a product 
lacking the predicted transmembrane domain. The predicted 

start 

Bax gene 
exon 1 exon 2 exon 3 exon 4 

Baxa 

stop a iniron 5 -B 

M Y  

Figure 3. The genomic structure of the Baxgene. The Baxgene has 
six exons. The translation start codon is in exon 1. The translation 
stop codons for different isoforms are as indicated. Barn is the prod- 
uct of alternative splicing with intron 5 retained and the transmem- 
brane domain, which is present in Baxa, deleted. Skipping of exon 2 
leads to production of Baxy which has two forms, with intron 5 either 
retained or removed. 
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membrane form a and cytosolic p forms of Bax are paral- 
leled to the a integral membrane form of Bcl-2 and pre- 
dicted p cytosolic form. The y forms of Bax mRNA species 
lack the small exon 2, shifting the reading frame in exon 3. 
As a result, Bax-y utilizes a stop codon in exon 3 and is a 
much smaller peptide as compared to Bax-cx and Bax-P. The 
function of Baxy is uncertain yet. 

Bim (Bcl-2 interacting mediator of cell death) is a new 
member of the Bcl-2 family, which can promote apoptosis 
(42). It has a BH3 region that is the only domain with 
sequence homology to Bcl-2 family members. This BH3 
region is required for its Bcl-2 binding and for most of its 
cytotoxicity. Three Bim isoforms, BimEL, BimL and BimS, 
generated by alternative splicing, all have a BH3 region and 
can induce apoptosis. All three isoforms interact in vivo 
with Bcl-2 and Bcl-xL; however, the short form is the most 
potent inducer of cell death and suppresser of colony for- 
mation (42). 

Ce&4 Gene. Recent studies reveal that the Ced-4 
family can physically interact with Bcl-2 proteins and cell- 
death machinery (43-47). Ced-4 serves as an adapter pro- 
tein bridging Bcl-2/Bcl-xL to caspases. In the worm, two 
forms of Ced-4, Ced-4L and Ced-4S, are generated by al- 
ternative selection of the two 3‘ splice sites (48). Ced-4S is 
expressed as a predominant form. The Ced-4L transcript 
contains an in-frame insertion of 72 nucleotides and en- 
codes a protein with a 24-amino acid insertion relative to 
Ced-4s. Ced-4S induces cell death, and Ced-4L protects 
cells from programmed cell death. Supporting the hypoth- 
esis that alternative splicing plays a role in regulating PCD 
is the fact that in animals carrying the Ced-4 n2273 mutant 
allele, which has a mutation at the Ced-4S 3‘ splice site (AG 
to AA), the Ced-4L level is increased, and the anterior phar- 
ynx of the mutant animals has extra cells that fail to undergo 
PCD (48). 

A human protein Apaf- 1 (apoptotic protease activating 
factor-1) has been identified as a possible vertebrate homo- 
log of Ced-4 (5) .  It appears that human Apaf-1 also has 
more than one transcript; however, the exact nature of 
Apaf-1 alternative splicing is not clear yet (Wang X, per- 
sonal communication). 

Caspase Family. Caspases are at the heart of the 
conserved cell-death pathway. They act as the executive 
killer during apoptosis. To date, at least 11 homologs of 
human origin have been published and have now been 
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named caspases 1-11 (7, 49, 50). Further adding to the 
complexity, many members of this family have different 
isoforms generated by alternative splicing. 

Several alternatively spliced isoforms of ICE (caspase- 
1) have been described (51). All the alternative splicing 
events are within the coding sequence of ICE. Four ICE 
isoforms maintain open reading frames and are designated 
ICEP, y, 8, E .  ICEa and ICEP have partial intramolecular 
autoprocessing activity. However, most of the propeptide is 
deleted in ICEy, and the region containing the cleavage sites 
between the p20 and p10 subunits of ICE is deleted in ICE& 
ICE&, homologous to the P10 subunit of active ICE, can 
form a heterodimer with P20 and may regulate its activity in 
vivo by forming an inactive complex. Only the ICEa, p, and 
y isoforms can induce apoptosis. 

