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ABSTRACT We have identified and characterized ARC,
apoptosis repressor with caspase recruitment domain
(CARD). Sequence analysis revealed that ARC contains an
N-terminal CARD fused to a C-terminal region rich in
proline/glutamic acid residues. The CARD domain of ARC
exhibited significant homology to the prodomains of apical
caspases and the CARDs present in the cell death regulators
Apaf-1 and RAIDD. Immunoprecipitation analysis revealed
that ARC interacts with caspase-2, -8, and Caenorhabditis
elegans CED-3, but not with caspase-1, -3, or -9. ARC inhibited
apoptosis induced by caspase-8 and CED-3 but not that
mediated by caspase-9. Further analysis showed that the
enzymatic activity of caspase-8 was inhibited by ARC in 293T
cells. Consistent with the inhibition of caspase-8, ARC atten-
uated apoptosis induced by FADD and TRADD and that
triggered by stimulation of death receptors coupled to
caspase-8, including CD95/Fas, tumor necrosis factor-R1,
and TRAMP/DR3. Remarkably, the expression of human
ARC was primarily restricted to skeletal muscle and cardiac
tissue. Thus, ARC represents an inhibitor of apoptosis ex-
pressed in muscle that appears to selectively target caspases.
Delivery of ARC by gene transfer or enhancement of its
endogenous activity may provide a strategy for the treatment
of diseases that are characterized by inappropriately in-
creased cell death in muscle tissue.

Apoptosis, a morphologically distinguished form of pro-
grammed cell death, is critical not only during development
and tissue homeostasis but also in the pathogenesis of a variety
of diseases including cancer, autoimmune disease, viral infec-
tion, and degenerative disorders (1, 2). Several regulatory
components of the apoptotic pathway have been identified in
various living organisms including humans (3, 4). In mammals,
a family of cysteine proteases (designated caspases) related to
the Caenorhabditis elegans CED-3 protein appears to represent
a major effector arm of the apoptotic program (5). To date,
more than 10 caspases have been identified and partially
characterized (6). Several of these caspases, notably caspase-2,
-3, -4, -6, -7, -8, -9, and -10 have been implicated in the
induction of apoptosis (6). The caspases are synthesized as
inactive precursors that are proteolytically processed to gen-
erate active subunits. Each caspase contains conserved se-
quences important for proteolytic activity cleaving after spe-
cific aspartic acid residues (6). The mammalian cell death
proteases have been divided into proximal and distal caspases
based on the their sites of action in the proteolytic caspase
cascade (6). Activation of apical caspases, such as caspase-8,
through cell death receptors or other apoptotic stimuli leads to
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activation of downstream caspases, precipitous cleavage of
target proteins and execution of the apoptotic program (7, 8).

Little is known about the regulation of caspase activity
during apoptosis. In the nematode C. elegans, activation of the
cell death protease CED-3 is positively regulated by CED-4
and inhibited by CED-9 through direct protein-protein inter-
actions (9, 10). Likewise, Apaf-1, a human protein that resem-
bles C. elegans CED-4, interacts with caspase-9, a step that is
required for the activation of the downstream protease
caspase-3 (11). The prodomains of several apical caspases
contain a protein module termed caspase recruitment domain
(CARD) that is conserved in several apoptosis regulatory
molecules, including Apaf-1, RAIDD, and cellular inhibitors
of apoptosis proteins (IAPs) (12). The CARD has been
proposed to play a regulatory role in apoptosis by allowing
proteins such as Apaf-1 to associate with caspase-9 (13). Two
viral proteins, baculovirus p35 and cowpox virus CrmA, inhibit
apoptosis by directly targeting caspases (14, 15). The IAPs
comprise a family of apoptosis inhibitors found in baculovi-
ruses, Drosophila, and mammals (16, 17). Mammalian IAP-1,
-2, and XIAP directly bind and inhibit enzymatically active
death proteases, caspase-3, and -7, but not the upstream
protease caspase-8 (18, 19).

