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ARC Protects Rat Cardiomyocytes Against Oxidative
Stress Through Inhibition of Caspase-2 Mediated
Mitochondrial Pathway

Yi-Qiang Zhang and Brian Herman*

Department of Cellular and Structural Biology, University of Texas HSC at San Antonio,
7703 Floyd Curl Dr, San Antonio, Texas 78249

Abstract Apoptosis repressor with a CARD domain (ARC) has been demonstrated to protect heart cells against
ischemia/reperfusion (I/R) injury. In this study, we investigated the mechanism by which ARC protects heart cells against
oxidative stress. We monitored the extent of apoptosis and activity of multiple components of the intrinsic apoptotic
pathway in rat cardiac myoblast cell line H9c2 with either reduced or increased expression of ARC during oxidative stress.
Overexpression of ARC-inhibited oxidative stress-induced caspase-2/3 activation, cytochrome c release, and
translocation of Bax to mitochondria. Furthermore, phosphorylation of ARC at threonine 149 was found to be critical
to its function. ARC containing a T149A mutation failed to translocate to mitochondria, did not inhibit caspase-2
activation, and had a dominant negative effect against the protective effect of endogenous ARC during oxidative stress. In
addition, wild-type ARC but not the T149A mutant inhibited cell death induced by overexpression of caspase-2. Using a
yeast two-hybrid (YTH) screening approach and co-immunoprecipitation (Co-IP), we found that protein phosphatase 2C
(PP2C) interacted with ARC and that PP2C mediated-dephosphorylation of ARC inhibited its anti-apoptotic activity.
Eliminating either the N-terminal CARD domain or the C-terminal P/E domain also abolished the anti-apoptotic function
of ARC, suggesting that full-length ARC is required for its apoptotic inhibition. These results indicate that ARC plays an
important role in protection of H9c2 cells against oxidative stress-induced apoptosis by phosphorylation-dependent
suppression of the mitochondria-mediated intrinsic pathway, partially initiated through the activation of caspase-2.
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Oxidative stress-induced apoptosis has been
implicated in various tissue injuries including
heart and brain ischemia/reperfusion (I/R)
injury [Fliss and Gattinger, 1996; Holly et al.,
1999; Zhao et al., 2001; Lundberg and Szweda,
2004; Mronga et al., 2004]. Either endogenous
or exogenous reactive oxygen species (ROS) can
induce apoptosis, and mitochondria are one
of the major sources for the generation of
endogenous ROS. Under normal physiological

conditions, anti-ROS defense systems detoxify
ROSs before they can damage cellular struc-
tures. One important ROS detoxifying enzyme
in mitochondria is magnesium-dependent
superoxide dismutase (MnSOD). Eliminating
MnSOD has been shown to increase sensitivity
of cells to oxidative stress while overexpression
enhances their resistance [Van Remmen et al.,
1999, 2001; Ran et al., 2003, 2004; Chen et al.,
2004]. It appears that cells exposed to oxidative
stress die via the intrinsic apoptotic pathway.
Recent data further indicate that oxidative
stress-induced apoptosis is likely mediated at
least partially through caspase-2 activation via
the mitochondrial pathway [Araya et al., 1998;
Troy and Shelanski, 2003; Takahashi et al.,
2004; Qin et al., 2004].

Cell death and survival is fine-tuned at
multiple points of the apoptotic pathway by a
variety of mechanisms. One major regulatory
mechanism is to control the activation and/or
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activity of caspases in the apoptotic pathways
[Deveraux et al., 1999; Nicholson, 2001]. One
example of such regulation is the inhibitors of
apoptosis protein (IAP) family of caspase inhi-
bitors, which bind and inhibit activated forms of
caspases with relative specificity for specific
caspases [Deveraux and Reed, 1999; Tenev
et al., 2005]. Apoptosis repressor with a CARD
domain (ARC), similar to IAP, is a pleiotropic
apoptosis inhibitor [Koseki et al., 1998; Ekh-
terae et al., 1999; Neuss et al., 2001]. It inhibits
both the intrinsic and the extrinsic apoptotic
pathways in H9c2 cells by either directly
binding to caspase-2 and -8 or indirectly
preserving the integrity of mitochondria [Gus-
tafsson et al., 2004; Nam et al., 2004]. ARC is
abundantly expressed in cardiac and skeletal
muscle cells and has been shown to inhibit
hydrogen peroxide-induced cell death in cardi-
omyocytes. ARC is phosphorylated at threonine
149, which is important for its translocation to
mitochondriaand interactionwith caspase-8 [Li
et al., 2002]. ARC has two domains, the CARD
and the P/E (proline/glutamic acid-rich) domain
and the role of these domains in ARC remains
unknown. In addition, detailed and systemic
information about the mechanism of how ARC
protects cells against oxidative stress is still
lacking. For example, the role of phosphoryla-
tion on caspase inhibition by ARC during
oxidative stress has not been well studied.
Additionally, other uncharacterized cellular
proteins may interact with ARC and modulate
its function.

In order to understand the role of ARC in
oxidative stress-inducedapoptosis in cardiomyo-
cytes, we investigated the responses of H9c2
cardiomyocytes to both endogenous and exogen-
ous ROS as a function of ARC expression level,
ARC domain structure, and molecular interac-
tions of ARC with other cellular proteins. The
yeast two-hybrid (YTH) system was utilized to
identify factors that might interact and mod-
ulate the action of ARC. The activation/inactiva-
tion of several caspases was also investigated.
Our data demonstrate that ARC protects H9c2
cells against inducers of both endogenous and
exogenous ROS by blocking the mitochondria-
mediated intrinsic pathway, particularly the
inhibition of caspase-2 activation and the trans-
location of Bax to mitochondria. The protection
requires intact ARC protein and phosphoryla-
tion at threonine 149. YTH and co-immunopre-
cipitation (Co-IP) approach demonstrated that

protein phosphatase 2C (PP2C) interacts with
ARC and may dephosphorylate ARC, inhibiting
its anti-apoptotic activity.