Alternative splicing of Ich-1 (caspase-2) gives rise to at 
least three transcripts, Ich- 1 L, Ich- 1 S, and Ich- 1 P. A previ- 
ous study (52) suggested that production of Ich-1L and Ich- 
1 s  resulted from alternative usage of two competing 5’ 
splice sites. However, our analyses of the genomic DNA 
and cDNA sequences indicate that production of Ich- 1L and 
Ich- 1 S transcripts results from alternative exclusion or in- 
clusion of a 61-base-pair (bp) exon, respectively (Fig. 4). 
Inclusion of the 61-bp exon results in translation termina- 
tion using a more upstream stop codon in Ich- l S. Therefore, 
the longer Ich-1S transcript encodes a shorter protein prod- 
uct. The sequence of the 61-bp exon, which is present in 
Ich-IS but absent from Ich-lL, is identical between human 
and mouse Ich-1 sequences (52). Ich-1L contains a se- 
quence homologous to both P20 and P10 subunits of ICE, 
whereas Ich-1s is a truncated version of Ich-lL, containing 
only the P20 region. Recently, another Ich-1 isoform, Ich- 
lp ,  has been identified (53). Zch-lp contains a deletion 
downstream of the first potential aspartic proteolytic cleav- 
age site between the large and small subunits. The deletion 
alters the coding frame and causes a termination 10 amino 
acid residues downstream of the aspartic acid residue, es- 
sentially generating a functional large subunit. Unlike Ich- 
lS, Ich-lp may act as a positive regulator of Ich-1 activity 
(53). The genomic structure of Ich-1 has not been reported, 
and the exact splicing events that generate Ich-lp are not 
clear yet. 

Mih-1 (caspase-4, also known as TX, ICErel-I1 or Ich- 
2), CPP32 (caspase-3, also named Yama or apopain), and 
Mch-4 (caspase- 10) have isoforms that contain deletions 

Ich-l gene Figure 4. Alternative splicing involved in production of 
Ich-1 L and Ich-1s (Jiang ZH and Wu J, unpublished 
data). Transcripts encoding Ich-1 S are identical to Ich- 
1 L in the upstream and downstream exons except that 
Ich-1 S contains and Ich-1 L lacks a 61 -base-pair exon 
in the region immediately upstream to the region cod- 
ing for the caspase QACRG pentapeptide sequence. 
As a result, the longer Ich-1s transcript produces a 

I&-1s shorter and truncated peptide. 

68 ALTERNATIVE SPLICING AND APOPTOSIS 



in their propeptide domain or 5’ nontranslated region (53, 
54). Presumably these isoforms can be processed to active 

silence a specific pathway. These studies suggest that dif- 
ferent alternative splicing products of the death receptor 

enzymes. 
The Mch-2 (caspase-6) gene has two transcripts, Mch- 

2 a  and Mch-2P. Mch-2P has one-half of its P20 subunit 
coding region deleted and therefore encodes an inactive 
enzyme (55). Alternative splicing of Mch-3 (caspase-7) pre- 
mRNA generates two isoforms, Mch-3a and Mch-3P. Mch- 
3 a  encodes a peptide that can be processed into an active 
caspase, whereas Mch-3 P is produced by alternative splic- 
ing that leads to deletion of the region encoding the caspase 
active site QACRG pentapeptide sequence (56). 

The Role of Alternative Splicing in Regulation 
of PCD 

Alternative splicing allows a high degree of protein 
diversity at low genetic cost. It is clear that alternative splic- 
ing plays an important role in expression of many genes in 
the PCD pathway. The mechanism by which alternative 
splicing may regulate function of these PCD genes can be 
summarized in at least three aspects: 1) regulating subcel- 
lular localization of PCD gene ~ products; 2) modulating 
functional activity of PCD gene products; and 3) possibly 
influencing stability of mRNA and/or translational control. 