Apoptosis has been proposed to play a role in the develop-
ment and/or progression of several inherited and acquired
diseases of the skeletal and cardiac muscle (20-23). However,
little is known about the molecular regulation of apoptosis in
muscle cells. In the current study, we have identified and
characterized a human cDNA encoding an apoptosis repressor
with a CARD (ARC) that is expressed in skeletal muscle and
heart. ARC interacts selectively with caspases and functions as
an inhibitor of apoptosis.

MATERIALS AND METHODS

Isolation of ARC and Construction of Expression Plasmids.
The partial nucleotide sequences of cDNAs encoding peptides
with homology to the CARD of caspase-9 (amino acids 1-80)
were found in expressed-sequence tag (EST) databases of
GenBank using the TBLASTN program. The entire nucleotide
sequence of a cDNA containing a 1.0-kb insert corresponding
to EST clones 322821, 546171 and 588443 was determined by
dideoxy-sequencing. The entire ORF of ARC from EST clone
322821 was tagged at the C terminus with Flag or hemagglu-
tinin (HA) sequences and cloned into the expression vector
pcDNA3 (Invitrogen) to produce pcDNA3-ARC-Flag or
pcDNA3-ARC-HA. The human caspase-8 (amino acids
1-215) and caspase-8 (amino acids 216—496) were fused at the

Abbreviations: CARD, caspase recruitment domain; ARC, apoptosis
repressor with CARD; IAP, inhibitors of apoptosis protein; TNF,
tumor necrosis factor; EST, expressed-sequence tags; HA, hemagglu-
tinin.
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C terminus with HA-tag sequences and cloned into pcDNA3
to produce pcDNA3-N-caspase-8-HA or pcDNA3-C-caspase-
8-HA, respectively. The authenticity of all constructs was
confirmed by dideoxy sequencing. pcDNA3-caspase-1-Flag,
pcDNA3-caspase-3-Flag, pcDNA3-caspase-8-AU1, pcDNA3-
caspase-8-mt(C377S)-AU1, pcDNA3-caspase-9-Flag,
pcDNA3-Ced-3-Flag, pcDNA3-FADD-AU1, pcDNA3-HA-
TRADD pcDNA3-CLARP-myc, and pcDNA3-p35 were de-
scribed (10, 24-25). pcDNA3-FAS and pcDNA3-TNFR1-Flag
were gifts from V. Dixit (Genentech). pcDNA3-TRAMP was
a gift from J. Tschopp (University of Lausanne).

Northern Blot Analysis. A 1.0-kb fragment containing the
ARC coding sequence was radiolabeled by random priming
using a commercial kit (Boehringer Mannheim) and applied
for analysis of human multiple poly(A)" mRNA blots (CLON-
TECH) according to the manufacturer’s instructions.

Transfection, Expression, Immunoprecipitation, and Im-
munodetection of Tagged Proteins. 5 X 10° human 293T cells
were transfected with expression plasmids by a calcium phos-
phate method as described (24). Briefly, 2 ug of pcDNAS3 or
pcDNA3-ARC-Flag or -HA was cotransfected with 3 ug of
pcDNA3 or caspase expression plasmids. Total amount of
transfected plasmid DNA was always 5 ug. 293T cells were
harvested after 22 hr and lysed with 0.2% Nonidet P-40
isotonic lysis buffer (26). For immunoprecipitation, 1 ug of
soluble protein was incubated with 10 pg/ml of polyclonal
anti-Flag, monoclonal anti-AU]1, or polyclonal anti-HA anti-
body for 2 hr at 4°C and tagged proteins were immunopre-
cipitated with protein A-Sepharose 4B (Zymed). Immunopre-
cipitates were subjected to SDS/12% polyacrylamide gel and
immunoblotted with anti-Flag, anti-AU1, or anti-HA antibod-
ies.

