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Control aT TRAIL-Induced Apoptosis by a Family 
of Signaling and Decoy Receptors 
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TRAIL (also called Apo2L) belongs to the tumor necrosis factor family, activates rapid 
apoptosis in tumor cells, and binds to the death-signaling receptor DR4. Two additional 
TRAIL receptors were identified. The receptor designated death receptor 5 (DR5) con- 
tained a cytoplasmic death domain and induced apoptosis much like DR4. The receptor 
designated decoy receptor 1 (DcR1) displayed properties of a glycophospholipid-an- 
chored cell surface protein. DcRl acted as a decoy receptor that inhibited TRAIL 
signaling. Thus, a cell surface mechanism exists for the regulation of cellular respon- 
siveness to pro-apoptotic stimuli. 

Apoptosis (programmed cell death) is cru- 
cial for the development and homeostasis of 
metazoans (1 ). The cell death program has 
three essential types of elements: activators, 
inhibitors, and effectors; in Caenorhabditis 
elegans, these components are encoded, re- 
spectively, by the ced-4, ced-9, and ced-3 
genes. The CD95 ligand (CD95L) and tu- 
mor necrosis factor (TNF) are important 
extracellular activators of apoptosis in the 
mammalian immune system (2). The cog- 
nate receptors for these cytokines, CD95 
(also called Fas or Apol) and TNFR1, con- 
tain cytoplasmic "death domains" that ac- 
tivate the cell's apoptotic machinery 
through interaction with the death domains 
of the adapter proteins FADD (also called 
MORT1) (3, 4) and TRADD (5). Upon 
activation by ligand, CD95 recruits FADD 
directly, whereas TNFRl binds FADD in- 
directly, through TRADD. FADD in turn 
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activates the ced-3-related protease 
MACHaIFLICE (caspase 8), thereby initi- 
ating a series of caspase-dependent events 
that lead to cell death (6, 7). 

The cytokine TRAIL, also called Apo2L 
(8, 9), is structurally related to CD95L and 
TNF; TRAIL activates rapid apoptosis in 
tumor cell lines, acting independently of 
CD95, TNFR1, or FADD (9, 10). A recep- 
tor for TRAIL, designated DR4, belongs to 
the TNFR gene superfamily, contains a cy- 
toplasmic death domain, and activates ap- 
optosis independently of FADD (1 1 ). DR4 
exhibits several mRNA transcripts that are 
expressed in multiple human tissues, includ- 
ing peripheral blood leukocytes (PBLs) and 
spleen ( 1 1 ). 

O n  the basis of an expressed sequence 
tag (EST) that showed homology to death 
domains (1 2), we isolated human cDNAs 
encoding an undescribed member of the 
TNFR family, which we designated death 
receptor 5 (DR5) (Fig. 1A). The predicted 
DR5 precursor is a 411-amino acid type I 
transmembrane protein. DR5 shows more 
sequence identity to DR4 (55%) than to 
other apoptosis-linked receptors, namely, 
DR3 (also called Apo3, WSL-1, or 
TRAMP) (1 3-1 6) (29%), TNFR1 (19%), 
or CD95 (1 7%). DR5 and DR4 each con- 
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tain two extracellular cysteine-rich domains 
(CRDs) (Fig. lA) ,  whereas other mamma- 
lian TNFR family members have three or 
more CRDs (1 7). DR5 contains a cytoplas- 
mic death domain that shows substantially 
more identity to the death domain of DR4 
(64%) than to the death domain of DR3 
(29%), TNFRl (30%), or CD95 (19%). 

Using a signal sequence trap approach 
and extracellular domain (ECD) homology 
(1 8, 19), we isolated an additional TNFR 
family member, which we named decoy re- 
ceptor 1 (DcRl) (Fig. 1A). The DcRl pre- 
cursor is 259 amino acids long. DcRl has a 
hydrophobic NH2-terminal sequence, fol- 
lowed by two CRDs. Downstream of the 
CRDs are five nearly identical tandem re- 
peats, each 15 amino acids long; these re- 
peats are followed by a hydrophobic 
COOH-terminus without an apparent cyto- 
plasmic tail (Fig. 1A). This latter feature, 
together with the presence of a pair of small 
amino acids (AlaZz3 and Ala224) just up- 
stream of the hydrophobic COOH-termi- 
nus, suggests that DcRl may be processed 
into a glycosyl-phosphatidylinositol (GP1)- 
anchored cell surface protein (20). The 
ECD of DcRl is most closely related to 
those of DR4 (60% identity) and DR5 
(50% identity) and contains five potential 
N-linked glycosylation sites (Fig. 1A). 

