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RNA was used as a control for the amount of target mRNA in
each sample.

Generation of Glutathione S-Transferase (GST) Fusion Protein,
Protein Interaction Assays, and Immunoblotting

The coding sequence of TFE3 (amino acids Leu*~Ser®”?

c¢DNA1-8) was amplified by PCR and fused in-frame to GST in
the pGEX-6T vector (Amersham Biosciences). The GST-TFE3
fusion protein was expressed in bacteria (Escherichia coli BL21;
Amersham Biosciences) and purified on a glutathione affinity
matrix. The GST fusion protein was eluted from the resin, and
glutathione was removed by desalting to allow a solution-phase
interaction assay (17). Protein interaction assays and immuno-
blotting were performed as described previously (17, 29).

Cell Culture and Transfection

COS7 or HEK293 cells were cultured and transfected as
described previously (17). In brief, cells were suspended at 0.5~
1.0 X 10° cells/ml, and 1.0 (12-well plate), 2.0 (35-mm dish), or
10 ml (100-mm dish) was plated. After 18 h, cells were trans-
fected with 2 (12-well plate), 4—5 (35-mm dish), or 12 ug
(100-mm dish) of cDNA with Lipofectamine 2000 (Invitrogen)
as recommended by the manufacturer. For each experiment,
transfection efficiency was monitored by pEGFP vector trans-
fection to generate a fluorescent signal and immunoblotting.
The transfection efficiency was 60 — 80%. Cell lysis and fraction-
ation were performed as described previously (17, 30).

Transfection of Small Interfering RNA (siRNA) to Cultured
Cardiomyocytes

Double strand siRNA oligonucleotides to rat GNAI5 (Ga,;
NCBI Reference Sequence NM_053542) and TFE3 (NCBI
Reference Sequence XM_228760) were synthesized (Stealth
sikRNA, Invitrogen) as follows: GNA15 siRNA: sense, 5'-CCA-
UGCAGGCCAUGAUUGAAGCAAU-3'; TFE3: sense, 5'-CAG-
AAGAAAGACAAUCACAACCUAA-3'. The conditions and
duplex eliciting the most effective reduction in GNA15 and
TFE3 were determined in a series of preliminary experiments.
Cardiomyocytes were prepared from the hearts of 1-3-day-old
Wistar rats as described previously (24). Approximately 24 h
after preparation, neonatal cardiomyocytes at 4.0 X 10° cells in
35-mm plates were transfected with siRNA using Lipo-
fectamine 2000 according to the manufacturer’s instructions.
Briefly, GNA15siRNA and TFE3siRNA individually in 50 pl of
Opti-MEM I medium (Invitrogen) and 2.5 ul of Lipofectamine
2000in 50 pl of Opti-MEM I medium were mixed, and then the
mixture was added to cardiomyocytes. The final concentrations
of GNA15siRNA and TFE3siRNA were 50 and 100 nM, respec-
tively. The transfection efficiency of FITC-labeled oligonucleo-
tide was 70— 80%. The decrease of mRNA of GNA15 or TFE3
was confirmed by real time PCR following transfection of
siRNAs.

Immunoprecipitation

Cell lysates were prepared in 250 —500 pl of immunoprecipi-
tation buffer (50 mm Tris, pH 7.4, 70 mMm NaCl, 5 mmM EDTA, 1%
IGEPAL CA-630 (Sigma), and a protease inhibitor mixture
(Complete Mini, Roche Applied Science)). The lysates were
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incubated with 1.0-3.5 pg of antibody for 18 h after preclearing
with 25 pl of 50% Sepharose-G for 1 hat 4 °C. The samples were
incubated with 25 pl of 50% Sepharose-G for 1 hat 4 °C, and the
pellets were washed three times with immunoprecipitation
buffer. Proteins were eluted in 30 pl of 2X Laemmli buffer and
resolved by SDS-PAGE (24).

Measurements of Inositol Phosphates

COS7 cells were seeded in 12-well plates at 0.5-1.0 X 10°
cell/well. Next, 40 h after transfection, the cells were washed
three times with phosphate-buffered saline (PBS) and incu-
bated with serum-free Dulbecco’s modified Eagle’s medium for
4 h. The amount of cellular inositol monophosphate was deter-
mined by IP-One ELISA (Cisbio) according to the manufactur-
er’s protocol.

Immunocytochemistry

Tissue Sections—Mouse heart was fixed in 4% paraformalde-
hyde and embedded in paraffin. Sections (4 pum thick) were
prepared after being deparaffinized with xylene and graded eth-
anol. Sections were incubated in 0.3% H,O, in methanol for 30
min to inactivate endogenous peroxidases and then rinsed
three times for 5 min each with PBS. Tissues were incubated in
citrate buffer (pH 6.0) at 100°C for 10 min. Tissues were
blocked in 5% skim milk for 30 min at room temperature and
then incubated overnight with goat anti-claudin 14 (ab19035,
Abcam; 1:100) antibodies at 4°C in a humidified chamber.
After washing three times for 5 min each in PBS, tissues were
processed by the avidin-biotin complex method using a com-
mercially available kit (Vector Laboratories, Burlingame, CA)
according to the manufacturer’s instructions. Immunocom-
plexes were visualized with 3,3'-diaminobenzidine tetrahydro-
chloride (DAB) (Dako, Glostrup, Denmark) or with the Liquid
DAB-Black Substrate kit (Zymed Laboratories Inc., San Fran-
cisco, CA).

