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Ischemic injury of the heart is associated with activation of
multiple signal transduction systems including the heterotri-
meric G-protein system. Here, we report a role of the isch-
emia-inducible regulator of G�� subunit, AGS8, in survival
of cardiomyocytes under hypoxia. Cultured rat neonatal car-
diomyocytes (NCM) were exposed to hypoxia or hypoxia/
reoxygenation following transfection of AGS8siRNA or
pcDNA::AGS8. Hypoxia-induced apoptosis of NCM was com-
pletely blocked by AGS8siRNA, whereas overexpression of
AGS8 increased apoptosis. AGS8 formed complexes with
G-proteins and channel protein connexin 43 (CX43), which reg-
ulates the permeability of small molecules under hypoxic stress.
AGS8 initiated CX43 phosphorylation in a G��-dependent
manner by providing a scaffold composed of G�� and CX43.
AGS8siRNA blocked internalization of CX43 following expo-
sure of NCM to repetitive hypoxia; however it did not influence
epidermal growth factor-mediated internalization ofCX43. The
decreased dye flux through CX43 that occurred with hypoxic
stresswas also preventedbyAGS8siRNA. Interestingly, theG��
inhibitor Gallein mimicked the effect of AGS8 knockdown on
both the CX43 internalization and the changes in cell perme-
ability elicited by hypoxic stress. These data indicate that AGS8
is required for hypoxia-induced apoptosis of NCM, and that
AGS8-G�� signal input increased the sensitivity of cells to
hypoxic stress by influencing CX43 regulation and associated

cell permeability. Under hypoxic stress, this unrecognized
response program plays a critical role in the fate of NCM.

G-protein-coupled receptors (GPCRs)4 are signaling pro-
teins on the cell surface responsible for mediating various
ligands, such as hormones andneurotransmitters. Activation of
cell surface GPCRs initiates nucleotide exchange on G� sub-
units, which leads to a conformational change of G��� and
subsequent transduction of signals to various intracellular
effectormolecules (1–3). In addition to such established signal-
ing pathways, recent studies indicate the existence of a novel
class of regulatory proteins for heterotrimeric G-proteins.
These regulatory proteins may provide alternative signal proc-
essing via G���, G�, or G�� subunits distinct from typical
GPCR pathways, and identifying these mechanisms may
uncover unrecognized roles ofG-proteins beyond simple trans-
ducers of signals from GPCRs (4–6).
During the alteration of signaling pathways in disease states,

such regulatory proteins may be involved in adaptation pro-
grams of cells to maintain homeostasis (7–11). Genetic modi-
fication of regulatory proteins forG-proteins leads to the devel-
opment of cardiovascular dysfunction in mice including
hypertension, maladaptive response to pressure overload, or
altered baroreceptor reflex (9, 12, 13). Thus, such regulatory
accessory proteins may be involved in the development of dis-
ease via either regulating GPCR-initiated signals or by unde-
fined, alternative G-protein signaling pathways operating inde-
pendent of the receptor.
In our efforts to adaptation-specific signal regulators for

G-protein systems, we identified a novel receptor-independent
G-protein activator, activator of G-protein signaling 8 (AGS8),
from a cDNA library of rat hearts subjected to repetitive tran-
sient ischemia with the development of collateral vessels (8).
Initial observations indicated that AGS8 was up-regulated in
cardiomyocytes in response to transient ischemia and hypoxia.
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AGS8 directly interacted with G�� and regulated G�� signal-
ing in cells (8, 14). The induction of AGS8 in tissue and cells
suggests that AGS8 may be involved in the adaptation of car-
diomyocytes to ischemia, which determines the survival or
death of cells.
Here, we report the involvement of AGS8 in cardiomyocyte

survival following exposure to hypoxic stresses, and identify
protein(s) associated with AGS8 that may regulate cellular
events in response to stress. The suppression of AGS8 com-
pletely blocked hypoxia-induced apoptosis of cardiomyocytes,
indicating that AGS8 is required for hypoxic stress-induced cell
death. AGS8 formed complexes with a channel protein con-
nexin 43 (CX43) and regulated its phosphorylation in a G��-
dependent manner. AGS8siRNA blocked hypoxia-induced
internalization of CX43 from the cell-surface that was associ-
atedwith the altered permeability ofmolecules flowing through
CX43. Interestingly, such AGS8-mediated regulation of CX43
was not observed for receptor-stimulated internalization of
CX43 by epidermal growth factor (EGF). Subsequent experi-
ments indicated that the effects of AGS8siRNAweremimicked
by a G�� signal inhibitor. AGS8-G�� may influence the sensi-
tivity of cells to hypoxia via regulating the permeability of CX43

in the membrane. Such undefined regulatory mechanism may
play critical roles in the survival of cardiomyocytes.

EXPERIMENTAL PROCEDURES

Materials—Anti-connexin 43 antibody, �-actin antibody,
IGEPAL CA-630 were purchased from Sigma. Anti-connexin
43 monoclonal antibody and phospho-connexin 43 (Ser-368)
were obtained from Chemicon and Cell Signaling Technology,
respectively. Anti-desmoplakin 1&2 antibody and anti-N-cad-
herin antibody were purchased from PROGEN Biotechnik
GmbH (Heidelberg, Germany) and BD Transduction Labora-
tories, respectively. Anti-Xpress antibody and Lipofectamine
2000 Reagent were purchased from Invitrogen. Anti-G� anti-
body and phospho-connexin 43 (Ser-262) were obtained from
Santa Cruz Biotechnology. Rat recombinant epidermal growth
factor and Gallein were purchased from Funakosi (Tokyo,
Japan) and Calbiochem, respectively. PMH::connexin 43 (rat)
was prepared as described previously (15).
Transfection of Small Interfering RNA (siRNA) and Plasmid

to Cultured Cardiomyocytes—A double-strand siRNA oliogo-
nucleotide to rat AGS8 (DQ256268) was synthesized
(Stealth siRNA, Invitrogen) as follows: AGS8 siRNA1 (nt 320–