We investigated the mRNA expression 
of DR5 and DcRl in human tissues and 
tumor cell lines (Fig. 1B). We detected a 
single DR5 mRNA transcript and several 
DcRl transcripts in multiple tissues; the 
-1.5-kb DcRl transcript corresponded in 
size to the cloned DcRl cDNA. DR5 ex- 
pression was relatively high in fetal liver 
and lung, and in adult PBL, ovary, spleen, 
liver, and lung. DcRl expression was high- 
est in PBL, spleen, lung, and placenta. Most 
of the tumor cell lines expressed DR5, but 
showed little or no expression of DcR1. 

The sequence similarities between DR5, 
DcR1, and DR4 suggested that these recep- 
tors may interact with a common ligand. 
Epitope-tagged fusion proteins based on the 
ECD of DR5 or DcRl (21) each coprecipi- 
tated with soluble TRAIL (22) (Fig. 2A). 
Other cytotoxic TNF family members, 
namely, TNF, lymphotoxin-a, or CD95L, 
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DR5 351 PTI,lTWLIXWWXTGR-DASVHTLLDALElZOERIAKQKIEDALLSSGKF 
Thr; V. Val; W, Trp; and Y, Tyr. (B) Expression of DR5 and DcRl mRNA was 
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(Clontech), with probes based on full-length DR5 or DcRl cDNA. 
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did not bind the DR5 or DcRl ECDs (23). 
Thus, DR5 and DcRl associate specifically 
with TRAIL. 

To test whether DcRl is GPI-linked, we 
analyzed the effect of recombinant phos- 
phatidylinositol-specific phospholipase C 
(PI-PLC) (24) on the binding of TRAIL to 
intact DcR1-transfected cells (Fig. 2B). 
Transfection of human 293 cells by DcRl 
led to an increase in the amount of specific 
TRAIL binding, consistent with interaction 
between DcRl and TRAIL. DcRl was not 
detected in the supematants of DcRl-trans- 
fected cells (25), indicating that the protein 
is not secreted into the medium. Treatment 
by PI-PLC caused a marked reduction in 
TRAIL binding to cells (Fig. 2B), support- 
ing the notion that DcRl is GPI-anchored. 
This conclusion was substantiated by a 58% 
reduction in epitope tag-directed immuno- 
fluorescent staining of cells transfected with 
epitope-tagged DcRl after PI-PLC treat- 
ment (26). 

Because death domains function as oligo- 
merization interfaces, overexpression of recep- 
tors that contain such domains leads to acti- 

A to C). The caspase inhibitors Crrn.4, 
DEVD-fmk, and z-VAD-fmk blocked apopto- 
sis activation by DR5, indicating caspase in- 
volvement in this response. A dominant-neg- 
ative form of the adapter FADD (FADD- 
DN), which blocks apoptosis induction by 
CD95, TNFR1, or DR3 (5, 13,27) but not by 
TRAIL (10) or DR4 (1 I), did not inhibit 
apoptosis induction by DR5 (Fig. 3C), indi- 
cating that DR5 signals apoptosis indepen- 
dently of FADD. Consistent with previous 
work (lo), TRAIL induced apoptosis in HeLa 
cells, which was blocked by immunoglobulin- 
fusion proteins (immunoadhesins) (28-30) 

Fig. 2. (A) Interaction of 
DR5 and DcRl with 
TRAIL. Supernatants 
from pRK5 vector-trans- 
fected 293 cells or from 
cells transfected by 
pRK5 encoding FLAG 
epitope-tagged DR5 or 
DcRl ECD (5 ml) (27) 
were incubated with 1 kg 
of soluble, poly(His)- 

based on the ECD of DR5, DcR1, or DR4, but 
not TNFRl (Fig. 3D), thus confirming a spe- 
cific interaction between TRAIL and DR5, 
DcR1, or DR4. 

