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Summary 

We report the isolation of b&x, a b&2-related gene 
that can function as a bcl-24ndependent regulator of 
programed ceil death (apoptosis). Alternative splicing 
results in two distinct b&x mRNAs. The protein prod- 
uct of the larger mRNA, bcl-XL, is similar in size and 
predicted structure to Bci-2. When stably transfected 
into an IL-3-dependent ceil line, b&xl. inhibits cell 
death upon growth factor withdrawal at least as well as 
b&2. Surprisingly, the second mRNA species, bcl-xs, 
encodes a protein that inhibits the ability of bcl-2 to 
enhance the survival of growth factor-deprived ceils. 
In vivo, bcl-xs mRNA is expressed at high levels in cells 
that undergo a high rate of turnover, such as devel- 
oping lymphocytes. In contrast, b&XL is found in tis- 
sues containing long-lived postmitotic ceils, such as 
adult brain. Together these data suggest that b&x 
plays an important role in both positive and negative 
regulation of programed ceil death. 

The control of cell number in muiticeiiuiar eukaryotes rep- 
resents a balance between ceil proliferation and cell death. 
Although a great deal has been learned in recent years 
about the regulation of ceil proliferation, relatively little is 
known about the regulation of cell death (for reviews see 
Ellis et al., 1991; Raff, 1992). Recently, attention has be- 
gun to focus on the mechanisms that regulate programed 
ceil death (apoptosis) (Williams, 1991). Apoptosis is an 
active process by which many ceils die during deveiop- 
merit and self-maintenance in complex eukaryotes (Kerr 
et al., 1972). Cell death by apoptosis occurs when a ceil 
activates an internally encoded suicide program as a result 
of either extrinsic or intrinsic signals. Apoptotic cell death 
is characterized by plasma membrane biebbing, cell vol- 
ume loss, nuclear condensation, and endonucleoiy-tic deg- 
radation of DNA at nucieosomal intervals (Wyilie et al., 
1960). 

Two of the best-studied vertebrate systems in which pro- 
gramed ceil death plays a role are neural and lymphoid 

development. During T cell development in the thymus, 
each individual T cell precursor generates a unique T cell 
antigen receptor by combinatorial rearrangement of T cell 
antigen receptor gene segments, and the cell subse- 
quently undergoes a series of selection processes (for re- 
views see Blackman et al., 1990; Rothenberg, 1992). T 
ceils expressing autoreactive T cell antigen receptors are 
deleted by apoptosis as a result of negative selection (Mur- 
phy et al., 1990). Other cells undergo positive selection 
through interaction with self-encoded major histocompati- 
bility complex molecules expressed on thymic stromal 
cells, a process that prevents programed cell death and 
results in the subsequent major histocompatibiiity com- 
plex restriction of the mature T cell repertoire. An addi- 
tional set of thymic cells are thought to die as a result of 
neglect, the absence of either negative or positive seiec- 
tion. Extensive cell death also occurs in the developing 
nervous system (for reviews see Cowan et al., 1964; Da- 
vies, 1987; Oppenheim, 1991). Following an initial expan- 
sion of neurons during development, a significant reshap- 
ing of neural structures occurs as a result of the 
establishment of synaptic interactions. During this reshap- 
ing period, the survival of neurons appears to be deter- 
mined by their supply of neurotrophic growth factors. Ceils 
that become growth factor deficient die by apoptosis. Once 
synaptic connections are established, the surviving neu- 
rons develop into postmitotic ceils with extended life 
spans. Thus, programed cell death plays an essential role 
in lymphoid development by removing autoreactive T cells 
and within the nervous system by facilitating the establish- 
ment of effective synaptic networks. 

Because of the importance of programed cell death to 
these developmental processes, considerable interest 
has arisen in genes that are capable of regulating 
apoptosis. One of the most important advances in our un- 
derstanding of the regulation of apoptotic cell death in 
vertebrates has come from studies of the oncogene IX/-2. 
bcl-2wasoriginallyclonedfrom the breakpointof at(14;18) 
translocation present in many human B cell iymphomas 
(Cleary et al., 1986; Tsujimoto and Croce, 1986). This 
translocation results in the deregulated expression of the 
bcC2 gene as a result of its juxtaposition with the immuno- 
globulin heavy chain gene locus (Bakhshi et al., 1985). In 
vitro, bcl-2 has been shown to prevent apoptotic ceil death 
in cultured ceils that are deprived of growth factors (Vaux 
et al., 1988; Hockenbety et al., 1990; Nufiez et al., 1990; 
Borzilio et al., 1992; Garcia et al., 1992). However,  bcl-2 is 
not able to block apoptosis in all ceils induced by cytokine 
deprivation or receptor-mediated signaling. For example, 
bcl-2 prevents apoptosis in hematopoietic cell lines depen- 
dent on interleukin-3 (iL-3), 114, or granuiocyte macrophage 
colony-stimulating factor, but it fails to prevent apoptosis 
in other cell lines following IL-2 or IL-6 deprivation (Nutiez 
et al., 1990). Overexpression of bcl-2 also fails to prevent 
antigen receptor-induced apoptosis in some B ceil lines 
(Cuende et al., 1993). in vivo, bcl-2 prevents many, but 
not all, forms of apoptotic ceil death that occur during 
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lymphoid (Sentman et al., 1991; Strasser et al., 1991a, 
1991 b; Siegel et al., 1992) and neural (Allsop et al., 1993) 
development. Expression of abcl-2 transgene can prevent 
radiation- and calcium ionophore-induced apoptotic cell 
death in thymocytes but does not inhibit the process of 
negative selection (Sentman et al., 1991; Strasser et al., 
1991a). Similarly, overexpression of bcl-2 can prevent 
apoptosis in neurons dependent on nerve growth factor 
but not neurons dependent upon ciliary neurotrophic fac- 
tor (Allsop et al., 1993). These results suggest the exis- 
tence of multiple independent intracellular mechanisms 
of apoptosis, some of which can be prevented by bcC2 and 
others of which are unaffected by this gene. Alternatively, 
these additional pathways may involve proteins that differ- 
entially regulate bcl-2 function. 