MATERIALS AND METHODS

Cell Culture and Reagents

H9c2 cells were purchased from the ATCC
and maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies, Inc.) supplemented
with 10% fetal bovine serum. H2O2 (30%
solution), tert-butyl hydroperoxide (70% solu-
tion), rotenone, and anti-mycin A were pur-
chased from Sigma. Casein kinase II (CKII)
inhibitor, DRB (5,6-dichlorobenzimidazole 1-b-
D-ribofuranoside) was purchased from Calbio-
chem. The caspase inhibitors, z-VAD-FMK (pan
caspase inhibitor), z-VDVAD-FMK (caspase-2
inhibitor), z-DEVD-FMK (caspase-3 inhibitor),
z-IETD-FMK (caspase-8 inhibitor), and z-LE
HD-FMK (caspase-9 inhibitor) were purchased
from R&D Systems.

Plasmid Construction and Transfection

ARC, ARC-CARD(1–98), and ARC-P/E(98–208)

were amplified by PCR and subcloned into
pCMV-Tag (Stratagene) and pECFPN1 (Clon-
tech) vectors. Full-length caspase-2 cDNA was
amplified by RT-PCR from mouse total RNA
and subcloned into pEYFPN1 (Clontech). The
30-kDa catalytic domain of caspase-2 was
cloned into pEYFPN1 using PCR with specific
primers. ARC (T149A) and ARC (T149D) were
generated by site-directed mutagenesis using
pCR2. 1rARC or pcDNA3.1rARC as template
and subcloned into pECFPN1. Bax was sub-
cloned into pEYFPN1 vector. Transfection was
carried out with Lipofectamine 2000 (Invitro-
gen) according to manufacturer’s instructions.
For transient transfection experiments, H9c2
cells were transfected and incubated for 24 h
before treatment. For stable transfection, stable
cell clones were generated by selection with
1 mg/ml of G418 or 300 mg/ml of hygromycin for
at least 2 weeks after initial transfection and
maintained with antibiotics throughout the
culturing period. The protein expression was
confirmed by fluorescence microscopy andWes-
tern Blot analysis. In all experiments stable cell
clones were used, except where noticed.

siRNA Design and Transfection

The siRNA oligos specific for rat ARC were
designed and synthesized by Qiagen, Inc. Four
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siRNA oligoes: rARC1 r(GGUUGUGAGAACAC
CUAAA); rARC2 r(CAAGGAGCUCUGUACAU
UAUU); rARC3 r(AGAGUAUCAAGCAAGUGA
AUU); rARC4 r(CGACUAGACUUAAGAGUA
UUU); and scrambled siRNA oligo: r(CGACUA-
GAAUUAAAUAUUU) were employed. The
cDNA corresponding to the siRNA (rARC4)
was synthesized and subcloned into the expres-
sion vector pRNAT/Hygro (Genescript, Inc.).
Both transient and stable expression of siRNA
on ARC expression was tested. For transient
expression, siRNA was transfected into H9c2
cells using Oligofectamine according to the
manufacturer’s instruction (Invitrogen, Inc.).
The cells were used for experiments 64 h after
initial transfection. For stable expression,
siRNA plasmid was transfected into H9c2 cells
using Lipofectamine 2000 as described earlier.
Stable transfected cell clones were established
by hygromycin (300 mg/ml) selection for at least
2 weeks and the culture was maintained in this
antibiotic throughout the experiment.

Oxidative Stress and Apoptosis Analysis

H9c2 cells were subjected to different ROS
inducers including hydrogen peroxide, t-butyl
hydroxyl peroxide, rotenone, and anti-mycin A
for 0–48 h (depending on the treatment) at
specified concentrations as indicated in the
legend and results. Cell death was monitored
by the following approaches. The MTT assay
was used for general analysis of cell viability as
previously described [Mc Caughan et al., 1994].
DAPI staining for nuclear condensation/frag-
mentation was used to monitor apoptosis.
Fragmented or condensed nuclei were consid-
ered apoptotic.Western Blot analysis of cleaved
caspase-3 and/or fluorometric caspase-3 sub-
strate assay (Alexis, Inc.) was used to demon-
strate the activation of this caspase. The
caspase inhibitors, z-VAD-FMK, z-VDVAD-
FMK, z-DE VD-FMK, z-IETD-FMK, or z-LE
HD-FMK were applied to examine the partici-
pation of different caspases in apoptosis in
concentrations specified in the text.

Cell Fractionation

A mitochondria-enriched high molecular
weight fraction was isolated following the
method of Takeyama et al. [2002]. Briefly, cells
were harvested by trypsinization and collected
by centrifugation followed by washing with 1�
phosphate buffered saline (PBS). Cells were
resuspended in cold mitochondria isolation

buffer (MIB: 220 mMmannitol, 68 mM sucrose,
10 mM KCl, 1 mM EDTA, 1 mM EGTA, 10 mM
HEPES-KOH, pH 7.4, 0.1% BSA, Protease
inhibitor cocktail) and homogenized with a
Dounce homogenizer for 30 strokes, which was
optimized using healthy H9c2 cells and 25
strokes for treated H9c2 cells. The homogenate
was centrifuged at 750� g for 5 min at 48C. The
supernatant was transferred to a new tube.
The pellet was washed once and the super-
natants were combined. The combined super-
natant was centrifuged at 10,000� g for 15 min
at 48C. The supernatant from this step con-
tained the cytosolic fraction with low MW
membrane fraction. The pellet contained high
MW membrane fraction with concentrated
mitochondria (S100 fraction). The pellet was
further washed twice with MIB to eliminate
cytosolic contamination.