FIGURE 1. The schematic diagram of AGS8 and the characterization of AGS8siRNA or AGS8 antibodies. A, schematic diagram of AGS8 showing target
regions of siRNAs and epitopes of antibodies. Arrowheads indicate the target for each siRNA for AGS8. Solid bars indicate the epitope of each AGS8 antibodies.
AGS8-C, 372 amino acid of the C-terminal region of AGS8. B, suppression of AGS8 by siRNA in cultured cardiomyocytes. Neonatal cardiomyocytes were
transfected with 50 nM siRNAs for AGS8 as well as control siRNAs. Control siRNA is the universal negative siRNA control designed to minimize sequence
homology to any known vertebrate transcript (Stealth RNAi Negative Control). 48 h after transfection, the level of mRNA of AGS8 was analyzed by real-time PCR.
Transfection efficiency of siRNA was estimated 70 – 80% using FITC-labeled dsRNA (Block It Fluorescent Oligo, Invitrogen) (right panel). *, p � 0.05 versus
negative siRNA. n � 8 from four independent experiments. C, detection of expressed AGS8 by AGS antibody (TA829). COS7 cells were transfected with
pcDNAHis (4 �g/35-mm dish) or pcDNAHis::AGS8 (4 �g/35-mm dish). After 48 h of transfection, cells were solubilized into Laemmli buffer, and 10 �g of cell
lysates were subjected to immunoblot. (TA829, 1:1000; TB087101, 1:3000). D, immunofluorescence stain of expressed AGS8 in COS7 cells. COS7 cells trans-
fected with pcDNA::AGS8 (4 �g/35-mm dish) were subjected to immunofluorescence stain for AGS8 (TA829, 1:200, red, arrow) and nuclei (DAPI, blue).
E, immunoprecipitation of AGS8 from cell lysate. 3 �g of AGS8 antibody (TA829) or rabbit IgG was added to 1 mg of lysate prepared from COS7 cells transfected
with pcDNAHis vector (12 �g/dish) or pcDNAHis::AGS8 (12 �g/dish) and incubated 18 h at 4 °C with rotation. The antibody was absorbed to protein G-Sepha-
rose (25 �l of a 50% slurry). The pellets were eluted in 30 �l of 2� Laemmli buffer and subjected to SDS-PAGE. AGS8 was detected by AGS8 antibody (TB087101,
1:1000).
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345, sense: 5�-CCAGAGAUGAGAGAUCGCAUGAAAU-3�),
AGS8siRNA2 (nt 2048–2073, sense: 5�-UGGGUCACUUUA-
GUUUGAUACGGAA-3�), scramble control from AGS8
siRNA1 (sense: 5�-CCAAGGUGAGAUAGCACGUAAG-
AAU-3�), scramble control for AGS8 siRNA2 (sense: 5�-UGG-
UCACGAUUGUUUCAUAGUGGAA-3�) (Fig. 1A). The con-
ditions and duplex eliciting the most effective reduction in
AGS8 were determined in a series of preliminary experiments.
Cultured neonatal cardiomyocytes at 1.2 � 105 cell in 24-mm
plates were transfected with siRNA using Lipofectamine 2000
according to the manufacturer’s instructions. Briefly, RNAi 1
and 2 individually (50 nM) in 10 �l of OPTI-MEM I medium
(Invitrogen) and 0.125 �l of Lipofectamine 2000 in 10 �l of
OPTI-MEM Imedia weremixed and then added to themixture
in 24-mm dishes. The transfection efficiency of FITC-labeled
oligonucleotide was 70–80% and siRNA for AGS8 did not
influence the level of mRNA of �-actin in the condition used
(Fig. 1B). Negative controls of siRNA for AGS8 were scrambled
sequence of siRNA for AGS8 or universal control sequence,
which has minimized homology to any known vertebrate tran-
script with similar GC content (Stealth RNAiNegative Control,
Invitrogen). To overexpress AGS8, pcDNA3::AGS8 was trans-

ferred to cardiomyocyte utilizing
viral envelope system in according
to the manufacturer’s instructions
(GenomOne-Neo, Ishihara Corp.
Osaka, Japan). The increase of
mRNA of AGS8 was confirmed by
real-time PCR following transfec-
tion of pcDNA3::AGS8.
Generation of AGS8 Antibody—

Antipeptide AGS8 antiserum
(TB087101 serum) was generated by
immunizing rabbits with the syn-
thetic peptide C-612STSPLSRGWK-
DRQDTH-A628 following KLH
conjugation (Fig. 1A). Another
AGS8 antiserum (TA829 serum)
was generated by immunizing rab-
bits with a recombinant protein of
AGS8 (M1-K330) synthesized as
glutathione S-transferase (GST)
fusion protein in bacteria (Fig. 1A).
The antiserums were affinity puri-
fied and used in subsequent experi-
ments. The antibodies for GST pro-
teins were removed from TA829 by
filtration of immune sera through
immobilized GST affinity column.
Antiserum was characterized by
analysis of varying amounts of
GST-AGS8 fusion proteins and/or
extracts from COS7 cells trans-
fected with pcDNA3::AGS8 to
determine optimal conditions for
immunoblotting. Purified antibod-
ies (TA829, 0.4 mg/ml; TB087101,
1.0 mg/ml) were used for immuno-

blotting (TA829, 1:1000; TB087101, 1:1000 to 3000) (Fig. 1C),
immunostain (TA829, 1:100–200) (Fig. 1D) and immunopre-
cipitation (TA829, 1–3.5 �g per sample) (Fig. 1E).
Detection of Apoptosis: In Situ Assay for Apoptosis Detection—