B-Galactosidase Apoptosis Assay and Caspase-8 Enzymatic
Assay. 5 X 10° 293T cells were transfected with 0.3 pg of
pcDNA3-B-galactosidase plus each expression plasmid in trip-
licate. Cells were fixed 16 hr after transfection, stained for
B-galactosidase and assayed for morphological features of
apoptosis (27). Statistical significance was determined by
one-way ANOVA followed by Student-Neuman-Keuls post
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hoc comparisons. For caspase-8 enzymatic assay, 1.5 X 10°
human 293T cells were cotransfected with pcDNA3, pcDNA3-
ARC-Flag, pcDNA3-caspase-8, and pcDNA3-caspase-8-mt by
a calcium phosphate method. Total amount of transfected
plasmid DNA was always 2.5 ug. 293T cells were harvested 18
hr after transfection and lysed with 0.2% Nonidet P-40 isotonic
lysis buffer. Tagged proteins were immunoprecipitated and
caspase activity was measured as described (25).

RESULTS

Identification of ARC, a Human Protein with Homology to
the Prodomains of Caspases and Apaf-1. To identify apopto-
sis-regulatory proteins, we screened the GenBank database for
cDNAs encoding proteins with homology to the CARD of
caspase-9 (amino acid residues 1-80) by computer homology
search. Several human ESTs containing overlapping nucleo-
tide sequences with significant amino acid homology to
caspase-9 were identified. The longest cDNA (EST clone
322821) was 1.0 kb, and its nucleotide sequence revealed an
ORF that encoded a protein of 208 amino acids with a
predicted relative molecular mass of 22,629 Da (Fig. 1). We
designated this human protein as ARC (apoptosis repressor
with CARD, see below). The amino acid sequence of human
ARC was highly homologous (82% identical) to a predicted
221 amino acid rat protein of unknown function whose cDNA
was identified through a screening for proteins containing
glutamate-proline repeats (28). Thus, the rat clone appears to
represent the rat ortholog of human ARC. Alignment analysis
revealed that both human and rat ARC are proteins containing
an N-terminal CARD (12) and a C-terminal region rich in
proline and glutamic acid residues (Fig. 1B). The CARD of
human and rat ARC have significant amino acid similarity to
the CARDs from caspase-2, caspase-9, RAIDD, and Apaf-1
(Fig. 1C).

Human ARC Is Expressed in Skeletal Muscle and Heart.
We performed Northern blot analysis to assess the expression
of arc mRNA in various human tissues. Hybridization with an
ARC probe showed two transcripts of ~5.5 kb and 1.0 kb in
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FiG. 1. Structure, sequence, and alignment of ARC with related proteins. (4) Schematic structure of human ARC. CARD and proline/glutamic
acid-rich domains are shown as closed and open boxes. (B) The amino acid sequences of human and rat ARC are aligned. The identical residues
in human and rat ARC were indicated by asterisk. (C) Alignment of the amino acid sequences of CARD domains of ARC, caspase-9, human
caspase-2, RAIDD, and Apaf-1. The conserved residues in human and rat ARC were indicated by asterisk.
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skeletal muscle and heart but not in brain, placenta, lung, liver,
kidney, pancreas, or various lymphoid-hematopoietic tissues
(Fig. 2). The 1.0-kb transcript represents the cDNA analyzed
in the present study. The significance and identity of the 5.5-kb
mRNA transcript is unclear. It could represent a RNA form of
ARC derived by alternative splicing, usage of an alternative
polyadenylation sites, or cross-hybridization of the probe with
sequences of a related gene.

Overexpression of ARC Inhibits Apoptosis Induced by
Caspases in 293T Cells. To begin to elucidate the physiological
function of ARC, an expression construct producing ARC was
introduced into human kidney epithelial 293T cells and sub-
sequently observed for features of apoptosis. Expression of
ARC did not induce apoptosis of 293T cells (data not shown).
Because the N-terminal region of ARC exhibited homology to
the prodomains of several apical caspases, we reasoned that
ARC might regulate the killing activity of caspases. To test
that, plasmids producing several caspases known to activate
cell death were coexpressed with ARC in 293T cells. Expres-
sion of ARC inhibited apoptosis induced by caspase-8 and C.
elegans CED-3 (P < 0.01) but not that mediated by caspase-9
(Fig. 34). Further experiments revealed that ARC inhibited
caspase-8-induced killing in a dose-dependent manner (Fig.
3B).