Yeast Two-Hybrid and
Co-Immunoprecipitation

The YTH kit and heart cDNA library were
purchased from Invitrogen. ARC was inserted
into vector pDEST32 in frame with the Gal4
DNA binding domain. This plasmid and the
cDNA library were co-transformed into the
yeast strain MaV203 according to manufac-
turer’s instructions and the library was
screened following criteria specified by the kit.
The results were compared with five standard
strains of yeast to determine the strength of
interaction. DNA was isolated from positive
clones and sequenced.

Co-IP was performed as follows. H9c2 cells
expressing CFP-tagged ARC or ARC-T149A
were harvested and lysed with RIPA buffer
(1� PBS, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS) containing protease
inhibitors on ice. The lysate was centrifuged at
10,000� g for 10 min at 48C. The supernatant
was used for immunoprecipitation. Briefly, the
supernatant was incubated with normal rabbit
or mouse IgG and agarose beads for 30 min at
48C to eliminate non-specific binding. After
centrifugation at 400g for 30 s, the supernatant
was transferred to a new tube and incubated
with agarose-conjugated anti-GFP antibody
(SantaCruz) overnight at 48Cona rotarymixer.
At the end of incubation, the mixture was
centrifuged at 400� g for 1min followed by four
washes with cold 1� PBS. The final precipitate
was boiled in sample buffer before loading to
SDS–PAGE gel.
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Antibodies and Western Blot

The protein concentration of cell lysates was
determined using the BCA protein assay
reagent (Pierce). Equal amount of protein was
loaded onto 12% Tris-glycine SDS–PAGE gel
and separated at 100 volts for 1 h. The protein
was transferred to PVDF membrane and
blocked with 5% milk in TBST buffer. ARC
was detected with anti-ARC antibody (Onco-
gene). Bax was detected with anti-Bax antibody
(BD Sciences). Cytochrome c was detected with
anti-cytochrome c antibody (BDSciences). Anti-
COX IV (Molecular Probes) and anti-actin
(Sigma) antibody was used to quality control of
themitochondrial and cytosolic fractions aswell
as the equal loading of samples.

Fluorescence Imaging

Cells expressing fluorescence-tagged fusion
protein were fixed on cover slips with 4%
paraformaldehyde in PHEM buffer (60 mM
Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM
MgCl2, pH 7.2) for 30 min at room temperature
and mounted onto glass slides. When immuno-
fluorescence was required, fixed cells were
permeabilized with 0.5% Triton X-100 for
5 min followed by 4� 10 min wash with 1�
PBS. The slides were covered with specific
antibody in 5% PBS and incubated at 378C for
60 min followed by three washes. The slides
were further incubated with fluorescent sec-
ondary antibody (Cy5 from Molecular Probes)
for 1 h at 378C followed by four washes. For
labeling specific intracellular organelle, either
live cell culture or fixed samples were incubated
with specific fluorescent markers according to
product specification. Fluorescence imaging
was performed with either a Zeiss or Olympus
confocal fluorescent microscope. For ECFP, the
excitationwavelengthwas458nmandemission
wavelength is 488 nm. For Cy5, the excitation
wavelengthwas649nmandemissionat 670nm.

Fluorescence resonance energy transfer
(FRET) is a distance-dependent interaction
between the electronic excited states of two
dyemolecules inwhich excitation is transferred
from a donor molecule to an acceptor molecule
without emission of a photon. FRET was
detected by the acceptor photo-bleaching
approach using a Zeiss LSM510 laser scanning
confocal microscope as described previously
[Herman et al., 2004]. The donor (ECFP) filter
set consisted of (excitation (ex)¼ 480–500 nm;

dichroic mirror (dm)¼ 510 nm; emission
(em)¼ 515–555 nm). The acceptor (EYFP) filter
set consisted of (ex¼ 546/40 nm; dm¼ 580 nm;
em¼ 590 nm long pass). The FRET filter set
consisted of (ex¼ 450–490 nm; dm¼ 580 nm;
em¼ 580 long pass). The signal recorded from
this filter set is theFRET signal that arises from
energy that has been transferred from ECFP to
EYFP molecules.

Statistical Analysis

Data are expressed as the mean�SEM. The
significance of differences between values was
analyzedbyeither one-wayor two-wayANOVA.
For each time point or experiment, triplicate or
quadruplicate samples were analyzed. A P-
value of <0.05 was considered statistically
significant.

RESULTS

Inhibition of ARC by siRNA Increases
Sensitivity of H9c2 Cells to Oxidative Stress

First, the level of ARC expression in H9c2
cells following treatment with ARC-specific
siRNA was examined. Two siRNA oligos (#3
and #4 siRNA) were found to inhibit the
expression of ARC effectively. As shown in
Figure 1A, 60 h after introducing ARC-specific
siRNA, ARC protein level was reduced signifi-
cantly: over 50% reduction when compared to
the control (the right lane). The corresponding
siRNA cDNA (#4) was also inserted into
pRNAT-CMV/Hygro vector for stable expres-
sion. Several stable cell clones were generated
by hygromycin selection. As shown in
Figure 1B, ARC expression in stable cell clone
#3 and #5 was reduced significantly (�70%)
compared to cells with only vector or scrambled
siRNA. The reduction of ARC protein expres-
sion appeared to be greater in stable cell lines
than that obtainedusing transient transfection.