In situ labeling of fragmented DNA in cardiac myocytes was
detected by TACS2 TdT-Blue Label in Situ Apoptosis Detec-
tion kit (Travigen, Inc., Gaithersburg, MD), that detects DNA
breaks in genomic DNA by enzymatic incorporation of biotin-
ylated nucleotides followed by the binding of streptavidin-per-
oxidase conjugates, according to the manufacturer’s instruc-
tions. Briefly, myocytes were fixed with 3.7% formaldehyde in
phosphate-buffered saline for 10 min and with 70% ethanol for
5min and then incubated in proteinase K (0.02mg/ml) at room
temperature for 5min. The cellswere incubatedwith 2%hydro-
gen peroxide for 5min andwashedwith labeling buffer consist-
ing of 50mMTris (pH 7.5), 5mMMgCl2, 60�M 2-mercaptoeth-
anesulfonic acid, and 0.05% bovine serum albumin, followed by
60 min of incubation at 37 °C in labeling buffer containing 150
�M dATP, 150 �M dGTP, 150 �M dTTP, 5 �M biotinylated
dCTP, and 40 units/ml of the Klenow fragment of DNA poly-
merase I. Untreated myocytes incubated with or without 2
mg/ml DNase in the labeling buffer were used as positive or

FIGURE 2. Effect of suppression of AGS8 on apoptosis of cardiomyocytes exposed to hypoxia or hypoxia/
reoxygenation. A, effect of suppression of AGS8 on hypoxia-induced apoptosis of cardiomyocytes. Neonatal
cardiomyocytes were exposed to hypoxia (1% oxygen) or cultured in normoxia as indicated duration following
transfection of siRNA. TUNEL-positive cells were counted from 3000 cells of 10 independent fields in each
experiment (magnification, 10 � 20). *, p � 0.05 versus scramble siRNA at the same condition; n � 6 –7 of four
independent experiments. B, effect of suppression of AGS8 on apoptosis of cardiomyocytes following hypoxia/
reoxygenation. Neonatal cardiomyocytes were subjected to sequential exposure of 6 h of hypoxia (1% oxygen)
followed by 18 h of reoxygenation 48 h after transfection of siRNA. TUNEL-positive cells were counted from
3000 cells of 10 independent fields in each experiment (magnification, 10 � 20). *, p � 0.05 versus scramble
siRNA at the same condition. n � 8 –12 of five independent experiments. C, effect of suppression of AGS8 on
apoptosis following hypoxia/reoxygenation. Loss of membrane potential of mitochondria was determined
utilizing fluorescence dye staining from 2000 cells of 10 independent fields in each experiment. n � 6 –10 of
five independent experiments. The right panel indicates the representative of fluorescence signals determined
by this method. *, p � 0.05 versus scramble siRNA at the same condition. D, effect of overexpression of AGS8 on
apoptosis of cardiomyocytes following hypoxia/reoxygenation. Neonatal cardiomyocytes were subjected to
sequential exposure of 6 h of hypoxia (1% oxygen) followed by 18 h of reoxygenation following transfection of
pcDNA3 or pcDNA3::AGS8. TUNEL-positive cells were counted from 3000 cells of 10 independent fields in each
experiment (magnification, 10 � 20). Transfection efficiency was estimated at 50 – 60% using the GFP vector
(right panel). *, p � 0.05. n � 10 from five independent experiments.
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negative controls, respectively. The
incorporated biotinylated dCTP
was then detected with strepavidin-
peroxidase conjugate and revealed
in 0.5 mg/ml diaminobenzidine for
10 min. Nuclear brown staining was
viewed under a light microscope.
Assessment ofMitochondrialMem-

brane Potential—Loss of mitochon-
drial membrane potential was
assessed with a fluorescence micro-
scope (Nikon TE2000U micro-
scope, NIKON, Tokyo, Japan)
after staining with MitoCapture
(BioVision, Moutain View, CA), in
which cells were stained with a cat-
ionic dye that fluoresced differently
in healthy versus apoptotic cells.
Cardiomyocytes were incubated
MitoCapture for 15 min at 37 °C.
After the dye was applied, images
were captured by fluorescence
microscopy within 30 min with
microscope. A 488-nm filter and
543-nm filter were used for excita-
tion, and the resultant red and green
fluorescence were quantified with

FIGURE 3. Subcellular distribution of AGS8. A, immunohistochemical staining for AGS8 (TA829, 1:200) of
ischemic area (left) or non-ischemic area (right) of the left ventricle of repetitive transient ischemia model of rat
prepared as described previously (8, 18). Frozen section (8 �m) of the rat heart was subjected to immunohis-
tochemical stain as described under supplemental data. B, immunofluorescence stain for AGS8 (TA829, 1:200,
red, arrow) and nuclei (DAPI, blue) of cultured neonatal cardiomyocyte. The immunoreactive signal in the
plasma membrane was remarkably reduced following transfection of AGS8siRNA1 or AGS8siRNA2 (right pan-
els). The data are representative of four independent experiments with similar results. C, analysis of subcellular
localization of AGS8 by immunoelectron microscopy. The fixed mouse heart section was subjected to immu-
noelectron microscopy as described under supplemental data. AGS8 signals were identified in the cellular
junction (left panel, �18,500) as well as mitochondria (right panels, �11,100).