Our  interest in apoptosis arose as a result of our studies 
characterizing avian lymphoid development and pro- 
gramed cell death in the chicken bursa of Fabricius and 
thymus. In an initial series of studies, we used low strin- 
gency hybridization with a murine bcl-2 cDNA probe in an 
attempt to identify&/-Prelated genes in chicken lymphoid 
cells. One of the clones we isolated, bcl-x, contains an 
open reading frame that displayed 44% amino acid iden- 
tity with human or mouse bc/-2. Southern blotting revealed 
that chicken b&x is encoded by a gene that is distinct 
from chicken bcl-2. Chicken b&x was subsequently used 
to isolate two distinct cDNAs derived from the human bcl-x 
gene. These two cDNAs differ in their predicted open read- 
ing frames. One cDNA, b&XL, contains an open reading 
frame with 233 amino acids with similar domains to those 
previously described for bcl-2. The other cDNA, bcl-xs, 
encodes a 170 amino acid protein in which the region of 
highest homology to bcl-2 has been deleted. The differ- 
ence in these two cDNAs arises from differential usage 
of two 5’ splice sites within the first coding exon. When 
the ability of these two proteins to regulate apoptotic cell 
death was compared, it was found that bcl-xL rendered 
cells resistant to apoptotic cell death upon growth factor 
deprivation, while bcl-xs could prevent overexpression of 
bcl-2 from inducing resistance to apoptotic cell death. 
Thus, it appears that the regulation of both expression 
and splicing of bcl-xduring development may play a critical 
role in determining the susceptibility of cells to programed 
cell death. Consistent with this hypothesis, we have found 
that immature thymocytes that are in the process of under- 
going selection in the thymus express a high level of bcl-xs 
message. The expression of bcl-xs could potentially ac- 
count for the inability of bcl-2 to prevent death by negative 
selection in this cell population. bcl-xs can function as a 
dominant regulator of cell death even in the presence of 
high level bcl-2 expression. In addition, we have found 
that mature neural structures constitutively express only 
the bcl-xL mRNA. Thus, bcl-xL may contribute to the resis- 
tance to programed cell death and long-term viability of 
this important postmitotic cell population. Together, our 
studies suggest that the two bcl-xgene products may regu- 
late one or more bc/-2-dependent or bcl-Pindependent 
pathways of apoptotic cell death. 

Results 

Cloning of b&x 
Avian lymphocytes develop in two distinct organs, the 
bursa of Fabricius and the thymus. B and T cells devel- 

Figure 1. Nucleotide Sequence and Predicted Open Reading Frame 
of Chicken b&x 

(A) The nucleotide sequence of chicken bc/-x represents a composite 
sequence derived from a cDNA clone and the corresponding genomic 
clone. The cDNA consisted of a 1.3 kb clone whose Vend is indicated 
by the arrow. The 5’ end of the sequence has been obtained from a 
genomic clone and shows the S’end of a predicted open reading frame 
as well as 257 additional nucleotldes ending with a 5’ Narl site. The 
putative initiation codon conforms poorly to the consensus eukaryotic 
translation initiation sequence, while a consensus eukaryotic initiation 
sequence appears out-of-frame 32 nt 5’ of this site. Both the cDNA 
and genomic sequences end at a natural EcoRl site. 
(B) The amino acid alignment of the predicted open reading frame 
from chicken M-x (upper sequence) to the open reading frame from 
the human bcl-28 cDNA sequence (lower sequence). A search of Gen- 
Bank revealed that b&x displayed significant homology to all forms 
of b&2 present in GenBank. with highest homology to thebcl-& form. 
It appears that, like the L1c1-2~ cDNA. the b&x cDNA arose from an 
unspliced RNA, since it is cOlinear with the genomic sequence from 
which it is derived. 
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Figure 2. b&x mRNA Expression in Tissues Isolated from a Newly 
Hatched Chicken 

Tissue mRNAs isolated from a chicken on the day of hatching were 
hybridized with a chicken L&x-specific probe as well as a murine bcl-2 
probe. At hatching, high levels of bcl-x mRNA were also observed in 
the bursa and spleen (data not shown). While the murine b&P probe 
recognized a 6.5 kb mRNA, indicated by the arrow, that was present 
in all tissues tested, the bcl-x probe hybridized to a 2.7 kb mRNA, 
indicated by the arrow. 

oping in these organs share a common feature in that 
cells from both locations undergo the rapid induction of 
programed cell death upon removal from the stromal com- 
ponents of the organ (Cooper et al., 1991; Neiman et al., 
1991). Previous work in mammals has suggested that the 
bcC2 proto-oncogene may play a role in the regulation of 
,this event (McDonnell et al., 1989; Sentman et al., 1991; 
Strasser et al., 1991a). Therefore, we used a murine bcl-2 
cDNA probe in an attempt to clone the avian bcl-2 homolog 
by low stringency hybridization. In the course of this project 
we isolated one clone, bcl-x, that displayed a pattern of 
hybridization that was distinct from the pattern we had 
obtained using the murine bcl-2 probe on Southern blots of 
chicken genomic DNA. The nucleotide sequence of bcl-x 
displayed low level sequence identity (58%) with bcl-2 and 
contained an open reading frame that showed significant 
similarity to the open reading frame found in the unspliced 
bcl-2@ transcript derived from the bcl-2 gene in both hu- 
mans and mice (Figures 1A and 16). Sequencing of a 
genomic fragment containing b&x demonstrated that our 
1.3 kb cDNA had also arisen from a linear genomic se- 
quence in the absence of splicing. This feature of the se- 
quences raised the possibility that the bcl-x cDNA may 
have arisen from an unprocessed pseudogene present 
within the avian genome. Therefore, additional studies 

were performed to determine whether b&x represented 
a functional bcl-2-related gene. 

bcl-x Is Expressed in Many Tissues and Is Highly 
Conserved in Vertebrate Evolution 
To characterize bcl-x further, its expression pattern was 
examined. Northern blot analysis of various tissue RNA 
samples isolated from a newly hatched chicken revealed 
that a b&x-specific probe hybridized to a 2.7 kb mRNA 
species present at highest levels in the thymus, bursa, and 
central nervous system (Figure 2). In contrast, a murine 
bcl-2-specific probe recognized an mRNA species of ap- 
proximately 8.5 kb present at roughly equal levels in all 
t issues assayed. 

We also examined the evolutionary conservation of b&x 
by probing Southern blotscontaining chicken, mouse, and 
human DNA with bcl-2 and b&x probes. Using chicken 
bcl-x and mouse bcl-2 probes isolated from the region of 
highest sequence identity between chicken bcl-x and the 
first coding exon of murine bcl-2, we found that both probes 
hybridized efficiently to DNA from all three species. How- 
ever, the bcl-x and bcl-2 probes bound to distinct segments 
of genomic DNA, suggesting that they were recognizing 
independent sequences, both of which have been highly 
conserved during vertebrate evolution (data not shown). 
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Figure 3. Predicted Amino Acid Sequence of Human mRNAs Related 
to Chicken b&x 
Thepredictedopen readingframesfrom thetwodistinct humancDNAs 
(bcl-xL and bcl-xs) with homology to chicken bcl-x are displayed in 
comparison with human bcl-2. (bcl-2). Areas of amino acid identity 
between human Bcl-2 and human Bcl-x are indicated by stippling. 
The 63 amino acid region of human Bcl-xL deleted in human Bcl-xs is 
denoted by dots. A predicted 19 amino acid hydrophobic domain and 
flanking charged residues that are present in both Bcl-2 and Bcl-x 
are indicated by underlining and asterisks, respectively. The average 
hydrophobicity of this domain, which is present in both Bcl-XL and 
Bcl-xS, is 1.3 as calculated by the method of Kyte and Doolittle. This 
domain in Bcl-2 has previously been shown by Chen-Levy and Cleary 
(1990) to be required for the membrane localization. 