After confirming the reduction ofARCexpres-
sion, the sensitivity of these cells to oxidative
stress-induced cell death was examined. H9c2
cells transfected with ARC-specific siRNA and
control siRNA were treated with hydrogen
peroxide (200, 400 mM) for 24 h. The cells were
either analyzed for viability usingMTTassay or
stainedwithDAPI fornuclear condensationand
fragmentation. As shown in Figure 1C, ARC-
specific siRNA dramatically increased the sen-
sitivity of H9c2 cells to hydrogen peroxide.
DAPI staining demonstrated specific apoptotic
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characteristics like nuclear condensation and
fragmentation (data not shown). The percen-
tage of apoptotic cells with condensed or
fragmented nuclei is shown in Figure 1D. There
was a significant increase in the number of
apoptotic cells when ARC expression was
reduced by specific siRNA compared to that of
the control cells.
To understand whether the decrease of

resistance in siRNA expressing cells is due to
the reduction of ARC rather than other non-
specific events, wild-type ARC was reintro-
duced into H9c2 cells with stably expressed
ARC-specific siRNA. As shown in Figure 1E,
reintroduction of wild-type ARC into cells that

are stably expressing ARC-specific siRNA
restored resistance against oxidative stress to
the same or even a slightly higher level,
indicating the decrease of resistancewas caused
by the reduction of ARC. Since siRNA targets
the 30 UTR of ARC, it does not affect the
reintroduced wild-type ARC that lacks the 30

UTR.

ARC Protects Cells From Oxidative
Stress-Induced by Variety of ROS

Oxidative stress can be induced by variety of
ROS from both exogenous and endogenous
sources. We have examined the effect of ARC
on hydrogen peroxide and t-butyl hydroxyl

Fig. 1. The ARC-specific siRNA oligos reduced the resistance of
H9c2 cells to oxidative stress. A: Western Blot analysis of
transient-transfected H9c2 cells with siRNA-rARC. Lanes 2 and
3: ARC-siRNA #3, lanes3 and 4: ARC-siRNA #4, lane 5: control
siRNA. B: Western Blot analysis of stable cell clones with ARC-
siRNA #4. Lane 1: control siRNA clone, lanes 2 and 3: scrambled
siRNA clones, lanes 4 and 5: independent ARC-siRNA clones.
C: Cell viability analysis using MTT assay as described in
Materials and Methods. H9c2 cells were transiently transfected
with either ARC-siRNA #3 or #4 for 48 h followed by treatment
with hydrogen peroxide for 24 h. Data were statistically
significant (*P<0.05 between #3 and control; **P< 0.01
between #4 and control). D: H9c2 cells died through apoptosis.

H9c2 cells transfected with vector, ARC, or siRNA #4 (stable
clone) were stained with propidium iodide (100 nM) after
hydrogen peroxide (400 mM, 12 h) treatment. Cells with conden-
sed or fragmented nucleus were considered apoptotic cells. Two-
hundred cells were counted in total. Percent of cell death was
calculated as number of apoptotic cells divided by total number
of cells. E: Reintroduction of wild-type ARC into H9c2 cells that
stably expresses ARC-specific siRNA restores resistance against
oxidative stress. The inlet graph indicates the expression level of
ARC in cell lines used in this experiment. Cells were treated with
either hydrogen peroxide (200 and 400 mM) or tBOOH (12.5 and
25 mM) for 24 h followed by MTT assay. Data were significant
(*P< 0.05 for tb25, P<0.01 for HP200, HP400, and tb12.5).
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peroxide earlier, which are exogenously
sources. However, in physiological conditions,
there are a variety of endogenously generated
ROS with one major source being the respira-
tory chain in mitochondria. It has been shown
that inhibition of either complex I (by rotenone)
or complex III (by anti-mycin A) will generate
ROS and induce apoptosis. Therefore, we
compared the capacity of ARC to protect cells
against both endogenous and exogenous ROS-
induced apoptosis. We first normalized the
concentration of different ROS inducers such
that they would induce apoptosis in H9c2 cells.
As confirmed earlier, hydrogen peroxide at
200–400 mM and tBOOH at 12.5–25 mM
induced apoptosis (Fig. 1D). Rotenone and
anti-mycin A also induced apoptosis in H9c2
cells at concentrations from 5 to 10 mM and
10 to 25 mg/ml, respectively. As indicated in
Figure 2A, reduction of endogenous ARC sig-
nificantly increased sensitivity against ROS
fromboth endogenous (rotenone andanti-mycin
A) and exogenous (hydrogen peroxide) sources.
These data indicate that ARC has profound role
in protection against various sources of oxida-
tive stress.

Effect of Different Domains and
Phosphorylation of ARC in Oxidative

Stress-Induced Apoptosis

It has been shown that phosphorylation is
important for the translocation of ARC to
mitochondria where it interacted with caspase-
8 [Li et al., 2002], but its role in ARC protection
against oxidative stress-induced apoptosis has
notbeen investigated. Inaddition,ARCcontains
a CARD domain at the N0-terminus and a
proline–glutamine (P/E) rich region in the C0-
terminus which has been shown to interact with
other proteins involved in apoptosis. However,
the role of each domain in oxidative stress-
induced apoptosiswas not examined. This study
examined the role of both phosphorylation and
domain structures of ARC in oxidative stress-
induced apoptosis. First, the phosphorylation
site threonine 149wasmutated to either alanine
(T149A) or aspartic acid (T149D). Alanine
mutation led to the loss of phosphorylation
capability and aspartic acid mimicked constitu-
tive phosphorylation. The CARD and P/E
domains were subcloned separately into vectors
as described in the Materials and Methods
section. H9c2 cells transfected with these con-
structs were tested for sensitivity to oxidative

stress. Figure 3A shows that after treatment
with hydrogen peroxide, a higher number of
ARC-T149A expressing cells exhibit a diffused
pattern of cytochrome c staining compared to
cells expressing wild-type ARC. Cell viability
assays, shown inFigure2Band3B, indicate that
the T149A mutation significantly decreased
resistance of H9c2 cells to hydrogen peroxide
(75% cell death compared to 60% for control cells
and 50% for cells overexpressing ARC). In
contrast, the constitutive phosphorylation
mutant (T149D) significantly enhanced resis-
tance against oxidative stress even greater than
wild-type ARC (Fig. 2B). Furthermore, wild-
type ARC inhibited the release of cytochrome c