FIGURE 4. Association of AGS8 with connexin 43. A, determination of junctional proteins co-immunoprecipitated by anti-AGS8 antibody (TA829). Tissue
preparation and immunoprecipitation were performed as described under supplemental data. Connexin 43 was co-immunoprecipitated by AGS8 antibody
(TA829, 3.5 �g) from �1 mg of solubilized crude membrane of rat left ventricle in immunoprecipitation (IP) buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA,
1% Igepal CA-630, a protease inhibitor tablet-Complete Mini (Roche Applied Science)). B, detection of co-localization of AGS8 with connexin 43. Cultured
neonatal cardiomyocytes were fixed and stained for AGS8 (left panel, TA829 antibody, 1:200, red, arrow), connexin 43 (middle panel, mouse monoclonal
connexin 43 antibody (MAB3068, CHEMICON), 1:100, green, arrow), and nuclei (DAPI, blue). Co-localization of connexin 43 with AGS8 (yellow, arrow) is shown
in the right panel (merge). C and D, an interaction of C-terminal AGS8 (AGS8-C) with connexin 43 and/or G�� subunit. COS7 cells in a 100-mm dish were
transfected with a combination of pcDNA3, pMH::connexin 43 (3 �g/dish), pcDNAHis::AGS8-C (6 �g/dish), pcDNA3::G�1 (1.5 �g/dish), and/or pcDNA3::G�2 (1.5
�g/dish). The amount of DNA transfected was adjusted to 12 �g per dish with pcDNA3 vector. The preparation of cell lysate and immunoprecipitation was
performed as described under supplemental data. AGS8-C was immunoprecipitated by 1.5–2 �g of CX43 antibody (C) or Xpress antibody (D) from 500 – 800 �g
of cell lysate in IP buffer, and the pellet was subjected to immunoblot to detect protein as indicated in the figure. The transferred membrane was reprobed with
antibodies as indicated in the figure. The data are representative of five independent experiments with similar results.
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GFP-B (NIKON, Tokyo, Japan) and TRITC (NIKON, Tokyo,
Japan) filters, respectively. The red emission of the dye is due to
a potential-dependent aggregation in themitochondria reflect-
ing normal membrane potential. Green fluorescence reflects
the monomeric form of MitoCapture, appearing in the cytosol
after mitochondrial membrane depolarization (16).
Dye Uptake Study—Cells were incubated with 1 mM Lucifer

Yellow (LY) (Molecular Probes) for 30 or 45 min in normal
culture medium. Unincorporated LY was removed, and cells
were rinsed with phosphate-buffered saline. The fluorescence
of LY was immediately evaluated by fluorescence microscopy
(B-3A filter, TE2000-E, NIKON, Tokyo, Japan). The signal
intensity of fluorescence of LY was quantified in 10 randomly
selected fields (10 � 20) using NIS-Elements 3.0 software
(NIKON, Tokyo, Japan). The non-selective binding of LY was
determined by fluorescence in the presence of a connexin
hemichannel blocker, 50 �M Lanthanum (Sigma-Aldrich),
which was added 30 min prior to LY.
Miscellaneous Procedures and Statistical Analysis—Immu-

noblotting and data analysis were performed as described pre-
viously (7, 8, 17). The luminescence images captured with an
image analyzer (LAS-3000, FUJIFILM, Tokyo, Japan) were
quantified using Image Gauge 3.4 (FUJIFILM, Tokyo, Japan).
Data are presented as mean � S.E. from independent experi-
ments as described in the figure legends. Statistics were per-
formed using two-way and/or one-way ANOVA by Tukey’s
multiple comparison post-hoc test otherwise indicated in the
text. All statistical analyses were performed with Prism 4
(GraphPad Software).
Supplemental Data—Additional information on preparation

of cardiomyocytes, cell culture, detection of apoptosis, AGS8
mRNA analysis, immunochemistry, protein preparation, and
immunoprecipitation assay are provided in the supplemental
data.

RESULTS

The expression of AGS8 was up-regulated in the left ven-
tricular myocardium subjected to repetitive transient ische-
mia, suggesting that AGS8 might be involved in adaptation
processes in an ischemic myocardium (8). Such events might
include the initiation of cell death or acquisition of tolerance
to ischemic injury in conjunctionwith the development of collat-
eral vessels (18–20). As an initial approach to identify the physio-
logical roleofAGS8 in theheart,we investigated its involvement in
the survival of cardiomyocytes following hypoxic stress.
Suppression of AGS8 in Cultured Cardiomyocytes Attenu-

ates Hypoxia-induced Apoptosis—In the first series of exper-
iments, AGS8 level was manipulated in cultured neonatal
cardiomyocytes (NCM) before exposure to hypoxia, and
their survival rate was monitored. Small interfering RNA
(siRNAs) for AGS8 (AGS8siRNA) targeted two distinct
regions in AGS8 (Fig. 1A). The effect of AGS8siRNA and
control siRNA oligonucleotides on expression of AGS8 was
determined in NCM (Fig. 1B). Both AGS8siRNAs, but not
their controls, successfully suppressed the level of AGS8 of
cardiomyocytes to �30% of the level of cardiomyocytes
treated with negative control siRNA.

48 h after transfectionwith the siRNAs,NCMswere exposed to
1%O2 hypoxia or normoxia for 6 or 24 h to induce hypoxia-medi-
ated cell death. Hypoxic stress markedly increased the number of
apoptotic cardiomyocytes and this was completely blocked by
knockdownofAGS8 (Fig. 2A). Suppression ofAGS8 alone did not
influence the number of TUNEL-positive cells cultured in nor-
moxic conditions throughout the experimental period5 and con-
trol siRNA oligonucleotides were without effect.