Figure 4. Translational Products of bcl-xL and bcl-xs mRNAs 

Both bcl-xL and bcl-xs mRNAs were subjected to in vitro translation in 
the presence of 35S-radiolabeled methionine. The resulting translated 
proteins were run on an SDS-polyacrylamide gel. Sizes of the resulting 
proteins are indicated on the right in kd. The result of a translation 
reaction using b&a antisense mRNA (&/-XL-as) is shown as a control 
to demonstrate the specificity of the translational products. 

Identification of Two Distinct Human IX/-X cDNAs 
To study the potential significance of bcl-xfurther, we next 
attempted to clone human homologs of M-x. By screening 
multiple cDNA libraries, we identified two separate types 
of human bcl-xcDNAs that contained distinct open reading 
frames flanked by identical 5’ and 3’ untranslated se- 
quences. The larger type of cDNA, bcl-xL, contained an 
open reading frame with greater than 76% nucleotide and 
74% amino acid identity (65% amino acid similarity) to 
chicken &l-x. However,  the human bc/-xL cDNA diverged 
from the chicken bcl-xsequence at a position correspond- 
ing to where the two coding exons of bcl-2 are joined to 
form the bcl-2, transcript and where be/-2a diverges from 
bc/-2e. Thus, human bcl-xL displays greater similarity to 
bcl-2, than bc/-2b. It is the bcl-2, transcript that encodes 
the functional activities previously ascribed to the bcl-2 
gene. From the point of its divergence from the chicken 
bcl-x sequence, the human bcl-xL open reading frame ex- 
tends another 45 amino acids before a termination codon 
is reached. The first 7 out of 6 of these novel amino acids 
were identical to amino acids encoded by the second cod- 
ing exon of bcl-2 and present in the bcl-2,, but not the 
bcl-2@, mRNAs of both human and mouse (Figure 3; Tsuji- 
moto and Croce, 1986; Negrini et al., 1987). The last 36 
amino acids encoded by bcl-xL also showed significant 
sequence similarity to the hydrophobic domain of Bcl-2, 
thought to play a role in the insertion of the Bcl-2 protein 
into cytoplasmic membranes (Chen-Levy et al., 1989; 
Chen-Levy and Cleary, 1990). Consistent with the addition 
of these novel bcl-xL sequences as a result of mRNA pro- 
cessing, the genomic sequence that encodes the last 45 
amino acids of bcl-xL is found on a separate exon from 
the exon that encodes the rest of the open reading frame 
(H. Yang and C. B. T., unpublished data). 

The second type of human bcl-x-derived cDNA we identi- 
fied, bcl-xs, differs from bcl-xL because it lacks the se- 
quence that encodes a stretch of 63 amino acids present 
within the bcl-xL open reading frame (this region is indi- 
cated by a dotted line in Figure 3). This deletion occurs 
as a result of the splicing of the second coding exon ob- 
sewed in bcl-xL to a more proximal 5’ splice donor within 
the first coding exon. The addition of the 45 amino acids 
derived from the second coding exon begins precisely at 
the position of a potential splice donor site, AG/GT, located 
within the open reading frame of bcl-xL. The use of this 
splice donor site in forming the bcl-xs cDNA results in the 
deletion of the 63 amino acid sequence that displays great- 
est similarity between bcl-2 and bcl-x. This amino acid 
sequence displays 73% identity with the same region in 
human Bcl-2. This region of bcl-2 is also the most highly 
conserved region among chicken, murine, and human 
bcl-2 (Cazals-Hatem et al., 1992; Eguchi et al., 1992). 

To demonstrate that the bcl-xL and bcl-xs open reading 
frames could lead to an appropriately sized protein prod- 
uct, both cDNA species were transcribed as RNA and then 
subjected to in vitro translation. As seen in Figure 4, both 
bcl-xL and bcl-xs cDNAs resulted in translational products 
of the approximate size predicted by the open reading 
frames. 

bcl-xL Can Serve as an Inhibitor of Apoptotic 
Cell Death 
Because of the close similarities between the bcl-xL and 
the functional form of bcl-2, be/-2a, we sought to determine 
whether bcl-xL could serve a similar function in preventing 
apoptotic cell death. To this end, the murine IL-3-depen- 
dent prolymphocytic cell line FL5.12 was transfected with 
the human bc/-xL cDNA inserted into the EcoRl cloning 
site of the pSFFV-Neo expression plasmid. Cells were se- 
lected for neomycin resistance for 10 days and then used 
as a polyclonal population to test their resistance to 
apoptosis following removal of IL-3. bcl-XL--transfected 
cells had similar growth kinetics to the parental cell line 
as well as to neomycin-transfected control cells. For com- 
parison, cells were also transfected with the human bcl-2, 
open reading frame inserted in the EcoRl cloning site of 
pSFFV-Neo. Neomycin-resistant cells were then sub- 
jected to IL-3 deprivation, and the number of surviving 
cells was calculated in triplicate beginning at the time of 
IL-3 deprivation. As can be seen in Figure 5, FL5.12 cells 
transfected with the neomycin construct alone underwent 
rapid cell death following the removal of the growth factor. 
Serial examination revealed that these cells underwent 
apoptosis, as manifested by plasma membrane blebbing, 
cell volume loss, nuclear condensation, and degradation 
of nuclear DNA at nucleosomal intervals, as previously 
reported (Hockenbery et al., 1990; Nuiiez et al., 1990). In 
contrast, bcl-2-transfected cells demonstrated significant 
resistance to cell death and could be readily induced to 
reenter the cell cycle upon readdition of IL-3. Expression 
of Bcl-2 in greater than 95% of the bulk transfected cells 
was demonstrated by specific staining with a BclQ-specific 
monoclonal antibody. 

When stable bcl-xL transfectants were subjected to IL-3 
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Figure 5. The Effect of b&xl Expression on FL5.12 Cell Survival fol- 
lowing IL-3 Withdrawal 
Stable transfectants of FL512 with the pSFFV-Neo vector containing 
bc/-xL in the forward (bcl-xL; closed square) and reverse (bcl-xLrev; 
open square) orientations, bcl-2 (closed triangle), bcl-2 + bcl-xL (closed 
diamond), and vector control (Neo; closed circle) were prepared as 
described in Experimental Procedures. Cell survival was determined 
by trypan blue exclusion at the indicated time points. Data are pre- 
sented as the mean f SD of triplicate cultures. 

deprivation, they displayed dramatic resistance to cell 
death with essentially no loss of cell viability over the 8 
day culture period. This resistance to cell death was signifi- 
cantly greater than the resistance of bcl-Btransfected cells 
in which there was a reproducible 50% decrease in surviv- 
ing cell number over a similar time period (Figure 5). Co- 
transfection of bc/-2 and bcl-xL did not improve cell survival 
beyond that of transfection with bc/-xL alone. The dramatic 
survival of bcCxL-transfected cells was not due to ongoing 
cell proliferation as a result of transformation or the induc- 
tion of growth factor-independent cell proliferation. Fol- 
lowing IL-3 deprivation, the cells rapidly took on a quies- 
cent phenotype, arresting in a GO/G1 phase of the cell 
cycle as measured by cell size and DNA content, and did 
not reenter cell cycle until IL-3 was readded. Readdition 
of IL-3 led to rapid blast transformation and cell cycle pro- 
gression (data not shown). These data suggest that ex- 
pression of bc/-xL can lead to significant resistance to 
apoptotic cell death that is at least as great as that con- 
ferred by bcl-2. This properly of bcl-x,-transfected cells 
does not appear to result from cellular transformation that 
results in IL&independent cell growth. 