Fig. 2. ARC protects H9c2 cells against variety of ROS inducers.
H9c2 cells were treated with H2O2 (200 and 400 mM) or tBOOH
(12.5 and 25 mM) for 24 h, with rotenone (10 mM) or anti-mycin
(25 mg/ml) for 48 h. Cell viability was analyzed by MTT assay as
described in Materials and Methods. A: Reduction of endogen-
ous level of ARC increases sensitivity to both endogenous and
exogenous ROS. H9c2 cells stably expressing ARC-siRNA
(siRNA #4) or vector alone were treated with ROS. (*P<0.05)
(B) Compare T149A, T149D mutant of ARC in H9c2 cells against
various ROS. The result was generated from stable cell lines
expressing individual protein as specified. Data are statistically
significant (*P< 0.05, **P<0.01). The inlet graph indicates the
expression of ARC in stable cell lines used in the experiment. All
experiments were performed at least three times.
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significantly more than either the CARD or P/E
domains alone. Figure 3B also demonstrates
that neither theCARDnor theP/Edomainalone
protected H9c2 cells against oxidative stress.
Additionally, when both domains were exp-
ressed together in the same cell but in separate
constructs, no protection was observed either
(data not shown), indicating correctly folded
CARD and P/E domains of intact ARC protein
are required for the protective effect of ARC.
The importance of Thr149 was further inves-

tigated. Since it has been shown that CKII can
phosphorylate ARC at Thr149 [Li et al., 2002],
we tested whether inhibition of Thr149 phos-
phorylation could alter the sensitivity of H9c2
cells to oxidative stress. H9c2 cells stably
transfected with different ARC constructs were
treated with the CKII inhibitor DRB at 25–
75 mM for 48 h before challenged with 200 or
400 mM hydrogen peroxide. As shown in
Figure 3C, when there was no DRB treatment,
overexpression of ARC protected H9c2 cells
relative to either control or the T149A mutant,
consistent with earlier observations. However,
when cells were treated with DRB, overexpres-
sion of ARC did not protect the cells, indicated
by the similar level of cell death in all three
groups of cells. At the tested concentration,
DRB did not affect the cell viability (data not
shown). This data indicates that phosphoryla-
tion of ARC is critical for protecting cells from
oxidative stress-induced damage.
The localization of different ARC constructs

in H9c2 cells was also investigated (Fig. 3E). A
significant amount of wild-type ARC was colo-
calized with mitochondria in response to oxida-
tive stress, indicated by the yellow color in the
overlay image. However, neither ARC (T149A)
nor the CARD or P/E domains alone colocalized
significantly with mitochondria under either
normal or oxidative stress conditions. Western
Blot analysis (Figs. 3D and 5D) further indi-
cates that phosphorylation at Thr149 is
required for the translocation of ARC to mito-
chondria as has been previously demonstrated
[Li et al., 2002].

Identification of PP2C (PPM1G)
That Interacts With ARC

To identify potential ARC interacting part-
ners, theYTHsystemwasused to screen aheart
cDNA library for new proteins that might
interact with ARC. As shown in Table I, several
genes were identified by YTH with interactions

ranging from weak to strong, as judged by the
intensity of the color from b-galactosidase assay
(Fig. 4A). Of these genes, one named PPM1G
(also known as PP2C), is of particular interest
due to its dephosphorylation activity. PP2C is a
serine/threonine phosphatase [Flajolet et al.,
2003]. The interaction of PP2C with ARC
suggests that PP2C might regulate ARC by
dephosphorylation at threonine 149. To confirm
the interaction between ARC and PP2C, Co-IP
was performed. Cells expressing ARC-CFP
fusion proteins were immunoprecipitated with
anti-GFP antibody and blotted with anti-PP2C
antibody as well as anti-ARC antibody. As
indicated in Figure 4B, PP2C was co-immuno-
precipitated with anti-GFP antibody in cell
lysates from wild-type ARC expressing cells
but not from T149A expressing cells.

ARC Inhibits Oxidative Stress-Induced
Apoptosis by Blocking Caspase-2
Activation and Bax Translocation

To analyze further the mechanism of how
ARC affects oxidative stress-induced apoptosis
in H9c2 cells, we used stable H9c2 cell lines
expressing either siRNA-ARC orwild-typeARC
and monitored the activation of various cas-
pases. As shown in Figure 5A, caspase-2 and -3
were activated in H9c2 cells challenged with
hydrogen peroxide. This activation was inhib-
ited by overexpression of wild-type ARC but not
by overexpression of the phosphorylation
mutant (T149A), truncated ARC, or reduced
ARC expression by siRNA.