5 T. Honda, and M. Sato, unpublished observations.

FIGURE 5. Influence of AGS8 on phosphorylation of connexin 43 in COS7
cell. COS7 cells in the 35-mm dish were transfected with a combination
of pcDNA3, pMH::connexin 43 (1 �g/dish), pcDNAHis::AGS8-C (2 �g/dish),
pcDNAHis::AGS8-full-length (2 �g/dish), pcDNA3::G�1 (1 �g/dish), and/or
pcDNA3::G�2 (1 �g/dish) subunits. The amount of DNA transfected was
adjusted to 5 �g per dish with pcDNA3 vector. After 48 h of transfection, cells
were solubilized into Laemmli buffer, and 10 �g of cell lysates were subjected
to SDS-PAGE. A, phosphorylated CX43 was detected phospho-CX43 antibody
for serine 368 or serine 262. The expression of AGS8-C or AGS8-full-length was
detected by Xpress antibody (1:5000) or TB087101 (1:1000), respectively. The
data are representative of four independent experiments with similar results.
B, densitometric analysis of the immunoreactive signals shown in A. The level
of phosphorylated connexin 43 (Ser-368) was normalized with total connexin
43 and expressed as percent of pcDNA3-transfected control. Vec, pcDNA3;
AGS8-C, 372 amino acids of the C-terminal region of AGS8; AGS8-F, full-length
of AGS8. *, p � 0.05 versus connexin 43 alone. n � 7 from four independent
experiments.
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Suppression of AGS8 Reduced Apoptosis Induced by Hypoxia/
Reoxygenation—Reoxygenation following hypoxic periods accel-
erates apoptosis of cardiomyocytes (21). The influence of AGS8
on apoptosis of cardiomyocytes induced by hypoxia/reoxygen-
ation was also examined by sequential exposure of cardiomyo-
cytes to hypoxia (1%, O2) for 6 h, followed by normoxia for 18 h
in siRNA-transfected NCM.
Interestingly, both AGS8siRNAs blocked apoptosis of car-

diomyocytes following hypoxia/reoxygenation. In this proto-
col, the hypoxia/reoxygenation induced apoptosis of cardiom-
yocytes in control groups (non-transfected control, 437 �
29.7% increase versus normoxia group; Fig. 2B), and the num-
ber of TUNEL-positive cells was increased as compared with
6 h of straight hypoxia alone (non-transfected control, 289.8 �
14.0% versus normoxia group; Fig. 2A).
The effect of AGS8siRNA on apoptosis was verified in

another approach by detecting the change of mitochondrial
membrane potential. As observed in TUNEL, AGS8siRNA

blocked the loss of membrane
potential of the mitochondria (Fig.
2C) (22, 23).
Overexpression of AGS8 Increased

Apoptosis following Hypoxia/Reoxy-
genation—The striking effects of
AGS8siRNA on hypoxia-induced
apoptosis suggested that AGS8
was required for hypoxia-mediated
death of cardiomyocytes and be-
haved as a proapoptotic factor
under hypoxic stress. However,
these effects were observed by sup-
pression of AGS8. On the other
hand, AGS8was up-regulated in the
myocardium subjected to repetitive
ischemia in which AGS8 was origi-
nally identified (8). Accordingly, we
introduced pDNA3::AGS8 to car-
diomyocytes utilizing a viral enve-
lope system and evaluated its effect
on apoptosis (Fig. 2D). The trans-
fection efficiency of this procedure
was �50–60%, as estimated by flu-
orescence of the pEGFP vector. The
number of TUNEL-positive cells
increased following exposure to
hypoxia (6 h)/reoxygenation (18 h)
in both of cardiomyocytes trans-
fected with pcDNA3 alone or
pcDNA3::AGS8. However, the
magnitude of increase in the num-
ber of TUNEL-positive cells was
significantly greater in AGS8-
transfected cells. Notably, the
expression level of AGS8 alone did
not influence the number of apop-
totic cells cultured in normoxia as
observed in the series of experi-
ments with siRNAs, suggesting

that the a specific function of AGS8 was revealed in response
to hypoxic stress.
AGS8 was Enriched in the Plasma Membrane of Cardio-

myocytes—Hypoxia-mediated cell death is involved in multiple
signaling events occurring in plasma membranes and
organelles in the cytosol as well as the nucleus. The ability of
accessory proteins for G-proteins to influence cellular events
is sometimes critically regulated by their subcellular local-
ization or distribution (4). We next determined the localiza-
tion of AGS8 in cardiomyocytes manipulating cellular events
under hypoxic conditions. To address this issue, we devel-
oped an antibody against AGS8. Affinity-purified AGS8
antibody (TA829) recognized AGS8 expressed in COS7 cells
by immunoblot (Fig. 1C). In the immunofluorescence stain,
TA829 detected immunoreactive signals of AGS8 expressed
in COS7 cells (Fig. 1D).
AGS8 antibody (TA829) recognized an immunoreactive sig-

nal in the plasma membrane of the left ventricle as well as cul-

FIGURE 6. Influence of AGS8 on hypoxia-induced internalization and the change of permeability of in
cardiomyocytes. A–C, an effect of AGS8siRNA on internalization of CX 43. Cardiomyocytes were exposed
3 times to 30 min of hypoxia intermittant with 30 min of reoxygenation 48 h after (without or with)
transfection of universal negative siRNA control (Control siRNA) or AGS8siRNA2 (AGS8siRNA). After the
third hypoxic period, cells were immediately fixed and subjected to immunofluorescence stain for total
CX43 (A), phospho-CX43 (Ser-368) (B), or phospho-CX43 (Ser-262) (C) as described under “Experimental
Procedures.” For the detection of phospho-CX43, 8 �M MG132 was added to the culture prior to sequential
hypoxia. The figures demonstrated the triple stain of CX43 (red, arrow), N-cadherin (green), and nuclei
(DAPI, blue). The data are representative of 4 – 6 independent experiments with similar results. D, uptake
of fluorescence dye, LY, bu the cardiomyocytes. The fluorescence of LY was evaluated by microscopy as
described under “Experimental Procedures.” Upper panel, representative pictures of cardiomyocytes
incorporating LY. Lower panel, fluorescence of LY was quantified by the intensity of fluorescence of 10
randomly selected fields (10 � 20). *, p � 0.05 versus cells at normoxia. n � 4 from four independent
experiments.
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tured cardiomyocytes (Fig. 3,A andB). Interestingly, the signals
were enriched at the cell-cell interface and were attenuated in
the cultured NCM following transfection of siRNAs for AGS8.
The transfection of universal negative siRNA control (Stealth
RNAi Negative Control) did not influence on the immunoreac-
tive signals detected by AGS8 antibody (TA829) (supplemental
Fig. S1A).
The localization of AGS8 in the microdomain of cells was