Several members of the death receptor family and of 
the Bcl-2 superfamily have both membrane-associated as 
well as soluble forms (Table I). Cellular and subcellular 
localization of these death regulatory molecules are deter- 
mined by including or excluding transmembrane domains as 
a result of alternative splicing. These different isoforms may 
very likely have distinct functions in PCD. Expression of 
two isoforms of TRICK2 that have different sequences be- 
tween the transmembrane domain and the TRAIL-binding 
domain may be involved in regulation of responses to ligand 
binding. Several human Fas-splicing variant mRNAs en- 
code soluble proteins. By using in vitro apoptosis inhibition 
assays, it has been shown that the soluble Fas isoforms 
block Fas-mediated apoptosis induced by agonistic antibody 
(21, 57) and by its natural ligand (58). These soluble Fas 
isoforms are still able to trimerize with Fas, but they are not 
able to form active trimers because they lack other domains 
including the death domain. As a consequence, the signal 
provided by FasL or by Fas antibody is prevented from 
reaching the inside of the cell and results in inhibition of 
apoptosis. Another Fas isoform, FasEX08De1, is an alterna- 
tive splicing product that skips exon 8; therefore, it has a 
downstream change of the reading frame with a premature 
termination codon and elimination of the whole intracyto- 
plasmic death domain, although it has the transmembrane 
domain. FasEX08Del is only expressed in tumor resistant 
clones (22). It is possible that heterotrimers containing the 
FasEX08Del isoform may render the receptor unable to 
couple with relevant death domain-binding effectors or un- 
able to displace death domain-binding effectors. The inabil- 
ity of the receptor to couple with relevant transducers may 

may have distinct roles in the propagation of the apoptotic 
signal. 

Cells may also require two separate intracellular pools 
of Bcl-2 family members, one membrane-bound and the 
other cytosolic. The cytosolic BcZ-2 family members may 
provide an additional level of regulation by homodimerizing 
or heterodimerizing with the integral membrane forms. 

Many members of the Bcl-2 superfamily have multiple 
alternatively spliced transcripts encoding isoforms with dif- 
ferent peptide sequences outside of the transmembrane do- 
main. Because protein-protein interaction has been demon- 
strated as an important mechanism for function of several 
Bcl-2 family members, it is likely that different isoforms 
have different properties in interacting with other proteins 
involved in PCD regulation, therefore, they have different 
roles in cell death. For example, a simple alternative usage 
of two competing 5’ splice sites (Fig. 2) results in formation 
of Bcl-xL and Bcl-xS, which have different protein se- 
quences. Bcl-xL contains a BHUBH2 domain that is deleted 
in Bcl-xS. Association of pro-survival with pro-apoptotic 
proteins, such as Bcl-2/Bcl-xL with BaxlBad, requires the 
BH1 and BH2 domains of the former and the BH3 domain 
of the later. Bcl-xS contains only a BH3 domain and lacks 
the conserved BHl/BH2 domain. The stable expression of 
Bcl-xS had no effect on cell growth in the presence of 
growth factor or on the rate of apoptotic cell death following 
growth factor deprivation (35). However, Bcl-xS could pre- 
vent the ability of the stably expressed Bcl-2/Bcl-xL to in- 
hibit apoptosis upon growth factor withdrawal. Bcl-xS may 
act as a dominant inhibitor of BcZ-2/Bcl-xL by binding the 
BH3 domain. Therefore, the two alternative splicing prod- 
ucts, Bcl-xL and Bcl-xS, have antagonistic activities in cell 
death. The delicate balance of different pro-apoptotic and 
antiapoptotic products of the members of the Bcl-2 super- 
family is likely to play a critical role in determining the 
cell’s susceptibility to death signals. 

Alternative splicing that generates truncated peptides 
may provide an additional mechanism to quantitatively 
regulate gene expression. Production of Baxy might repre- 
sent a splicing strategy to avoid making the full-length Bax 
product, which activates cell death. 