As shown in Figure 5B, inhibitors of caspase-
2, -3, -9 or pan caspase inhibitors partially
blocked cell death due to the decrease of ARC
expression. This effect is similar to the effect of
overexpression of ARC. Figure 5B also indicates
that the caspase inhibitors have a synergistic
effectwith overexpression ofwild-typeARC, but
not the phosphorylation mutant. Inhibition of
caspase-2 was more effective than inhibition of
caspase-9. This data suggest that caspase-2
might be a major initiator caspase during ROS-
induced apoptosis in H9c2 cells and ARC
protects H9c2 cells by inhibiting the activation
of caspase-2. Inhibitors for caspase-8, either z-
LETD-FMK or z-IETD-FMK (more specific for
caspase-8) did not block cell death under the
similar condition. The result of z-IETD-FMK
studies is shown in Figure 5C.

ARCoverexpressionalso blocked the cleavage
of caspase-3 and the translocations of Bax to
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mitochondria as shown inFigure 5D (top panel).
ARC was detected in mitochondria-enriched
fraction isolated from wild-type ARC overex-
pression cells, but no phosphorylation mutant
ARC (T149A) was detected from mitochondrial
fraction isolated from T149A overexpressing
cells. This is consistent with our earlier findings
using fluorescence microscopy (Fig. 3B). Sig-
nificantly, more Bax was detected in the
mitochondrial fraction from cells expressing
T149A mutant but not in cells overexpressing
wild-type ARC (second panel). Furthermore,
caspase-3was cleaved into 19-kDa fragments to
a greater degree in T149A-transfected cells
than in cells overexpressing wild-type ARC
(third panel). These data indicate that the
inhibition of oxidative stress-induced apoptosis
by ARC occurred through inhibition of the
mitochondrial pathway of apoptosis.
The interaction between ARC and Bax was

further analyzed by FRET. As indicated in
Figure 5E, when wild-type ARC and Bax were
co-expressed in the same cell, an increase of
FRET efficiency after ROS treatment was
observed. However, when T149A mutant of
ARC and Bax were co-expressed in the same
cell, no changes in FRET efficiency was
observed after ROS treatment. Furthermore,
the basal FRET efficiency for T149A mutant

and Bax is barely detectable, suggesting no
interaction exists between T149A mutant and
Bax under any tested conditions, further sup-
porting our findings displayed in Figure 5D.

ARC Blocks Cell Death Induced by
Overexpression of Full-Length Caspase-2

Caspases have been shown to induce apopto-
sis when overexpressed in cells [Baliga et al.,
2004; Gao et al., 2005]. Here, we tested whether
ARC could block cell death induced by over-
expression of caspase-2. Stable H9c2 cells
expressing different ARC constructs (ARC,
T149A mutant, CARD, and P/E domain) were
transiently transfected with either full-length
caspase-2 (casp2-FL) or caspase-2 without pro-
domain (casp2-Cat). Cell viability was mea-
sured using the MTT assay. As shown in
Figure 6A, wild-type ARC inhibited apoptotic
cell death due to overexpression of full-length
caspase-2 (left panel of Fig. 6A), but not the
catalytic domain of caspase-2 which lacks the
pro-domain (right panel of Fig. 6A). In contrast,
the T149A mutant did not inhibit cell death
induced by overexpression of either full-length
or catalytic domain of caspase-2. On the con-
trary, it interfered with endogenous ARC,
leading to more cell death compared with
control cells. Expression of the CARD or PE
domain separately had similar effect as that
of control cells, indicating a requirement for
full-length, intact ARC to inhibit caspase-2
activation. This is consistent with the notion
that ARC inhibits caspase-2 by interacting
through the CARD domain localized in the
pro-domain of caspase-2. The binding of ARC
to caspase-2 was examined further by Co-IP. As
shown in Figure 6B, wild-type ARC co-immu-
noprecipitated with caspase-2, but not T149A

TABLE I. Example of Proteins that Might
Interact with ARC Identified by YTH

Clone Gene Interaction

1a, 5a, 7a, YTH20 ARC Moderate
d14 PPM1G (PP2C) Weak
d18 Mitochondrial

unknown gene
Weak

d26 RNA binding protein Weak
d8 Kazrin Strong

Fig. 3. Effect and localization of different domains of ARC in
H9c2 cells against oxidative stress-induced cell death. A: H9c2
cells expressing different ARC-CFP fusion constructs were treated
with 200 mM H2O2 for 12 h before fixation. The cells were further
immunostained with antibody specific for cytochrome c and
labeled with Cy5-conjugated secondary antibody. The image
was taken using Olympus wide field laser microscope. B: H9c2
cells stably transfected with constructs of different ARC domains
or mutants were treated with 400mM H2O2 for 24 h. Cell viability
was analyzed by MTT assay as described in Materials and
Methods. Data are statistically significant (*P< 0.05 between
control and T149A, **P<0.01 between ARC and T149A). C:
Inhibition of phosphorylation in ARC with CKII inhibitor DRB
reduces resistance of H9c2 cells against oxidative stress. Cells
were pretreated with DRB for 48 h before treated with H2O2 for
another 24 h. Cell viability was analyzed by MTT assay

(*P< 0.05 between control and T149A, **P<0.01 between
ARC and T149A). D: Detect translocation of ARC to mitochon-
dria using Western Blot analysis. Mitochondria were isolated as
described in the Materials and Methods. ARC was detected with
antibody specific for hARC (1:1,000). Mitochondrial and cytosol
fraction were probed with antibodies specific for COX IV and
b-actin respectively. Ctrl, control. E: Analyze the localization of
ARC protein using fluorescence microscope. H9c2 cells stably
transfected with respective ECFP fusion constructs were treated
with or without H2O2. Mitochondria were labeled with anti-
cytochrome c antibody (Cy-5 conjugated secondary antibody).
Green fluorescence indicates ARC protein, read fluorescence
cytochrome c. Yellow color indicates co-localization of read and
green signals.
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mutant, suggesting that phosphorylation of
ARC at threonine 149 is also important for
interaction between ARC and caspase-2.