further investigated by immunoelectronmicroscopy. AGS8was
observed in the junctional regions of plasma membrane (Fig.
3C, arrowhead) as well as the surface of mitochondria (Fig. 3C,
arrow) where multiple events related to apoptosis are pro-
cessed. No immunoreactive signals were detected in the
absence of AGS8 antibody (supplemental Fig. S1B). These
observations suggest that AGS8 assembles a complex with pro-
teins in cellular junctions (24).
AGS8 Formed Protein Complexes with CX43—The possible

formation of AGS8 complexes with junctional proteins was
addressed by immunoprecipitation assays using the AGS8
antibody (TA829), which successfully immunoprecipitated
expressedAGS8 fromcell lysates (Fig. 1E). Interestingly, TA829
co-immunoprecipitated channel protein CX43 from rat ven-
tricular lysate, but not other proteins typically comprising the
adherence junction or desmosome, such as N-cadherin and
desmoplakin, respectively (Fig. 4A) (24). The immunoblot of
CX43 indicated enrichment of a slower migrating species upon
immunoprecipitation that likely represents phosphorylated
CX43 (Fig. 4A) (25, 26). Immunofluorescence studies also indi-
cated co-localization of AGS8 and CX43 in culturedNCM (Fig.
4B). AGS8 signals were recognized in a broader area as com-
pared with CX43, suggesting that a population of AGS8 exists
apart from CX43.
Subsequent studies with transfected COS7 cells indicated

that the C-terminal region of AGS8 (AGS8-C), which bound to
G��, was co-immunoprecipitated by CX43 antibody (Fig. 4C)
(8, 14). G�� also co-immunoprecipitated in the pellet with
AGS8 and CX43. Conversely, CX43 was co-immunoprecipi-
tated by Xpress antibody for AGS8-C (Fig. 4D). G�� was again
co-immunoprecipitated with AGS8 and CX43 suggesting that
G�� is involved in the assembly of the AGS8-CX43 complex.

CX43 is a transmembrane protein forming channels that
pass multiple small molecules including adenosine 5�-triphos-
phate, adenosine, cAMP, inositol-1,4,5-trisphosphate (27–29).
CX43 localized at gap junctions, plasma membranes as well as
mitochondria of cardiomyocytes where AGS8 was also
detected (Fig. 3) (30–32). Previous observations clearly indi-
cated the involvement of CX43 in the ischemia/hypoxia-in-
duced apoptosis of cardiomyocytes via alteration of cell perme-
ability to small molecules (26, 33–36). The phosphorylation
status and subcellular localization of CX43 are suggested to be
critical for the apoptotic process of cells under hypoxic stress
(26, 33, 34, 36).
AGS8 may regulate hypoxia-induced apoptosis via CX43 as

an unexpected target of G-protein signaling. Therefore, the
effects of AGS8 on the regulation of CX43 were addressed by
determining the impact of altered AGS8 expression in car-
diomyocytes on CX43 phosphorylation, CX43 subcellular dis-

tribution and CX43 permeability before and during hypoxic
stress.
AGS8 Stimulated Phosphorylation of CX43 in aG��-depend-

ent Manner—The effect of AGS8 on CX43 phosphorylation
and the involvement of G�� were determined in transiently
transfected COS7 cells (Fig. 5,A and B). The expression of G��
or AGS8 alone did not influence the phosphorylation level of
CX43. However, CX43 phosphorylation was significantly
increased when cells were simultaneously transfected with
AGS8 andG��. AGS8-G�� stimulated phosphorylation of ser-
ine 368 aswell as serine 262 onCX43, indicatingAGS8 andG��
regulated multiple phosphorylation sites of CX43. Further-
more, AGS8-C also stimulated phosphorylation of CX43 in the
presence of G��, suggesting the functional importance of the
C-terminal region of AGS8 andG�� input for CX43 phosphor-
ylation. Because the level of phosphorylated CX43 was higher

FIGURE 7. Influence of AGS8 on EGF-induced internalization of CX43 and
change of permeability. A, an effect of AGS8siRNA on internalization of
CX43. Cardiomyocytes were stimulated by 100 ng/ml EGF for 30 min 48 h after
(without or with) transfection of universal negative siRNA control (Control
siRNA) or AGS8siRNA2 (AGS8siRNA). Cells were immediately fixed and sub-
jected to immunofluorescence stain for total CX43 as described under “Exper-
imental Procedures.” The figures demonstrated the triple stain of CX43 (red,
arrow), N-cadherin (green), and nuclei (DAPI, blue). The data are representa-
tive of four independent experiments with similar results. B, uptake of fluo-
rescence dye, LY, by the cardiomyocytes. The fluorescence of LY was evalu-
ated by microscopy as described under “Experimental Procedures.” The
fluorescence of LY was quantified by the intensity of fluorescence of 10 ran-
domly selected fields (10 � 20). *, p � 0.05 in one-way ANOVA. No statistical
significance was observed among groups in two-way ANOVA. n � 4 from four
independent experiments.