ARC Inhibits Apoptosis Mediated by Stimulation of Death
Receptor Pathways. Stimulation of several members of the
tumor necrosis factor (TNF) family of receptors including
TNF-R1, CD95/Fas, and TRAMP/DR3 induces apoptosis
through engagement of the apical protease caspase-8 (7-8, 29).
We performed experiments to assess the regulation by ARC of
apoptosis induced by signaling molecules that function up-
stream of caspase-8 in the death receptor pathways. Fig. 3C
shows that ARC inhibited apoptosis induced by FADD and
TRADD, two signaling molecules of CD95/Fas and TNF-R1
pathways respectively (P < 0.01), whose stimulation leads to
activation of caspase-8 and apoptosis (30-33). In addition,
ARC inhibited apoptosis induced by CLARP, a caspase-like
protein that interacts with caspase-8 (25). Consistent with the
results shown in Fig. 3C, expression of ARC partially but
significantly inhibited apoptosis induced by stimulation of
CD95/Fas, TNF-R1, and TRAMP/DR3 receptors (P < 0.01)
(Fig. 3D).

ARC Inhibits the Enzymatic Activity of Caspase-8. The
experiments shown above indicate that ARC inhibits apoptosis
induced by several caspases, including caspase-8. We per-
formed experiments to test whether ARC could regulate the
enzymatic activity of caspase-8, a function that is required for
caspase-8 to activate apoptosis (7, 8). To examine if ARC
regulates the enzymatic activity of caspase-8 in intact cells,
293T cells were transiently transfected with expression plas-
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FiG. 2. Expression of ARC in human tissues by Northern blot
analysis. Poly(A)* RNAs from various tissues were hybridized with a
probe corresponding to the entire human ARC cDNA.
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Fic. 3. ARC is a negative regulator of apoptosis. 293T cells were
transfected with pcDNA3, pcDNA3-ARC-Flag, and various expres-
sion plasmids as described in Material and Methods. Transfected cells
were visualized with B-galactosidase substrate and scored for mor-
phological feature of apoptosis. (4) Caspases were cotransfected with
ARC (m) or without ARC (O). In the experiment, 0.2 ug of plasmid
DNA expressing caspase-4, -8, or -10 or 0.1 pg of Ced-3 or caspase-9
plasmid was used in the presence of 2 ug of pcDNA3-ARC-Flag or
pcDNA3. (B) ARC inhibits caspase-induced apoptosis in a dose-
dependent manner. 0.2 ug of plasmid expressing caspase-4, -8, -10, or
pcDNA3 was used. The x axis represents amount of ARC plasmid
DNA. Total amounts of plasmid DNA was 2.2 ug in all experiments
presented in 4 and B. (C) ARC inhibits FADD, TRADD, and
CLARP-induced apoptosis. The amount of plasmid DNA were:
FADD (0.4 ng), TRADD (0.1 ug), CLARP (2.0 ug), or pcDNA (2.0
pg) in the presence of 2.0 pg of ARC or pcDNA3 plasmid. (D) ARC
inhibits apoptosis induced by death receptors. The amount of plasmid
DNA were: Fas (1.5 ug), TNFR1 (0.2 pg), TRAMP (1.0 ug), or
pcDNA3 (2.0 pg) in the presence of 2.0 ug of ARC or pcDNA3
plasmid. Total amounts of plasmid DNA was 4.0 ug in all experiments
presented in C and D.

mids producing Flag-tagged caspase-8 and ARC or control
plasmid. Caspase-8 was immunoprecipitated with anti-Flag
antibody and the immunoprecipitates were assayed for caspase
activity by using the fluorogenic substrate acetyl-Asp-Glu-Val-
Asp7-amino-4-methylcoumarin. Enzymatic analysis showed
that ARC inhibited the enzymatic activity of caspase-8 (Fig.
44). In control experiments, immunoprecipitates from cells
transfected with control plasmid or constructs expressing ARC
alone or a caspase-8 mutant with a single amino acid change
(cysteine to serine) in the conserved active pentapeptide did
not exhibit detectable enzymatic activity (Fig. 44). Immuno-
blotting with anti-Flag antibody revealed that extracts assayed
for caspase activity expressed similar levels of caspase-8 (Fig.
4B).