bcl-xs Can Inhibit the Ability of bcl-2 to Prevent 
Apoptotic Cell Death 
To determine whether the bcl-xs isoform of b&x plays a 
role in the regulation of apoptotic cell death, FL5.12 cells 
were stably transfected with a human bcl-xs expression 
plasmid (Figure 6). Stable transfectants were easily iso- 
lated, and their expression of bcl-xs mRNA was confirmed 
by Northern blot analysis (Figure 6C). In the presence of 
IL-3, these cells appeared morphologically normal and dis- 
played growth characteristics indistinguishable from the 
parental cells or neomycin-transfected controls. Futther- 
more, the cells died with kinetics indistinguishable from 

neomycin-transfected control cells upon deprivation of IL-3. 
bcl-2-transfected cells again displayed characteristic re- 
sistance to apoptotic cell death upon removal of IL-3. Re- 
markably, however, when bcl-xs was cotransfected with 
bcl-2 and stable transfectants were isolated, the cells reac- 
quired sensitivity to growth factor withdrawal, undergoing 
apoptotic cell death upon IL-3 deprivation. Nevertheless, 
there was a significant delay in the onset of cell death 
within this polyclonal population. The sensitivity to IL-3 
deprivation of cells cotransfected with bcl-2 and bcl-xs was 
not the result of reduced Bcl-2 expression, since bulk pop- 
ulations of both b&2- and bcC2 + bcl-xrtransfected cells 
displayed roughly equivalent levels of Bcl-2 protein. To 
determine the magnitude of the ability of bcl-xs to inhibit 
bcl-2 function, a number of subclones were isolated from 
the cotransfected population of cells. All of these cells 
expressed high levels of transfected bcl-2, and all demon- 
strated a reduced resistance to apoptotic cell death upon 
growth factor withdrawal, with some clones demonstrating 
an almost complete abrogation of bcl-2 function in the 
presence of bcl-xs expression (Figure 6B). Furthermore, 
when assayed at 24 and 48 hr after IL-3 deprivation, DNA 
from cells cotransfected with bcl-2 and bcl-xs showed a 
clear nucleosomal pattern of degradation, while DNAfrom 
cells transfected with bcl-2 alone or bcl-xL alone did not 
(data not shown). Although there was a rough correlation 
between the inhibition of bcl-2 function and the bcl-xs 
mRNA levels expressed by the cells, the precise stoichi- 
ometry between bcl-xs expression and bcl-2 functional in- 
hibition could not be determined further because of our 
inability to quantitate bcl-xs protein levels at the present 
time. Nevertheless, in three independent bulk transfec- 
tions and in all subclones that coexpress both bcl-2 and 
bcl-xs, we observed significant inhibition of bcl-2-induced 
resistance to apoptosis by coexpression of bcl-xs. The av- 
erage survival of bcl-Btransfected cells 96 hr after IL-3 
removal was 79% f 14% (mean f SD, n = 3), while 
the average survival of subclones coexpressing bcl-2 and 
bcCxs was 8% f 8% (mean + SD, n = 6). 

This induction of apoptotic cell death required that the 
bcl-xs construct be expressed in the sense orientation, as 
stable introduction of a pSFFV-Neo plasmid containing 
bcl-xs cloned in the antisense orientation had no effect on 
the ability of bcl-2 to prevent apoptotic cell death upon 
growth factor deprivation (data not shown). Together, 
these data suggest that the expression of the bcl-xs iso- 
form of the bcl-x gene may play an important and appar- 
ently dominant role in regulating the ability of other growth 
survival genes such as bcl-2 to prevent apoptotic cell 
death. Thus, high level expression of bcl-xs appears to 
make the FL512 ceils absolutely dependent upon growth 
factor, rendering them resistant to the ability of bcl-2 to 
prevent apoptosis upon growth factor withdrawal. 

Expression of bcl-x during T Cell Development 
and Activation 
The highest level of mRNA for bcl-x in chickens was ob- 
served in the organs where lymphoid development takes 
place. To characterize further the expression of b&x in 
human lymphocytes, we analyzed its expression in human 
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Figure 6. Stable Expression of bc/-xs Prevents 
bc/-Plnduced Survival of FL512 Cells upon 
IL-3 Withdrawal 
(A) Stable transfectants of FL512 expressing P n---i\ / / M-2 (closed circle), bcl-xs (closed triangle), 
bcl-2 + bc/-xs (open circle), or the selectable 

Fluorescence 

marker neomycin (Neo; closed square) alone 
were prepared as described in Experimental 
Procedures. In addition, individual subclones 
of bcl-xs (M-xs Clone 1 [open square] and bcl- 
xs  Clone 2 [closed diamond]) were analyzed. 
At time 0, exponentially growing cells were 
withdrawn from IL-3 support, and survival was 
analyzed over time by trypan blue exclusion. 
The lower portion of the figure shows the flow 
cytometry analysis of the neomycin (Neo), 
bcl-2, and bcl-2 + bcl-xs bulk populations. Cells 
were permeabilized as indicated in Experimen- 
tal Procedures and then stained with a mono- 
clonal antibody specific for human bcl-2 (thick 
line) or an irrelevant control antibody (thin line). 
(6) Survival of individual bcl-2 + bcl-x, sub- 
clones following IL-3 withdrawal. The survival 

of subclones expressing both bcl-2 and bcl-xs was analyzed following growth factor withdrawal as described above (bcl-2 + 6c/-xs Clone 1 and 
M-2 + bc& Clone 2). The lower half of the figure shows flow cytometry analysis for @2 expression in the neomycin, bd-2, b&2 + bcr-xs Clone 1, 
and bcl-2 + bc/-xs Clone 2 populations. Cells were permeabilized as described in Experimental Procedures and then stained with a monoclonal 
antibody specific for human bcl-2 (thick line) or an irrelevant control isotype-matched antibody (thin line); the data are displayed as fluorescence 
intensity versus cell number. 
(C) Expression of b&x RNA in stably transfected FL5.12 cell lines. RNA was isolated from each of the clones indicated above and analyzed on a 
Northern blot by hybridization with b&x-specific and p-actin-specific probes. 

thymocytes and peripheral blood T cells. As seen in Figure confined to the immature double-positive thymocytes, 
7, bcl-x mRNA can be readily detected in human thymo- which express both CD4 and CD8. bcl-x mRNA was not 
cytes. However,  upon fractionation of human thymocytes detected in unstimulated mature single-positive (CD4+- 
into immature and mature populations, we found that, in CD8- and CDCCD8*) thymocytes or in peripheral blood 
the absence of mitogen stimulation, bcl-x expression is T cells. A significant difference in these populations was 
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Figure 7. Expression of ccl-x in Human Thymocytes and T Cells 