AGS8 Regulates Hypoxia-induced Apoptosis of Cardiomyocytes

NOVEMBER 6, 2009 • VOLUME 284 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31437

http://www.jbc.org/cgi/content/full/M109.014068/DC1
http://www.jbc.org/cgi/content/full/M109.014068/DC1
http://www.jbc.org/cgi/content/full/M109.014068/DC1


when cells were co-transfected with AGS8 and G�� compared
with cells transfected with G�� alone, these data suggest that
AGS8 served as a scaffold to facilitate phosphorylation ofCX43,
rather than simply releasing free G�� fromG� to activate G��
signaling.
The Requirement of AGS8 for Hypoxia-mediated Internaliza-

tion of CX43—The phosphorylation of CX43 is associated with
its internalization as well as turnover of the protein (30, 37, 38).
An impact of AGS8siRNA on internalization of CX43 was
determined in NCM following hypoxic stress. The large part of
CX43 was observed in the cell surface, which was detected by
N-cadherin (Fig. 6A). Exposure of cardiomyocytes to repetitive
hypoxia induced internalization of CX43 in NCM with non-
transfection as well as control siRNA (Fig. 6A). However,
AGS8siRNA2 remarkably blocked the internalization of CX43
induced by repetitive hypoxia.

The hypoxia-induced internal-
ization of CX43 was also associated
with increased CX43 phosphoryla-
tion (30, 39). The immunofluores-
ence signals of phosphorylated
CX43 were greatly enhanced in the
presence of the proteasome inhibi-
tor MG132, suggesting rapid degra-
dation of phosphorylated CX43 as
previously reported (30, 37). The
majority of phosphorylated CX43
detected by serine 368 or serine 262
antibodies were observed in the
cytoplasm following repetitive
hypoxia in non-transfected NCMs
as well as in the control siRNA
group (Fig. 6, B and C). However,
phosphorylated CX43 remained at
the cell surface following knock-
down of AGS8, suggesting a piv-
otal role of AGS8 in the internal-
ization of CX43. A similar effect
of AGS8 knockdown was also
observed AGS8siRNA1 (supple-
mental Fig. S2A).
AGS8 Preserved Permeability of

SmallMolecule Flow Through CX43
Following Repetitive Hypoxia—The
loss of hemichannel CX43 from the
cell surface decreases influx and
efflux of small molecules through
CX43. AGS8-mediated regulation
of CX43 may influence the perme-
ability of small molecules involved
in the fate of NCM under hypoxia.
To address this issue, we examined
the flux of dye through CX43 before
and during hypoxic stress. Lucifer
Yellow (LY) in the culture medium
was incorporated into NCMs in a
time-dependent manner.6 Repeti-
tive hypoxia decreased the accumu-

lation of LY to 27.4 � 4.9% (p � 0.05) in the non-transfected
NCM or 34.1 � 10.6% (p � 0.05) in control siRNA-transfected
NCM compared with normoxia groups, respectively (Fig. 6D).
However, interestingly, the permeability of CX43 was main-
tained in the NCM transfected with AGS8siRNA (93.1 � 6.9%
versus normoxia, no statistical significance). This observation
was consistent with immunofluorescence studies in which
CX43 remained at the cell surface following repetitive hypoxia
by knockdown of AGS8 (Fig. 6, A–C).
AGS8 was not Involved in Receptor-mediated Internalization

of CX43—We next investigated if AGS8 regulated CX43 as a
part of adaptive program of NCM in response to “hypoxic
stress” or AGS8 is merely involved in the “general pathway” of

6 Q. Jiao, and M. Sato, unpublished observations.

FIGURE 8. Effect of Gallein on internalization and change of permeability of CX43 induced by hypoxia or
EGF. A, an effect of Gallein on internalization of CX 43. Cardiomyocytes were exposed 3 times to 30 min of
hypoxia intermittant with 30 min of reoxygenation. After the third hypoxic period, cells were immediately fixed
and subjected to immunofluorescence stain for total CX43 as described under “Experimental Procedures.” The
figures demonstrated the double stain of CX43 (red, arrow) and nuclei (DAPI, blue). The data are representative
of four independent experiments with similar results. B, uptake of fluorescence dye, LY, by the cardiomyocytes.
The fluorescence of LY was evaluated by microscopy as described under “Experimental Procedures.” The
fluorescence of LY was quantified by the intensity of fluorescence of 10 randomly selected fields (10 � 20). *,
p � 0.05 in Kruskal-Wallis test followed by Dunn’s multiple comparison post-hoc test. n � 4 from four inde-
pendent experiments. C, an effect of Gallein on internalization of CX43. Cardiomyocytes were stimulated by
100 ng/ml EGF for 30 min, then cells were immediately fixed and subjected to immunofluorescence stain for
total CX43. The figures demonstrated the double stain of CX43 (red, arrow) and nuclei (DAPI, blue). The data are
representative of four independent experiments with similar results. D, uptake of fluorescence dye, LY, by
cardiomyocytes. The fluorescence of LY was evaluated by microscopy as described under “Experimental Pro-
cedures.” The fluorescence of LY was quantified by the intensity of fluorescence of 10 randomly selected fields
(10 � 20). *, p � 0.05 versus control without EGF stimulation in Kruskal-Wallis test followed by Dunn’s multiple
comparison post-hoc test. n � 4 from four independent experiments.
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internalization of CX43. To address this issue, the effect of
AGS8siRNA2 on receptor-mediated internalization of CX43
was examined. EGF stimulated phosphorylation of CX43 via
the mitogen-activated protein kinase pathway that led to inter-
nalization of CX43 (37). EGF induced internalization of CX43
in non-transfected NCMs as well as control siRNA-transfected
NCMs (Fig. 7A). In contrast to the effect of AGS8 knockdown
on hypoxia-mediated internalization of CX43, AGS8siRNA did
not alter EGF-mediated internalization of CX43. A similar
result was observed with AGS8siRNA1 (supplemental Fig.
S2B).
The accumulation of LY inside the cells is consistent with the

influence of EGF on CX43 internalization. EGF decreased the
permeability of CX43 in a dose-dependent manner, reflecting
loss of CX43 at the cell surface (Fig. 7B). The permeability of
CX43 was decreased in all of the groups to a similar extent.
These observations were in contrast with the impact of
AGS8siRNA in repetitive hypoxia, suggesting the AGS8-medi-
ated signal was activated under hypoxic stress.
The Involvement of the G�� Signal in the Internalization of

CX43—AGS8 was identified as a receptor-independent G��
signal regulator induced in the ischemic myocardium. AGS8
formed a scaffold with CX43/G�� in cells (Figs. 3 and 4), and
stimulated phosphorylation of CX43 in aG��-dependentman-
ner (Fig. 5), suggesting that activation of the G�� signal is
involved in the regulation of CX43. Thus, we examined the
change of internalization and permeability of CX43 following
treatment with the G�� signal inhibitor, Gallein, which occu-
pied a “common” interaction surface of G�� and inhibited its
interaction with G��-regulated proteins (40).
Interestingly, Gallein blocked internalization of CX43 (Fig.