The isoforms in the Bcl-2 and Ced-4 families generated 
by alternative splicing may also regulate interactions be- 
tween members in these two families. Some Bcl-2 family 
members prevent apoptosis induced by a variety of stimuli, 
whereas others promote apoptosis. Competitive dimeriza- 
tion between Bcl-2 and Ced-4 family members is thought to 
regulate their function. Recent findings suggest that Bcl-2/ 
Ced-9 proteins can physically interact with Ced-4, which 
itself binds directly to the Ced-3 family of caspases. Ced-4 
acts as an adaptor molecule between Ced-9 and Ced-3. The 
two splicing variants of Ced-4, Ced-4L and Ced-4S, have 
opposite functions in PCD, suggesting the important role of 
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alternative splicing regulating PCD. Consistent with this, in 
the worm carrying a mutation at the Ced-4S 3‘ splice site, 
Ced-4L expression was increased, and extra cells were 
found due to decreased cell death (48). 

Alternative splicing also appears to regulate the enzy- 
matic activity of caspases. Active caspases consist of a p10 
plus p20 heterodimer produced by cleavage of the precursor 
protein at aspartate residues. Mch2P, Mch3P, Zch-1S all 
encode inactive enzymes because of truncation in the pep- 
tide sequence as a result of alternative splicing. In the vari- 
ous spliced products of ICE, only ICEa and isoforms p and 
y can induce apoptosis. However, inactive isoforms may be 
capable of forming a heterodimer with active enzymes and 
regulating their activity in vivo. 

Alternative splicing is a mechanism for generating 
mRNAs with differential turnover rates or with differential 
properties in translational control (8, 59). For example, 
genes encoding growth factors such as colony-stimulating 
factor- 1 have alternatively spliced transcripts that have dif- 
ferent stability (60,61). Although there has been no specific 
report yet on the stability of the alternatively spliced tran- 
scripts of above mentioned PCD genes, it is conceivable that 
mRNAs encoding these PCD gene isoforms may have dif- 
ferent stability and different properties in translation. For 
example, CPP32p contains a deletion of most of its 5’ un- 
translated region. CPP32a and CPP32p transcripts may 
have differences in their stability and/or ability to regulate 
translation. Further studies will help in understanding why 
so many different isoforms are generated and how they 
function in vivo to control PCD. 

Molecular Mechanism for Regulating the 
Alternative Splicing of PCD Genes 

Regulation of alternative splicing is indicated by tissue 
specificity and developmental stage specificity of the vari- 
ous spliced products involved in apoptosis. For example, 
naive B and T cells express very little LARD-1 but express 
combinations of the other isoforms. Upon T-cell activation, 
a programmed change in alternative splicing occurs so that 
the full-length, membrane-band LARD- 1 predominates. 
Mature neural tissue constitutively expresses the Bcl-xL 
mRNA, whereas immature thymocytes that are in the pro- 
cess of undergoing selection in the thymus express a high 
level of Bcl-xS message. The highest levels of Bcl-xATM 
transcripts were found in two pre-B cell lines and a masto- 
cytoma cell line P815. Bcl-xy isoform in murine tissues is 
restricted: it was only detected in thymus, lymph node, and 
eye, but not brain, heart, intestine, kidney, or liver. Expres- 
sion of Zch-1S is highest in embryonic brain, and only Zch- 
1L is expressed in adult thymus. 

Very little is known about molecular mechanisms that 
regulate alternative splicing of these important PCD genes. 
Since the discovery of the split gene more than 20 years ago, 
tremendous effort has been expended to identify the mo- 
lecular components of splicing machinery and try to under- 
stand regulatory mechanisms controlling alternative splic- 

ing (8-14,61,62). cis-Elements essential for intron removal 
most frequently are found at the exodintron boundaries 
although some splicing enhancer or repressor sequences 
have been identified within the exon and intron. As to the 
transacting factors involved in splicing, biochemical studies 
have revealed a large number of protein factors in addition 
to small nuclear ribonucleoproteins (snRNPs) (12, 13). 