To examine the expression of ccl-x during T cell development, RNA 
was prepared from unseparated thymocytes, immature thymocytes, 
mature thymocytes, and peripheral blood T cells as described in Ex- 
perimental Procedures. The immature thymocytes, mature thymo- 
~cytes, and T cell populations were further analyzed by stimulation in 
vitro with PMA and ionomycin for 6 to 8 hr in complete media. Resulting 
RNAs were isolated by the guanidinium isothiccyanate method and 
subjected to Northern blot analysis. The top panels demonstrate the 
equalization of the RNA samples used for analysis, and the lower two 
panels represent hybridization with a ccl-x-specific probe or a human 
leukocyte antigen (HLA) class l-specific probe. 

also uncovered when these isolated cell populations were 
stimulated with the mitogenic combination of phorbol my- 
ristate acetate (PMA) and ionomycin. Six hours of stimula- 
tion with PMA and ionomycin had no effect on bcl-x mRNA 
expression in double-positive thymocyte populations but 
induced a dramatic increase in bcl-x mRNA expression in 
both single-positive thymocytes and peripheral blood T 
cells. Thus, it appears that bcl-x mRNA is expressed con- 
stitutively in T cells with immature phenotypes that are in 
the process of undergoing developmental selection. Cells 
that have completed developmental selection down- 
regulate the expression of b&x, but b&x expression can 
be rapidly induced by T cell activation. 

bcC2 has also been reported to be induced upon T cell 
activation (Graninger et al., 1987; Reed et al., 1987), and 
we sought to compare the kinetics of bcl-x induction with 
that of bcl-2 induction in peripheral blood T cells. Periph- 
eral blood T cells were isolated at various time points after 
activation with a mitogenic combination of PMA and iono- 
mycin (Figure8). bcl-xwas rapidly induced upon activation 
with detectable mRNA, appearing within the first 6 hr after 
stimulation. Thereafter, bcl-x mRNA was expressed at a 
relatively constant level. In contrast, bcl-2 mRNA was first 
detected between 6 and 12 hr after activation and under- 
went progressive accumulation over the first 24 hr in cul- 
ture following mitogen activation. Similar results were ob- 
tained following antigen-receptor cross-linking (data not 

PMA + ION0 
’ 0 6 12 24’hrs 

RNA 
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Figure 8. Pattern of ccl-xand bcl-2 mRNA Induction Following Periph- 
eral Blood T Cell Activation 

Peripheral blood T cells were isolated as described in Experimental 
Procedures and then subjected to activation with a combination of 
PMA and ionomycin for 0, 6, 12, or 24 hr, as indicated. The relative 
induction of cc/-x and bcl-2 was analyzed by equalizing RNA from 
the different time points for ribosomal RNA (upper panel). Duplicate 
Northern blots were probed for either bcl-x or bc/-2 and human leuko- 
cyte antigen (HLA) class I mRNA. In the data shown, the bc-x autora- 
diogram has been exposed for 8 hr, while the bc/-2 autoradiogram 
has been exposed for 15 days; both probes were of similar length and 
base composition. 

shown). Since the two probes used to detect bcl-x and 
bcl-2 are of similar size and GC content, we were able to 
estimate the differences in the steady-state mRNA levels 
between bcl-x and bcl-2. There appears to be an approxi- 
mately 50-fold difference in the steady-state accumulation 
of bcl-x and bcl-2 mRNA, even after 24 hr of cell activation. 
Thus, bcl-x mRNA accumulation occurs more rapidly and 
to a higher steady-state level than does the induction of 
bcl-2 mRNA upon T cell activation. How closely these dif- 
ferences in mRNA expression correlate with differences 
in the protein level cannot be determined at present. Such 
analyses will also be important since bcl-2 mRNA and pro- 
tein levels do not always correlate well in human lymphoid 
tissues (Chleq-Deschamps et al., 1993). 

Tissue-Specific Expression of bcl-xL and bcl-xs 
The difference in size between the bcl-xL and bcl-xs cDNA 
is too small to distinguish by Northern blot analysis. To 
determine which forms of the mRNA are being expressed 
during T cell development and activation, we utilized the 
polymerase chain reaction (PCR) to quantitate the relative 
abundance of the two mRNAs in a series of RNA samples 
(Figure 9). PCR primers that bind to sequences shared 
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Figure 9. Analysis of Relative Proportions of 
bc/-xs and bc/-XL mRNAs Expressed in Human 
Thymocytes, T Cells, and Adult Brain 

PCR primers that flank the 5’ and 3’ ends of 
the open reading frame of bc/-XS, as described 
in Experimental Procedures, were used to am- 
plify bcl-xL and bcl-xs simultaneously. Using 
these primers, RNAs from various sources 
were subjected to PCR analysis. When abcl-x, 
template was utilized, a single band of 591 bp 
was produced, whereas when a bcl-x, template 
was used, a single band of 760 bp was ob- 
sewed. Molecular weight markers from Haelll- 
digested 6X 174 are indicated (M). 
(A) Lanes represent products from PCRs using 
a bcl-xs template and a bcl-xL template, and 
using RNA from unstimulated peripheral blood 
T cells, peripheral blood T cells stimulated for 
6 hr with PMA and ionomycin, unseparated hu- 
man thymocytes, and adult brain. The identifi- 
cation of the observed bands in the tissue sam- 
ples as bcl-xL and bc/-xS has been verified by 
cloning and partial sequencing of PCR prod- 
ucts of reverse transcribed RNA from each of 
the tissue sources. 

(8) A titration curve to demonstrate the validity of the PCR assay in quantitating the relative ratios of bc/-xL and bcl-xs. The figure depicts the 
products of PCRs separated on 1% agarose gels and stained with ethidium bromide. The PCR was performed using a ratio of bcl-x&c/-xS that 
varied from &IO to 10:0 in unit increments. The resulting products reflect the relative proportions of b&x, and M-xs template added to the reac- 
tion mix. 

by bc/-xL and bcl-xs and that flank the region that is deleted 
in bcl-xs were used as primers to amplify mRNA following 
reverse transcription. These two primers are located on 
separate coding exons, and therefore the product of any 
contaminating genomic DNA will be considerably larger 
than the products of the RNA species of interest. Under 
the conditions of the PCR reactions, the relative ratios of 
the two bcl-x mRNA species can be measured as demon- 
strated in the control experiment presented in Figure 96. 
Using this PCR assay, we studied the b&x mRNA species 
present in unfractionated thymocytes and in peripheral 
blood T cells cultured in media alone or stimulated for 6 hr 
with PMA and ionomycin. As suggested by the Northern 
blot analyses, resting T cells do not express bcl-x tran- 
scripts that can be identified by PCR. In contrast, activated 
T cells express an easily detectable PCR product made 
uppredominantlyof thebcl-xsform. Unfractionated thymo- 
cytes also express bcl-xs mRNA almost exclusively. These 
data suggest that both activated T cells and double- 
positive thymocytes selectively express the form of bcl-x 
that enhances the dependence of the cell on exogenous 
signals to prevent apoptosis. This finding is consistent with 
the inability of overexpression of bcl-2 to overcome nega- 
tive selection during the development of double-positive 
thymocytes as well as the failure of bcl-2 overexpression 
to increase T cell numbers significantly during peripheral 
T cell responses. 