8A) and maintained LY uptake under repetitive hypoxia in a
dose-dependent manner (Fig. 8B). Thus, Gallein mimicked the
effect of AGS8siRNA in the regulation of CX43 upon hypoxic
stress. Next, the effect of Gallein on EGF-mediated internaliza-
tion of CX43 was further investigated. As observed with
AGS8siRNA, Gallein did not block EGF-mediated internaliza-
tion ofCX43nor block the decrease of LYuptake following EGF
treatment, suggesting AGS8siRNA and G�� signal inhibitor
had comparable effects on the regulation of CX43 inNCM (Fig.
8, C and D).

DISCUSSION

Here, we demonstrated the requirement of AGS8 for hypox-
ia-mediated apoptosis of cardiomyocytes. Interestingly, knock-
downof an accessory protein for heterotrimericG-proteins had
a remarkable effect on survival of cardiomyocytes under
hypoxic stress. The observations suggested the pivotal role of
AGS8 in hypoxia-mediated cell death and the potential as a
therapeutic target in selected pathologies. AGS8 altered the
sensitivity of cardiomyocytes to hypoxic stress rather than con-
stitutively activating the apoptotic pathway, since proapoptotic
effects of AGS8 were not observed in cells cultured under nor-
moxia. Subsequent experiments indicated that this reorganiza-
tion was associated with internalization of CX43 as well as an
associated reduction in permeability of smallmolecules (Fig. 9).
We demonstrated that the ischemia-inducible G protein regu-
lator, AGS8 altered survival of cardiomyocyte under hypoxia,

which was associated with G��-mediated regulation of CX43.
Such activation of inherent programs involving aGprotein reg-
ulator are particularly interesting for understanding the mech-
anism of cardiovascular disease.
Our data indicated that activation of G�� signaling was

required for the hypoxia-induced CX43 internalization. The
significant correlation of AGS8 with G�� suggested that AGS8
activated G�� pathway in response to hypoxic stress. The G��
regulator AGS8 formed a scaffold with CX43/G�� in cells and
stimulated phosphorylation of CX43 with G�� (Figs. 3–5).
Both AGSsiRNA and G�� signal inhibitor Gallein blocked the
hypoxia-induced internalization of CX43 but not receptor-me-
diated internalization. AGS8 promoted G�� signal in cells as
we demonstrated (8). These data suggest that AGS8 is involved
in the activation of G�� signaling as a part of an adaptive pro-
gram of NCM in the face of hypoxia that leads CX43 to
internalization.
Ischemic injury of the myocardium is caused by the activa-

tion of multiple cascades initiating intracellular ionic and
chemical changes that lead to cell death (21, 23). The channel
protein CX43 is clearly involved in the apoptotic process by
regulating the permeability of small molecules including aden-

FIGURE 9. Schematic diagram indicating roles of AGS8 in regulation of
connexin 43 in cardiomyocytes. Upper panel, AGS8 elicits phosphor-
ylation of CX43 by serving as scaffold including CX43, G��, and kinases. Phos-
phorylated CX43 leads to internalization of CX43 and decrease of channels in
the plasma membrane. The decreased permeability of small molecule flow
through CX43 influences apoptotic cell death under hypoxic stress. Lower
panel, CX43 are not down-regulated following AGS8 knockdown by siRNA.
The permeability of CX43 is maintained under hypoxic stress that may con-
tribute to survival of cells.
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osine 5�-triphosphate, adenosine diphosphate, adenosine,
cAMP, inositol-1,4,5-trisphosphate, glutamate, and glutathi-
one (26–29, 33). AGS8 reorganized cellular environments to be
sensitive to hypoxic stress, at least in part, by controlling per-
meability of suchmolecules flowed throughCX43. Functions of
connexins are influenced by their phosphorylation and subcel-
lular localization as well as protein turnover (36–38). Each step
of regulation affects the fate of cells depending on the type of
stress experienced by the cells (27, 35, 39, 41). In response to
ischemia/hypoxia, AGS8 apparently coordinates the genera-
tion of a scaffold that includes CX43, G�� and possibly kinases
that initiates CX43 phosphorylation leading to closure, inter-
nalization, and degradation of CX43 (27, 30, 36–38). Such a
regulatory mechanismmay play a critical role in the survival of
cardiomyocytes under particular conditions. In contrast to our
observations demonstrating the association of hypoxia-in-
duced apoptosis with dynamic regulation of CX43, the reduc-
tion of CX43 itself did not show a significant effect on myocar-
dial infarction in the heterozygous deletion mice (CX43�/�)
(35, 42), suggesting different adaptationmechanisms in the two
challenges.
The adaptation program of cardiomyocytes to ischemia/hy-

poxia included the unexpected regulation of G-proteins and
CX43 by AGS8. It would be important to validate the role of
AGS8 and its associationwithCX43 inmultiple systems includ-
ing adult ventricular cardiomyocytes as well as a whole body
model under various types of stress. Although the additional
proteins involved in the phosphorylation as well as internaliza-
tion of CX43 has yet to be determined, an investigation into the
disruption of the AGS8 cascade may shed light on an approach
for protection against cardiac ischemic injury.
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