DISCUSSION

In this study, we investigated in detail the
mechanism by which ARC protects rat H9c2
cardiomyocytes against oxidative stress-
induced apoptosis. Specifically, we focused on
the level of expression, phosphorylation, and
the domain structure of ARC in protection
against oxidative stress-induced apoptosis. We
also explored the relationship either between
ARC and caspase activation or between ARC
and Bax translocation during oxidative stress.
The results indicate that a high level of expres-
sion of ARC and the maintenance of ARC
protein level inside H9c2 cells is critical to their
protection against oxidative stress-induced
apoptosis. When ARC expression was reduced
by ARC-specific siRNA, H9c2 cells were sig-
nificantly more sensitive to oxidative stress. In
contrast, overexpression and maintenance of
high levels of ARC in H9c2 cells significantly
increased resistance to oxidative stress. Indivi-
dual domains of ARC had no protective effect
when overexpressed separately in H9c2 cells,
indicating that the integrity of the whole ARC
protein structure is important. Most impor-
tantly, phosphorylation ofARCat threonine149
is critical to its anti-apoptotic function. When
this phosphorylation sitewas eliminated (threo-
nine! alanine), ARC had a dominant negative
effect on endogenous wild-type ARC. The

importance of phosphorylation was further
confirmed by a constitutive phosphorylation
mimicry mutation (threonine! aspartic acids)
whichprotectedH9c2 cells evenmore thanwild-
type ARC. When phosphorylation at threonine
149 was inhibited pharmacologically, protec-
tion also decreased. Further investigation dis-
closed that T149 is critical for the translocation
of ARC tomitochondria.Wild-typeARC inhibits
the translocation of Bax to mitochondria, the
release of cytochrome c from mitochondria, and
activation of caspase-3. However, a mutation of
T149A resulted in loss of all of these properties.
Using the YTH system, we discovered that
PP2C interactswithARC. In addition, we found
that caspase-2 inhibitors had synergistic effects
with ARC in blocking oxidative stress-induced
apoptosis. When the ARC level was reduced by
siRNA, caspase-2 activity was significantly
higher than that in those cells with normal
levels of ARC, suggesting ARC under normal
conditions can suppress the activation of cas-
pase-2.

We have made several new findings in this
study. First, using ARC-specific siRNA, we
found that the level of ARC is critical to the
protection ofH9c2 cells against oxidative stress.
Second, the integrity of the ARC protein is
required for its anti-oxidative stress function;
expression of either domain alone did not
protect cells against oxidative stress. Third,
phosphorylation is crucial for ARC to be pro-
tective. Mutant ARC that could not be phos-
phorylated had dominant negative effects
against endogenous ARC. A newly identified

Fig. 4. Identification of PP2C as a potential protein phosphatase to dephosphorylate ARC. A: b-
galactosidase assay of YTH clones. Control strains are standard yeast strains provided by Invitrogen, with
interaction strength from weak to very strong (indicated by no color to deep blue color). YTH clones screened
from heart cDNA library were labeled as d8, d14, d15, d18, and d26. B: Co-immunoprecipitation (Co-IP)
experiment confirms the interaction between ARC and PP2C. ARC was precipitated with anti-GFP antibody
and PP2C was detected with anti-PP2C antibody following immunoprecipitation.
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protein phosphatase, PP2C interacts withARC,
which may inhibit its activity through depho-
sphorylation. Lastly, ARC suppressed the mito-
chondrial-mediated intrinsic pathway by either
inhibition of caspase-2 activation, blocking
translocation of Bax or both, during oxidative
stress-induced apoptosis.
Our attempt to inhibit the expression of ARC

with siRNA did not reduce the protein expres-

sion to the level reported in other studies
employing siRNA technique, including a recent
publication on ARC [Nam et al., 2004]. How-
ever, we still observed significant reduction in
resistance to oxidative stress-induced apoptosis
in these cells. Our oligos are targeted to the 30-
UTR (untranslated region) instead of the 50-
region as described in the study published by
Nametal. [2004]. In contrast toNam’s study,we

Fig. 5. ARC inhibits ROS-induced apoptosis by blocking
caspase-2 activation and Bax translocation. A: Caspase activa-
tion: H9c2 cells stably transfected with vector, siRNA-rARC (si3),
ARC (T149A), or rARC were treated with H2O2 for 24 h before
being harvested and lysed. Caspase-2 or -3 activities were
analyzed by the substrate assay with a fluorometric kit purchased
from Alexis (Ac-VDVAD-AFC for caspase-2, Ac-DEVD-AFC for
caspase-3). B: Caspase inhibitor assay: caspase inhibitors were
added to the culture of different stable cell lines 2 h prior to H2O2

treatment. Caspase inhibitors: z-VDVAD-FMK for caspase-2, z-
DEVD-FMK for caspase-3, z-LEHD-FMK as caspase-9 inhibitor,
z-VAD-FMK is pan-caspase inhibitor. Cell viability was analyzed
by MTT assay as described in Materials and Methods (**P< 0.01
between ARC and T149A, *P< 0.05 between ARC and vector
control). C: Effect of inhibitor for caspase-8: z-IETD-FMK: cells

were treated with 100 mM of z-IETD-FMK for 2 h before H2O2

treatment. D: Western Blot analysis of caspase-3 cleavage and
Bax translocation: transfected H9c2 cells were treated with H2O2

for 24 h and harvested. Cells were fractionated as described in
Materials and Methods. Lanes 1 and 10: ARCþH2O2 200 mM;
lanes 2 and 20: ARCþH2O2 400 mm; lanes 3 and 30: ARC
(T149A)þH2O2 200 mM; lanes 4 and 40: ARC (T149A)þH2O2