The other major tissue in chickens that demonstrated 
a relatively high level of bcl-x expression by Northern blot 
analysis was the central nervous system. PCR analysis 
of adult human brain mRNA shows expression exclusively 
of the bcl-xL mRNA species (Figure 9A). Therefore, it ap- 
pears that different t issues can differentially regulate both 
the expression and splicing of bcl-x and thus adapt the 

functional properties of this gene to regulate their relative 
sensitivity to potential mediators of apoptotic cell death. 

Discussion 

In this report we have identified and characterized a b&2- 
related gene, b&x. The bcl-x gene has been highly con- 
sewed in vertebrate evolution, and b&x mRNA is ex- 
pressed in a variety of tissues, with the highest levels of 
mRNA observed in the lymphoid and central nervous sys- 
tems. We have isolated two distinct bcl-x mRNA species 
from human tissues. These two cDNAs result from the 
alternative use of two distinct 5’splice sites located within 
the first coding exon of the bcl-x gene. The longer cDNA, 
bcl-XL, encodes a protein that appears to be similar in size 
and predicted structure to Bcl-2. The shorter cDNA, bcl-xs, 
contains a deletion of the 63 amino acids from the bcl-xL 
open reading frame that constitutes the region of highest 
amino acid identity between Bcl-xL and Bcl-2. Stable trans- 
fection of bcl-xL prevented apoptotic cell death following 
growth factor deprivation of an IL-3-dependent cell line to 
an even greater extent than did overexpression of bcl-2. 
The combination of the two vectors was no better at pre- 
venting apoptotic cell death than bcl-xL alone. This sug- 
gests that bcl-xL plays a major role in regulating the depen- 
dence of cells on continuous exogenous signals to prevent 
cell death. In contrast, the stable expression of bcCxs had 
no effect on cell growth in the presence of growth factor 
or on the rate of apoptotic cell death following growth factor 
removal. However,  bcl-xs could prevent the ability of stable 
bcl-2expression to inhibit apoptotic cell death upon growth 
factor removal. Together, these data suggest that the ex- 
pression of bcl-xs can play a dominant role to bcl-2 in the 
regulation of apoptotic cell death. Under our assay condi- 
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tions, bcl-xs expression increased the dependence of the 
cells on exogenous signals such as growth factors to pre- 
vent cell death actively. 

Based on these observations, we went on to examine 
bcl-x mRNA expression during human T cell development 
and activation. Within the thymus, b&x was expressed in 
immature double-positive thymocytes but was not ob- 
served in freshly isolated single-positive thymocytes or 
peripheral blood T cells. The bcl-x mRNA species found 
in the double-positive thymocytes was almost exclusively 
of the bcCxs form. Previous studies have shown that bcl-2 
does not inhibit negative selection that normally occurs 
at the double-positive stage of thymocyte development 
(Sentman et al., 1991; Strasser et al., 199la). The stable 
expression of bcl-xs at this stage of development provides 
a potential explanation for this observation. Nevertheless, 
it has been shown that bcl-2 can prevent some forms of 
apoptosis that occur in double-positive thymocytes (Sent- 
manetal.,1991;Strasseretal.,1991a;Siegeletal.,1991). 
This suggests that the influence of bcl-2 relative to bcl-xs 
in regulating the central events involved in apoptotic cell 
death may vary depending on the pathway that initiates 
the cell death response. Alternatively, down-regulation of 
bcl-x expression at the mRNA or protein level may permit 
the effects of bcl-2 to predominate. Under these condi- 
tions, it may be possible for overexpression of bcl-2 to 
prevent apoptotic cell death. 

Although single-positive thymocytes and mature periph- 
eral blood T cells fail to express b&x mRNA, both popula- 
tions can be rapidly induced to express high levels of bcl-x 
mRNA following mitogenic activation. Again, the predomi- 
nant mRNA species observed encodes bcl-xs. This sug- 
gests that T cell activation induces the expression of bcl-xs 
to increase the dependence of the cell on the growth fac- 
tors provided in its local environment. Several groups have 
shown that activation of peripheral T cells can render them 
susceptible to apoptosis (Kawabe and Ochi, 1991; Webb 
et al., 1990) a finding previously at odds with the up- 
regulation of bcl-2 expression observed following T cell 
activation (Graninger et al., 1987; Reed et al., 1987). The 
inducible expression of bcl-xs in these populations may 
serve to regulate the amplification of T cells involved in 
an immune response by making them highly dependent 
on continuous exogenous signaling to prevent their dele- 
tion by apoptosis. Thus, it appears that the differential 
regulation of bcl-x during T cell development and T cell 
activation may play a central role in regulating two im- 
portant forms of apoptosisoccurring in this cell l ineage that 
were previously reported to be regulated independently of 
b&P. Based on these preliminary studies, it appears that 
bcl-xs expression plays an important role in the regulation 
of both developmentally and activationally induced cell 
death. Further characterization of these issues will be pos- 
sible upon development of b&x-specific antibodies as well 
as delineation of bcl-xs regulation during cell development 
and activation within nonlymphoid tissues. 

Based on our characterization of Bcl-xL as a gene prod- 
uct that could mediate significant resistance to growth fac- 
tor-dependent cell death, we wondered whether expres- 
sion of bcl-xL might be observed in long-lived postmitotic 

cells. To address this possibility, we analyzed the expres- 
sion of bcl-x in adult neural tissue. We found that bcl-x 
was constitutively expressed in adult brain exclusively as 
bcl-xL mRNA. Thus, expression of bcl-xL is correlated with 
the ability of adult neural tissue to maintain long-term post- 
mitotic cell viability. It will be important in future studies 
to address the relative regulation of the two b&x mRNA 
forms during neural development and their potential roles 
in neuronal loss in various neural degenerative diseases. 
Cell loss in several of these disorders has been hypothe- 
sized to occur by apoptosis (Oppenheim, 1991). This could 
result from internal mechanismsthat inhibitbcCxLfunction, 
thus leading to increased neural cell susceptibility to cell 
death. Alternatively, altered regulation of bcl-x expression 
or splicing may play a role in the pathogenesis of this 
important set of diseases. 

bcl-xwas originally identified on the basis of its similarity 
to bcl-2. This similarity is greatest within a short domain 
at the amino terminus of the protein, a highly conserved 
domain located internally within the protein (previously 
termed bcl-2 domain 4; Eguchi et al., 1992) and a hy- 
drophobic domain that appears to confer membrane loca!- 
ization to the Bcl-2 protein (Chen-Levy and Cleary, 1990). 
Domain 4 has been deleted in bcl-xs. This is the most 
highly conserved domain within bcl-2 genes isolated from 
different species as well as the most conserved region 
between bcl-x and b&P. Our  studies identify this domain 
as playing a critical role in the ability of these proteins to 
prevent the activation of programed cell death. 