ARC Interacts with Caspase-2, Caspase-8, and C. elegans
CED-3 but Not with Caspase-1, -3, or -9. The inhibition of
caspase-mediated function by ARC suggested that ARC might
physically interact with caspases. To determine if ARC asso-
ciates with caspases, we transiently cotransfected 293T cells
with expression plasmids producing caspase-1, caspase-2,
caspase-3, caspase-8, caspase-9, C. elegans CED-3, or control
empty vector and Flag or HA tagged ARC. Immunoblotting of
ARC complexes immunoprecipitated with anti-Flag antibody
revealed that ARC was coimmunoprecipitated with caspase-2,
-8, and CED-3 but not with caspase-1, -3, or -9 (Fig. 5 A-C).
Analysis of total lysates by immunoblotting revealed that lack
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Fic. 4. ARC suppresses the enzymatic activity of caspase-8 in
intact cells. (4) 293T cells were cotransfected with 0.2 ug of pcDNA3-
caspase-8-AU1 or pcDNA3-caspase-8-mut and 2 ug of pcDNA3-
ARC-Flag or pcDNA3. Caspase-8 in cell extracts was immunoprecipi-
tated with anti-AU1 antibody and immunoprecipitates were incubated
with the fluorogenic substrate acetyl-Asp-Glu-Val-Asp7-amino-4-
methylcoumarin. O, pcDNA3 alone; ®, pcDNA3-ARC-HA alone; O,
pcDNA3-caspase-8-AU1 alone; m, pcDNA3-caspase-8-AU1 and
pcDNA3-ARC-HA; A, pcDNA3-caspase-8-mt-AU1 alone. (B) AU1-
tagged caspase-8 and caspase-8-mt were detected in immunoprecipi-
tates with anti-AU1 by immunoblotting.

of interaction between ARC and caspase-1, -3, or -9 was not
due to inappropriate expression of these proteins in cell
extracts (Fig. 5 B and C). Further analysis of caspase-8 deletion
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mutants revealed that ARC associated with the N-terminal
death effector domain but not with the C-terminal region that
contains the catalytic domain of caspase-8 (Fig. 5D). Further-
more, ARC did not associate with several apoptosis regulatory
molecules including FADD, RAIDD, Bcl-X;, and c-IAP-2
(data not shown), further supporting the specificity of the ARC
interactions.

DISCUSSION

In the current work we describe ARC, a protein containing a
CARD that functions as an inhibitor of apoptosis. The inhib-
itory effect of ARC is selective in that it repressed apoptosis
induced by caspase-8 and C. elegans CED-3, but not that
mediated by caspase-9. ARC inhibited apoptosis mediated by
stimulation of death receptors such as CD95/Fas, TNFR1, and
TRAMP, as well as that activated by FADD and TRADD, two
signaling molecules of the CD95/Fas and TNFR1 pathways
whose expression can activate apoptosis (30-34). Because
these death receptors as well as FADD and TRADD mediate
their apoptotic effect through the activation of the apical
proteases caspase-8 and/or caspase-2 (30-33), ARC is likely to
regulate death receptor-induced apoptosis via its interactions
with caspase-2 and caspase-8.