400 mM. Antibody specific for cleaved caspase-3 was used to
detect the 19-kD band (indicated by asterisk*). E: FRET analysis of
interaction between ARC and Bax or T149A mutant and Bax.
H9c2 cells were transfected with either ARC-CFP and Bax-YFP or
T149A-CFP and Bax-YFP and treated with 200 mM H2O2 for 12 h
before fixation. FRET was examined and calculated as described
in Materials and Methods section. * Indicates statistically
different between treated and untreated samples (P<0.05).
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did not observe automatic apoptosis and Bax
translocation in H9c2 cells with reduced ARC.
Thismight be due to the difference of the degree
of ARC reduction. In a separate study, ARC
expression was reduced by continuously grow-
ing over-confluent H9c2 cells [Ekhterae et al.,
1999]. This approach has amajor drawback due
to the possibility of changes in gene expression
pattern and growth properties of H9c2 cells
when growing in confluence for a long period
[Kimes and Brandt, 1976].

For localization studies, we had to rely on the
expression of fluorescent ARC fusion proteins
due to the lack of a good anti-ARC antibody that
could be used for immunofluorescence staining.
Even thoughwe triedmany times, we found the
commercially available anti-ARC antibody is
not suitable for immunostaining. To confirm the
results observed with the fluorescent ARC
fusion protein, we used cell fractionation to
analyze the distribution of ARC as well as other
proteins. The combination of these two
approaches provides sufficient confidence of
our conclusion that wild-type ARC not T149A
mutant relocalizes to mitochondria during
oxidative stress.

We hypothesized that ARC might interfere
with the function of the pro-apoptotic members
of the bcl-2 protein family including Bax. A
recent study found that indeed, ARC interacted
with Bax [Gustafsson et al., 2004]. This finding
is consistent with our results. Using FRET, we
also found that ARC and Bax interact with each
other in situ (data not shown). Overexpression

of ARC blocks the translocation of Bax to
mitochondria during oxidative stress-induced
apoptosis (Fig. 5C). Collectively, these data
indicate that inhibition of Bax translocation by
ARC plays an important role in inhibiting
oxidative stress-induced apoptosis.

One of the important findings in our study is
that the T149A mutation has dominant nega-
tive effect against endogenous ARC, implying
potential self-interaction between ARC itself.
Indeed, we detected moderate interaction
between ARC itself (data not shown). This
appears consistent with a previous study that
detected ARC interaction using the immuno-
precipitationapproach [Gustafssonet al., 2004].
The biological significance of this interaction
has been demonstrated by our study. However,
when and where the formation of ARC homo-
dimers or homooligomers occurs requires
further investigation.

Recently, the P/E rich domain of ARC was
shown to be sufficient to protect against neuro-
nal cell death [Hong et al., 2003]. However, we
did not observe this sameprotective effect in our
study. This may reflect cell specificity of ARC in
terms of its anti-apoptotic function. Support for
this hypothesis can be found in the results of
another study from Dowds and Sabban [2001],
who found that overexpression of ARC in PC12
cell, which is a neuroblastoma cell, promoted
apoptosis. Thus, ARC appears to have different
activities potentially in different cell types.
However, our data demonstrating an anti-
apoptotic effect for ARC is consistent with the
bulk of the published data on ARC function.

IAPs are a family of proteins that inhibit the
activation or activity of caspases [Andersen
et al., 2005]. Various studies have suggested
potential clinical implications for this group
of proteins. For instance, some apoptosis
inhibitors might help prevent or slow down
degenerative disorders or autoimmune dis-
eases. As an apoptosis inhibitor, ARC may be
considered a special type of IAP. Itmay have the
same or even more potential in preventing cell
damage than other IAPs due to its pleiotropic
effect in inhibiting apoptosis. The data in this
study confirms that ARC is important in
protecting heart cells against oxidative stress-
induced damage. This aspect potentially has an
important clinical implications including the
prevention of damage caused by ischemia/
reperfusion and hypoxia, which is associated
partially with oxidative stress [Aronis et al.,

Fig. 6. ARC reduces apoptosis induced by an overexpression of
caspase-2. Stable H9c2 clones with respective constructs:
vector, ARC, ARC (T149A), ARC (CARD), and ARC (PE) were
transfected with caspase-2 (Casp2-FL) or caspase-2 catalytic
domain (Casp2-Cat) as described in Materials and Methods. Cell
viability was detected by the MTT assay after 36 h of transfection
(*P< 0.001 between T149A and other groups, *P< 0.05
between ARC and N1, CARD, or PE).
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2005]. In fact, expression of ARC has been
shown to reduce this type of damage in one
animal study [Gustafsson et al., 2002]. Our data
further identify and confirm the mechanism of
how ARC prevents oxidative damage and sup-
ports the notion that high level of ARC plays a
critical role in protecting heart cells from
oxidative stress-induced damage. Further stu-
dies are necessary to distinguish the interaction
between ARC and Bax or ARC and caspase-2/8.
Since it is a pleiotropic inhibitor of caspases,
ARC may have a wide spectrum of clinical
implications in cell death prevention. More
studies are required to investigate and compare
the function ofARC in other stress-induced and/
or receptor-mediated apoptosis. Furthermore,
studies employing protein/peptide delivery sys-
tem in animal or tissue culture to examine the
role ofARCcould revealmore information about
the practical application of ARC as a special
type of IAP.
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