One potential mechanism by which Bcl-xs could act as 
a dominant inhibitor of Bcl-2 function is by forming an inac- 
tive heteromeric complex with Bcl-2. We have investigated 
this possibility by trying to demonstrate an in vitro associa- 
tion between Bcl-2 and either Bcl-xs or Bcl-xr.. To date, 
using in vitro cotranslation of the proteins in the presence 
or absence of membranes, we have been unable to obtain 
any evidence that Bcl-2 and either Bcl-xs or Bcl-xL can 
interact directly (L. l-l. B. and C. B. T., unpublished data). 
Nevertheless, Korsmeyer and colleagues have recently 
obtained evidence that one of the proteins that Bcl-2 asso- 
ciates with intracellularly displays amino acid similarity to 
Bcl-2 (S. Korsmeyer, personal communication). It there- 
fore remains possible that the mechanism by which Bcl-xs 
regulates Bcl-2 function results from a specific interaction 
between the two proteins, An alternative explanation for 
our data is that Bcl-xs and Bcl-XL may bind directly to the 
same downstream regulators of apoptosis as Bcl-2. If this 
were the case, we would hypothesize that this protein- 
protein interaction domain lies within the amino-terminal 
domain that shows a high degree of amino acid similarity 
between Bcl-2 and both Bcl-xs and Bcl-xL. The 88 amino 
acid domain deleted from Bcl-xs might then play a critical 
role in determining the effect of this protein-protein inter- 
action on the regulation of the downstream events involved 
in apoptosis. In this model, Bcl-xs could bind to and en- 
hance the function of downstream mediators of apoptosis, 
while Bcl-xL would bind to and prevent the activation of 
such mediators. To account for the ability of Bcl-xs to func- 
tion in the presence of high level expression of Bcl-2, the 
effect of Bcl-xs would have to out-compete that of Bcl-2, 
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perhaps via a higher affinity interaction with the putative 
downstream regulators of apoptosis. There may also be 
as yet unidentified posttranslational modifications of Bcl-2, 
Bcl-XS, and/or Bcl-xL that may account for the ability of 
these proteins to affect differentially the outcome of dis- 
tinct cellular pathways that can lead to apoptosis. 

In conclusion, our findings suggest that b&x may play 
an important role in the regulation of developmental and 
tissue-specific programed cell death. M-x function ap- 
pears to be regulated at both the level of mRNA expression 
and the level of splicing. The expression of bcl-xs may 
account for several situations in which bcl-2 expression 
does not overcome developmentally or activationally regu- 
lated cell death, such as negative selection in the thymus 
or activation-induced cell death in T cells. The steady-state 
expression of bcl-xL may contribute to the resistance of 
adult neural cells to cell death upon the reduction in the 
growth factor activity that occurs following the completion 
of neural development. Together, our data suggest that 
bcl-x plays a central role in the regulation of cell death 
and may account for several forms of apoptosis previously 
proposed to occur by intracellular mechanisms that either 
bypass or are regulated independently of bcl-2. 

Experimental Procedures 

Cloning and Construction of Piasmids 
Chicken bursai, spleen, and thymic cDNA libraries and a genomic 
library that was made from red blood ceils were screened with a murine 
bcl-2 cDNA at low stringency. The filters were hybridized in Stark’s 
solution (50% formamide, 5 x SSC [1 x SSC is 0.15 M NaCi and 0.015 
sodium citrate], 1 x Denhardt’s solution, 24 mM sodium phosphate 
[pH 6.5],250 uglmi RNA) with 10% dextran sulfate at 42°C overnight. 
The final wash conditions were 20 min at 42OC in 0.1 x SSC. inserts 
from positive clones were subcloned into pGEM7 (Promega) and se- 
quenced by a dideoxy termination method. 

The human bc/-xs was cloned from a thymic cDNA library using a 
BamHi-Sphi fragment of the chicken /J&X under the hybridization and 
washing conditions described above. The insert was then amplified 
from the plaque-purified phage by PCR using Qtll primers with Xbai 
linker sites and pfu poiymerase. The 0.64 kb amplified fragment was 
then subcloned into pSiuescript SK(+) (Stratagene) for sequence 
analysis. 

To clone the bcl-X~ cDNA and to recione the bcl-xs cDNA into a 
form to be used in functional analysis, PCR primers corresponding to 
sequences in the 5’untranslated region (5’-TTGGACAATGGACTGGT- 
TGA-3’) and the 3’ untranslated region @‘-GTAGAGTGGATGGT- 
CAGTG-3’) of the bcl-xs cDNA were synthesized. The primers con- 
tained EcoFil linkers for subcloning and were used to amplify clones 
from cDNA libraries prepared from human Tceiis, theT ceil line Jurkat, 
and human brain. The phage (IO7 pfu) was boiled for 5 min in 25 PI 
of water prior to the PCRs (1.25 min at 94OC, 2 min at 56OC, 3 min 
at 72OC x 35 cycles). Sands of appropriate size (0.6 kb for bcl-xL and 
0.6 kb for bcl-xs) that could hybridize to the bc/-xs cDNA were subcloned 
into the EcoRl site of pEltrescript SK(+) for sequence analysis and 
production of in vitro transcription and translation products. For trans- 
fection and subsequent functional assays, the bcl-xL and bcl-xs inserts 
were excised from pSluescript SK(+) and subcloned into the EcoRi 
site of pSFFV-Neo (Neo; Fuhibrigge et al., 1966). Orientation of the 
inserts was determined by restriction enzyme mapping and piasmids 
with inserts in the forward orientation were designated pSFFV-Neo- 
bcl-xL (bcl-x~) and pSFFV-Neo-b&x, @c/-x& while plasmids with in- 
serts in the reverse orientation were named pSFFV-Neo-bcl-xLrev @cl- 
x,rev) and pSFFV-Neo-bcl-xsrev (bc/-xsrev). 

Sequence comparisons and peptide analyses were performed with 
the University of Wisconsin Genetics Computer Group programs: 
FASTA, TFASTA, PILEUP, PEPTIDESTRUCTURE, and GAP. 

Southern Blot Anaiysls 
Genomic DNA from chicken, mouse, and human lymphoid ceils was 
isolated by standard methods, as previously described (Thompson 
and Neiman, 1967). The DNA was quantitated, and 10 ug was digested 
with the indicated restriction enzymes overnight. Digested DNA was 
separated on a 1% agarose gel and blotted onto nitroceiiuiose. Blots 
were hybridized as described above with either an Sphi-BamHI frag- 
ment of chicken bcl-xor a Hindiii-BamHI fragment from the first coding 
exon of mouse bcl-2. Washing conditions were as described above. 