A critical issue in pre-mRNA splicing and alternative 
splicing regulation is specific recognition of splice sites and 
proper association between appropriate 5 ’ and 3 ’ splice 
sites. Biochemical studies using vertebrate splicing sub- 
strates as well as genetic studies using yeast systems pro- 
vide compelling evidence that snRNPs including U1, U2, 
and U5 play essential roles in splice-site recognition and 
association (reviewed in Refs. 8-14, 61, 63). Recent work 
using mammalian and viral splicing substrates indicates that 
several families of proteins play essential roles in assem- 
bling spliceosomes and regulating alternative splicing. 
These include the heteronuclear ribonucleoproteins family 
(hnRNP proteins), proteins containing serine-arginine-rich 
sequences (SR proteins), and specific RNA-binding pro- 
teins (such as proteins binding to the polypyrimidine tract 
and branch site) (13). 

Splicing factors of the serine-arginine-rich (SR) and 
heterogeneous nuclear ribonucleoprotein (hnRNP) families 
are emerging as important alternative splicing regulators 
(8-14, 64, 65). Several studies have suggested that SR pro- 
teins and an hnRNP protein, hnRNPA1, have antagonistic 
effects on splice site selection (66-68). 

To understand the molecular mechanism underlying al- 
ternative splicing regulation of the genes involved in PCD, 
we have established a model system using a murine Zch-1 
minigene. In transfected cells, Ich- 1 minigene underwent 
alternative splicing that was similar to what was observed in 
vivo. Using this Zch-1 system, we have demonstrated that 
several splicing factors can regulate Zch- 1 alternative splic- 
ing of both the cotransfected minigene and the endogenous 
gene (Jiang ZH et al., unpublished data). SR proteins in- 
cluding SC35 and ASF/SF2 promote exon skipping to pro- 
duce Zch- 1 L, whereas hnRNPA 1 facilitates exon inclusion 
to produce Zch- 1 S. Most interestingly, we have found that 
these splicing factors can regulate apoptosis in a manner 
consistent with their regulation of Zch- 1 pre-mRNA splic- 
ing. The opposite effects of SC35 and hnRNPA1 on apop- 
tosis suggest that the relative concentrations and activities 
of such splicing factors may provide a previously unsus- 
pected regulatory mechanism for controlling cell death and 
survival. 

In addition to relative concentrations of SR proteins and 
their antagonistic hnRNP proteins, other mechanisms could 
regulate functional activities through modification of these 
proteins such as reversible protein phosphorylation. Several 
kinases capable of phosphorylating SR proteins have been 
identified. Some phosphatase activities associated with 
spliceosome have also been reported (65). Another potential 
link between SR proteins and apoptosis regulation is the 
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association of phosphorylated SR proteins including SC35 
with the U1 -snRNP complex in cells undergoing apoptotic 
cell death (69). 

Our recent work on dissection of molecular compo- 
nents of the splicing machinery involved in alternative 
splicing of the PCD gene suggest that multiple factors con- 
tribute to the complex and dynamic alternative splicing pat- 
tern of these PCD genes (Jiang and Wu, unpublished data). 
Further study is necessary to elucidate mechanisms under- 
lying alternative splicing regulation during PCD. 

Summary 
Numerous genes involved in PCD undergo alternative 

splicing to produce multiple isoforms with distinct function 
in cell death. Alternative splicing not only generates prod- 
ucts with different subcellular localization (membrane- 
associated versus soluble proteins) but also produce proteins 
with different functions. Molecular analyses of expression 
and regulation of these genes have suggested a potentially 
very important role of alternative splicing in regulating 
PCD. So far, very little is known about molecular mecha- 
nisms controlling alternative splicing of these PCD genes. 
Our work using Zch-1 as a model system has initiated mo- 
lecular dissection of the link between alternative splicing 
and PCD regulation. Further study is necessary to elucidate 
the role of alternative splicing in modulation of PCD and 
mechanisms underlying this important alternative splicing 
regulation. 

We would like to thank members of the Wu lab for their critical 
reading of the manuscript. 
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