In addition to inducing apoptosis, 
TNFR1, CD95, and DR3 activate the tran- 
scription factor nuclear factor kappa B (NF- 
KB) (1 3-16,31,32), which controls expres- 
sion of multiple immunomodulatory genes 
(33). Previous work suggested that DR4 is 
not linked to NF-KB, because transfection 
of DR4 in MCF7 cells did not lead to 
NF-KB activation (I 1 ). However, upon 
transfection into HeLa cells, DR5, DR4, 

Veclor + + + + 
ECD-Flag + + + + 

HIS-TRAIL + + + +  kD 

Vec:or D c R l  

vation of signaling in the absence of ligand tagged TRAIL (22) for 30 
(2). T~ investigate whether D R ~  can induce min at 24OC. Complex formation with DR5 (top) or DcRl (bottom) was tested by immunoprecipitation (IP) 

cell death, we transfected 293 or H ~ L ~  cells with anti-FLAGconjugated (Sigma) or Ni-conjugated (Qiagen) agarose beads, followed by electrophore- 
sis under reducing conditions and protein immunoblot (western blot, WB) with anti-TRAIL (34). (6) Effect 

with a DR5 expression 'lasmid and assessed of PI-PLC on the binding of TRAIL to DcRl -transfected cells. 293 cells were transiently transfected (35) by the level of apoptosis after 24 hours' DR5- pRK5 vector or pRK5 encoding full-length DcRl. After 18 hours, the cells were put into suspension, 
transfected apoptOsis~ as indi- treated with buffer (solid bars) or recombinant PI-PLC (1 kg/ml) (shaded bars) (24)for 2 hours at 37"C, and 
cated by mor~hological changes, intemucleo- the binding of lZ51-TRAIL (0.2 ng) to intact cells (lo6 per tube) was analyzed. Nonspecific binding was 
soma1 DNA fragmentation, and exposure of measured in the presence of 500-fold excess unlabeled TRAIL. Data are the means + SEM of triplicate 
phosphatidylserine on the cell surface (Fig. 3, determinations. 
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and DR3 induced NF-KB activation (Fig. 
3E). Antibody to the p65 subunit of NF-KB 
inhibited the mobility of the NF-KB probe, 
implicating p65 in the response to all three 
receptors. TRAIL also induced detectable 
NF-KB activation in HeLa and 293 cells, 
but not in MCF7 cells (Fig. 3F); TNF in- 
duced a more pronounced activation in 
each cell line. Thus, TRAIL activates NF- 

KB in a cell type-dependent manner, and 
both DR5 and DR4 can mediate this func- 
tion. Dose-response analysis showed that 
TNF activates NF-KB at substantially lower 
concentrations than does TRAIL (25), sug- 
gesting distinct signaling mechanisms for 
NF-KB induction. 

The absence of a cytoplasmic region in 
DcRl suggested that this receptor is involved 

Labeledprobe + + + + + + + + + + + 4 

Anll-p65 - - - - - - - - + + + + 
I ..-... ( r b  -u rl 

Fig. 3. DR5 signaling. Hu- 
man 293 cells (A and B) or 
HeLa cells (C) were trans- 
fected (35) by pRK5-based 
olasmids encodina DR5 or 

g $ $  
= = I -  ,Z I-, ,m c , 

293 MCF7 - 
DR4, alone or together with plasmids encoding CrmA or FADD,,,,, (FADD-DN). DEVD-fmk (Enzyme 
Systems) or z-VAD-fmk (Research Biochemicals) (200 pM) were added where indicated at the time of 
transfection. Apoptosis was assessed 24 hours later by morphology (A). DNA fragmentation (B), or 
FACS analysis of phosphatidylserine exposure (C) (74). Data in (C) are the means 2 SEM of at least three 
experiments. (D) TRAIL (0.5 pg/mi) was preincubated (1 hour, 24°C) with immunoadhesins based on 
DR5 (O), DcRl (A). DR4 (0). or TNFR1 (4 (28) and added to HeLa cells. Five hours later, the cells were 
analyzed for apoptosis by FACS. (E) 293 cells were transfected by pRK5 or pRK5 encoding DR5, DR4, 
or DR3 in the presence of z-VAD-fmk and analyzed 24 hours later for NF-KB activity (34). (F) HeLa, 293, 
or MCF7 cells were treated with TRAIL or TNF (30 rnin, 1 pg/ml) and analyzed for NF-KB activation. 