Ceil isolation and RNA Analysis 
For the chicken tissue Northern blots, newly hatched chicks were sacri- 
ficed, and RNA was isolated from the indicated tissues by a guanidi- 
nium isothiocyanate method followed by centrifugation through a ce- 
sium chloride gradient as previously described (Thompson et al., 
1966). RNA was equalized to the 26s ribosomal RNA, separated on 
agarose-formaldehyde gels, and subsequently blotted onto nitroceliu- 
lose. The blots were probed with the Sphi-BamHI chicken bcl-x frag- 
ment. Blots were then stripped by boiling and hybridized with the 
Hindili-BamHI mouse b&P probe. 

Human T ceils were isolated from healthy donors by leukophoresis 
followed bydensitygradient centrifugation. CDP&positiveTceiis were 
negatively selected via an immunomagnetic procedure (June et al., 
1967). RNA was then isolated from T cells that were either resting or 
activated with PMA (10 nglmi) and ionomycin (0.6 frglmi) for the indi- 
cated times. RNA was equalized and subjected to electrophoresis 
through agarose-formaldehyde denaturing gels, and the gels were 
then blotted as described above. Duplicate blots were probed with the 
human bcl-xs cDNA or the mouse bcl-2 exon Ii fragment and a human 
leukocyte antigen class I cDNA. Final washing conditions were 0.1 x 
SSC, 0.1% SDS for 20 min at 56%. 

Human thymocytes were isolated from surgical pathology speci- 
mens from children under the age of 3 years who had undergone 
cardiothoracic surgery. Thymic tissue was passed through nylon mesh 
to obtain a single ceil suspension, followed by separation of mononu- 
clear ceils on a Ficoli-Hypaque cushion. RNA was then extracted from 
either resting or PMA and ionomycin-stimulated ceils and subjected 
to Northern blot analysis. To determine whether bcl-x expression was 
regulated during thymocyte development, thymocytes were separated 
into mature (single-positive ceils) and immature (double-positive cells) 
subpopulations prior to stimulation and RNA extraction as previously 
described (Turka et al., 1991). in brief, thymocyte fractionation was 
performed by negative immunomagnetic selection. immature thymo- 
cytes were prepared by removal of cells expressing high levels of 
CD26, while mature thymocytes were selected by the removal of CDl’ 
cells. The expression status of the resulting ceils for CD4 and CD6 
confirmed that more than 90% of the immature population expressed 
CD4 and CD6 while more than 95% of the mature population were 
single-positive ceils. 

To determine which form of bcj-x mRNA was being expressed, 
1 ug of total cellular RNA or 0.1 ug of poiy(A)+ RNA from the various 
sources was reverse transcribed with avian myeiobiastosis virus re- 
verse transcriptase for 1 hr at 42%. Twenty percent of the cDNA 
product was then subjected to PCR using the 5’ and 3’ primers and 
amplification conditions described above. Because the two primers 
are each located on separate coding exons, the amplification product 
of contaminating genomic DNA will be much larger than the product 
of either of the two RNA species, bcl-xL and bcl-xs. To assure that the 
PCR conditions were not biased to one form of the cDNA, concurrent 
PCRs were run with plasmids containing bcliu, or bcl-xs alone or mixed 
in various ratios. 

Cell Transfection and Functional Studies 
Murine FL5.12 ceils were cultured as previously described (Hocken- 
bery et al., 1990; Nuriez et al., 1990). Ceils were transfected by electro- 
poration (200 V, 960 uF) with the pSFFV-Neo plasmid containing either 
bcl-2. @c/-2), bcl-xL in both transcriptional orientations (bc/-X~ and bcl- 
x,rev), or bcl-xs in both transcriptional orientations (bcl-xs and bcl- 
x,rev). As a control, transfections were also performed with the pSFFV- 
Neo plasmid without an insert (Neo). Transfectants were selected for 
the acquisition of neomycin resistance by growth in the presence of 
G416 (1 mglmi). Bulk transfectants and single cell clones (generated 
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by limiting dilution) were maintained by growth in media supplemented 
with IL-3 as previously described (Nuriez et al., 1990). To assess cell 
survival, cells were first grown at 2 x 105 cells per ml in the presence 
of an optimal concentration of growth factor for 20-24 hr. The cells 
were then washed with RPM 1640 medium three times to remove 
any residual IL-3 and plated at 10s cells per well in 96-well culture 
dishes in medium supplemented with 10% fetal calf serum. Cell sur- 
vival was determined at the indicated time points by trypan blue exclu- 
sion. To confirm that cell death wasdue to apoptosis, transfected cells 
(2 x lad) were isolated 0,6,24, and 48 hr after growth factor removal 
and lysed in 1.0% SDS, 100 mM NaCI, IO mM Tris (pH 8.0) 1 mM 
EDTA, and 200 pglml proteinase K for 2 hr at 50°C. Following incuba- 
tion, samples were treated with RNAase A (20 ug/ml) for 2 hr at 37OC, 
phenol-chloroform extracted, and ethanol precipitated. DNA was then 
separated on a 1.2% agarose gel and stained with ethidium bromide. 

To determine Bcl-2 expression, cells were washed and fixed with 
1% paraformaldehyde for IO min at room temperature. Cells were 
then stained with the 6C8 monoclonal antibody, a hamster monoclonal 
antibody specific for human Bcl-2 (Hockenbery et al., 1990) or an 
isotype-matched hamster antibody control in 0.3% saponin in phos- 
phate-buffered saline for 30 min at 4°C. Cells were washed in 0.03% 
saponin-phosphate-buffered saline and incubated with biotinylated 
F(ab:) goat anti-hamster immunoglobulin G for 30 min at 4OC. Cells 
were washed in 0.03% saponin-phosphate-buffered saline, incubated 
with RED 67Oetreptavidin and analyzed by flow cytometry. Analysis 
of bol-xL- and bcl-xs-transfected cells revealed that the Bcl-S-specific 
antibody did not crossreact with the Bcl-x expressed in these cells. 
,bc/-x expression was confirmed by Northern blot analysis, with j3-actin 
expression utilized as a loading control. 

In Vitro Transcription and Translation of b&x 
pBluescript SK(+) plasmids containing bcl-x,and bcl-xs were linearized 
at the 3’multiple cloning site with Xbal and BamHI, respectively, and 
transcribed with T7 RNA polymerase for 1 hr at 37OC. bcl-xL was also 
linearized at the 5’multiple cloning site with Xhol and transcribed with 
T3 polymerase as an antisense control. The resulting runoff transcripts 
(bcl-XL, bcl-xs, and bol-xs-as) were phenol-chloroform extracted and 
ethanol precipitated. In vitro translation was then performed with a 
rabbit reticulocyte lysate kit (Promega) in the presence of [?S]methio- 
nine for 1 hr at 30°C. Lysate (5 nl) was added to SDS loading buffer 
and subjected to SDS-polyacrylamide gel electrophoresis (15% gel). 
Gels were dried and exposed to X-ray film. 
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