The mechanism by which ARC inhibits apoptosis remains
unclear and needs to be further investigated. There are at least
two possible models that could explain the apoptosis inhibitory
function of ARC. (i) ARC might repress apoptosis by inhib-
iting caspase activation through direct binding to death pro-
teases. ARC could act by inhibiting the processing of immature
caspases and/or direct inhibition of the active caspase sub-
units. The observation that ARC did not interact with the
C-terminal region that contains the catalytic domains of
caspase-8 suggests that ARC acts by targeting the immature
caspase form. Cleavage of ARC was not observed when
interacting with caspases, implying a mechanism different
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F1G. 5. ARC interacts with caspase-2, -8, and Ced-3
but not with caspase-1, -3, and -9. (4) 293T cells were
transfected with plasmids AUl-tagged caspase-2 or -8
and HA-tagged ARC. Lysates were immunoprecipi-
tated with anti-AU1 antibody and immunoblotted with
anti-HA antibody (7op). Total lysates (100 ug) were
immunoblotted with anti-AU1 (Center) or anti-HA an-
tibody (Bottom). (B and C) 293T cells were transfected
with plasmids Flag-tagged caspase-1, -3, -9, or CED-3
and HA-tagged ARC. Lysates were immunoprecipi-
tated with anti-Flag antibody and immunoblotted with
anti-HA antibody (7op). Total lysates (100 ug) were
immunoblotted with anti-Flag (Center) or anti-HA an-
tibody (Bottom). (D) 293T cells were transfected with
plasmids HA-tagged N-caspase-8 or C-caspase-8, and
Flag-tagged ARC. Lysates were immunoprecipitated
with anti-HA antibody and immunoblotted with anti-
Flag antibody (7op). Total lysates (100 ug) were immu-
noblotted with anti-HA (Center) or anti-Flag antibody
(Bottom).
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from that of the baculovirus p35 protein (14). Three mamma-
lian IAPs—XIAP, c-IAP-1, and c-IAP-2—have been shown to
interact with and inhibit specific caspases (18, 19). Unlike
ARC, however, cellular IAPs target distal death proteases
such as caspase-3 and caspase-7, but not the proximal protease
caspase-8 (18, 19). (ii)) ARC could inhibit apoptosis by dis-
rupting the association between death proteases and their
activators such as FADD or RAIDD. A similar mechanism has
been proposed for FLIP proteins, a caspase-related molecule
that like ARC interacts with caspase-8 (35). The interaction
between ARC and caspases appear to be mediated via the
corresponding CARD or the structurally related death effec-
tor domains. Thus, ARC associated with caspase-2, -8, and
CED-3, but not with caspase-3, a death protease that lacks such
a domain (6). Furthermore, mutant analysis of caspase-8
showed that the N-terminal region containing death effector
domains was required for its interaction with ARC. However,
ARC did not interact with CARD-containing caspase-1 or -9.
Significantly, RAIDD has been reported to bind caspase-2 but
not caspase-1 (36) although both caspases have CARD do-
mains. These observations suggest that subtle differences may
exist among individual CARD domains or that other factors
play a critical role in these interactions.

The expression of ARC was highly restricted to skeletal
muscle and heart suggesting that ARC plays a role in the
regulation of apoptosis in muscle tissues. Striated myofibers in
skeletal muscle and heart are long-lived cells. However, little
is known about the mechanisms that inhibit apoptosis in
muscle cells and are responsible for their long-term survival.
Bcl-2 and Bcl-XL, two members of the Bcl-2 family, promote
survival but they are expressed at low or undetectable levels in
skeletal muscle (37). Thus, ARC expression may play a role in
maintaining myofiber survival in skeletal muscle and heart
tissues. However, a role for ARC in muscle cell survival
remains to be investigated by analysis of ARC in muscle cells.
Several inherited diseases including muscular dystrophy and
spinal muscle atrophy are characterized by degeneration of
muscle fibers through apoptosis and necrosis (20-21). Fur-
thermore, dystrophic muscle of the mdx mouse and BIO14.6
hamster undergo apoptosis, degeneration, and subsequently
necrosis as disease progresses (37-38). Similarly, acquired
conditions such as inflammatory myopathies, myocardial in-
farction and overload-induced myopathy have been shown to
have a component of apoptotic cell death (22, 23, 39, 40). It is
conceivable therefore that ARC could regulate apoptosis
associated with these muscle cell diseases. In addition, expres-
sion of ARC could provide a novel therapeutic approach that
could be accomplished by direct delivery of ARC to the areas
of insult via gene therapy or through drugs capable of enhanc-
ing the activity or expression of endogenous ARC.
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