in modulation, rather than in actual transduc- 
tion, of TRAIL signaling. We investigated the 
effect of DcRl expression on cellular respon- 
siveness to TRAIL. Ectopic expression of 
DcRl reduced sensitivity to apoptosis induc- 
tion by TRAIL in 293 cells (Fig. 4A), as well 
as in HeLa cells (26). Six of the eight tumor 
cell lines that expressed little or no DcR1- 
HL-60, HeLa, MOLT-4, Raji, SW40, and 
A549 (Fig. lB)-were sensitive to TRAIL- 
induced avmtosis (8-J0,26). In contrast, pri- 
mary human umbilical vein endothelial cells 
(HUVEC), human microvascular endothelial 
cells (HUMEC), and PBLs, which expressed 
DcRl (25) (Fig. lB), were resistant to 
TRAIL (Fig. 4, C and D) (25). PI-PLC 
treatment of untransfected 293 cells sensi- 
tized these cells to apoptosis induction by 
TRAIL, but not by antibody to CD95 (anti- 
CD95) (Fig. 4B), consistent with removal 
of endogenous GPI-linked DcRl from the 
cell surface. In addition, PI-PLC treatment 
of HUVEC or HUMEC sensitized these 
cells to TRAIL-induced apoptosis (Fig. 4, C 
and D). Hence, DcRl - iihibits TRAIL 
function, and DcRl expression correlates 
with resistance to TRAIL. 

The existence of multiple receptors for 
TRAIL suggests an unexpected complexity 
in the regulation of signaling by this cyto- 
kine. The two signaling receptors, DR4 and 
DR5, appear to be functionally redundant, 
and their expression patterns are not suffi- 
ciently different to suggest a distinct, tissue- 
specific involvement in TRAIL signaling. 
One possible explanation is that expression 
of DR4 and DR5 may differ at the level of 
individual cell types within tissues. The two 
receptors also may have additional, nonre- 
dundant signaling functions, perhaps medi- 
ated by regions outside the death domain. 

TRAIL. DR4. and DR5 are exvressed ir, , -, 

Fig. 4. Inhibition of TRAIL function by A 
multiple human tissues. The expression of a 

DcR1. (A) 293 cells were transfected by decoy receptor for TRAIL in normal tissues 
pRK5 (open symbols) or pRK5 encod- -- 40 but not in many tumor cell lines suggests an 
ing DcRl (solid symbols) plus pRK5 en- $ rn explanation for the resistance of normal 
coding GFP (36). After 18 hours, buffer 'g tissues and the broad sensitivity of tumor 
(triangles) or TRAIL (0.5 pg/rnl) (circles) X 20 cell lines to TRAIL-induced apoptosis. Sev- 
was added, and GFP-positive cells 8 era1 TNFR superfamily members (for exam- 
were examined for apoptotic rnorphol- 

< 

ogy under a fluorescence microscope 
ple, TNFRl and TNFR2) are shed from the 
cell surface to form soluble inhibitors that 

(Leica) equipped with Hoffrnann optics. 0 2 4 6  ~u l fe r  TRAIL aCD95 
(B) 293 cell rnonolayers were treated in Hours 
the culture dish with buffer (open bars) 
or PI-PLC (1 pg/ml, 2 hours at 37°C) C 
(solid bars), washed, incubated for 6 
hours with buffer, TRAIL (0.1 pg/ml), or $ rn 
anti-CD95 (CH-11) (0.5 pg/ml plus 1 
pg/ml cyclohexamide), and scored for 20 
apoptosis (37). HUVEC (Clonetics) (C) g E m  
or HUMEC (Cell Systems) (D) were a 10 * 10 

treated with buffer (triangles) or PI-PLC 
(circles) as in (B), washed, incubated for 0 2 4 6  0 2 4 6  

6 hours with buffer (open symbols) or Hours Hours 
TRAIL (0.1 pg/ml) (solid symbols), and 
scored for apoptosis. Cyclohexamide (1 pg/ml) was added to all incubations to prevent resynthesis of 
DcR1. Data are the means + SEM of triplicate determinations, each consisting of 100 to 200 cells. 

neutralize their ligands at remote locations, 
for example, in the bloodstream (17). As a 
membrane-anchored protein, DcRl can in- 
hibit responsiveness to its ligand directly at 
the cell surface. Perhaps this mode of regu- 
lation represents a general mechanism that 
protects cells against the action of potent 
pro-apoptotic cytokines. 
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Neural Correlates of Motor Memory 
Consolidation 

Reza Shadmehr* and Henry H. Holcomb 

Computational studies suggest that acquisition of a motor skill involves learning an 
internal model of the dynamics of the task, which enables the brain to predict and 
compensate for mechanical behavior. During the hours that follow completion of prac- 
tice, representation of the internal model gradually changes, becoming less fragile with 
respect to behavioral interference. Here, functional imaging of the brain demonstrates 
that within 6 hours after completion of practice, while performance remains unchanged, 
the brain engages new regions to perform the task; there is a shift from prefrontal regions 
of the cortex to the premotor, posterior parietal, and cerebellar cortex structures. This 
shift is specific to recall of an established motor skill and suggests that with the passage 
of time, there is a change in the neural representation of the internal model and that this 
change may underlie its increased functional stability. 

A s  one ~ract ices a motor task, stiffness of 
the limbs decreases (1 ), movements become 
smoother (2), and the muscle activations 
reflect a reliance of the motor output on an  
internal model (IM) that anticipates the 
force requirements of the task (3, 4). In a 
computational framework, the IM for arm 
movements may be characterized, in part 
(5), as a map from a desired trajectory for 
the hand to a set of muscle torques (6). 
Because we routinely use our hands to in- 
teract with a diverse variety of objects and 
systems, we rely on visual and haptic prop- 
erties of the task to act as cues that facilitate 
recall of an  appropriate IM from motor 
memory (7). Attempting to pick up an 
empty bottle of milk that has been painted 
white readily illustrates the consequences of 
visually cued recall of an  inappropriate IM. 

A single session of practice with a novel 
mechanical system may lead to long-term 
storage of an IM in the brain (8). However, 
when practice ends, a functional property of 
the IM continues to deve lo~ .  Within 5 
hours, the recently acquired IM gradually 
becomes resistant to behavioral interfer- 
ence (8,  9), that is, it consolidates. Al- 
though the mechanisms of motor memory 
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consolidation are unknown, examples from 
other memory systems of the brain show 
that a change in the neural representation 
of memory may contribute to consolidation 
(10). There is also evidence that neural 
representation of motor function is dynamic 
(1 1)  and that motor areas of the primate 
brain are differentially associated with the 
performance of either a new or well-prac- 
ticed motor task (12). Here we ask whether 
with the passage of time, as the IM becomes 
less fragile, there is a change in the neural 
representation of its motor memory. 

We  used positron emission tomography 
(PET) to monitor changes in regional cere- 
bral blood flow (rCBF), an  indirect marker 
of neural activity, mainly around the syn- 
apses (13), as participants (n = 16) learned 
an IM of a novel mechanical system (Fig. 
1A). The dynamics of the novel system 
were represented as a force field and were 
produced by the torque motors of a robotic 
arm (6). The task was to make rapid reach- 
ing movements to a series of targets while 
holding the handle of the robot (14). Par- 
ticipants initially practiced the task with 
the robot motors turned off (300 targets, 
during which no  rCBF measures were tak- 
en) .  They made accurate, straight move- 
ments, similar to that shown in Fig. 1B. In 
session 1, we acquired rCBF measures (15) 
as participants performed the task during 
two repetitions of four successive condi- 
tions: (i) during a null field condition in 
which the robot's motors were off (Fig. 1B); 
(ii) during a random field condition in 
which the robot produced a random, non- 
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