Cultured Cells—Cells were seeded on 24 X 24-mm polyly-
sine-coated coverslips. Cells were fixed with PBS containing 4%
paraformaldehyde and 4% sucrose for 15 min and then incu-
bated with 0.2% Triton X-100 in PBS for 5 min. After three
washes with PBS, cells were incubated with 5% normal donkey
serum in PBS for 1 h. Cells were incubated with primary anti-
bodies for 18 h at 4 °C followed by incubation for 1 h with
secondary antibody (goat anti-mouse Alexa Fluor 488 or goat
anti-rabbit Alexa Fluor 594, highly cross-absorbed; Molecular
Probes) diluted to 1:2000 in PBS. All antibody dilutions were
centrifuged at 12,000 X g for 15 min prior to use. In some cases,
cells were incubated with 1 pg/ml 4',6'-diamidino-2-phenylin-
dole, dihydrochloride (DAPI) (Molecular Probes) in PBS for 5
min after incubation with secondary antibodies. Slides were
then mounted with glass coverslips with ProLong Gold antifade
reagent (Invitrogen). Images were analyzed by deconvolution
microscopy (TE2000-E, Nikon, Tokyo, Japan). Obtained
images were deconvoluted using NIS-Elements 3.0 software
(Nikon) with a “no neighbors” deconvolution algorithm. All
images were obtained from approximately the middle plane of
the cells.
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TABLE 1
AGS cDNA:s isolated from cardiac hypertrophy model of mouse

Transcriptional Regulation by Novel AGS

AGSs are numbered according to the order in which they were isolated from a functional screen in yeast. GPR, G-protein-regulatory motif. The number of transformants
screened for each ¢DNA library of the heart is as follows: transverse aortic constriction, 1.6 X 107; isoproterenol infusion, 2.0 X 10”.

Cardiac dysfunction model used to generate
¢DNA libraries for functional screen”

Gene in database AGS Transverse aortic constriction Isoproterenol infusion
Dynltlb (the entire coding sequence) AGS2 + -
GPSM 1 (C-terminal 178 amino acids with 3 GPR motifs) AGS3 + -
RGS12 (C-terminal 206 amino acids with GPR motif) AGS6 + +
TFE3 (C-terminal 533 amino acidls) AGS11 + +
TFEB (C-terminal 320 amino acids) AGS12 - +
MITF (C-terminal 304 amino acids) AGS13 + +

“ ¢DNA libraries were screened in yeast strains CY1141 (Gay;), CY8342 (Gay), and CY9603 (Gary g
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FIGURE 1. Bioactivity and diagram of AGSs isolated from mouse hypertrophic heart. In A and B, data are presented in three panels to illustrate the viability
of thetransformed yeast and the galactose-dependent growth under the selective pressure of exclusion of histidine from the medium. Galactose promotes the
expression of each cDNA in the pYES2-containing GAL7 promoter. About 2000 cells were suspended in H,0 and spotted on medium with glucose plus histidine
(left; no selection), glucose minus histidine (center; selection without induction), or galactose plus histidine (right; selection plus induction). A, epistasis analysis
of isolated clones. Transformants in a yeast strain expressing human Gay ¢ (Gpa1(1-41)) and yeast lacking Ga, G, or downstream signaling molecules (AGa,
yeast lacking Ge; AGP, yeast lacking Gf3; ASte20, yeast lacking p21-activated kinase; ASte5, yeast lacking the kinase scaffold protein). B, effect of isolated cDNAs
in yeast expressing various types of Ga. C, schematic diagram of the sequences of TFE3, TFEB, and MITF in mouse. The line above the sequence refers to cDNA
isolated by the yeast-based functional screen. HLH, helix-loop-helix. D, bioactivity of full-length TFE3, TFEB, and MITF. The full-length clones were transformed

into yeast expressing Ga, . The magnitude of activation of G-protein signaling pathway was monitored by -galactosidase activity. Data are presented as the

mean S.E. of five experiments with duplicate determinations. *, p < 0.05 versus non-induction group.

Miscellaneous Procedures and Statistical Analysis

Immunoblotting and data analysis were performed as
described previously (18, 24). The luminescence images cap-
tured with an image analyzer (LAS-3000, Fujifilm, Tokyo,
Japan) were quantified using Image Gauge 3.4 (Fujifilm). Data
are expressed as mean * S.E. from independent experiments as
described in the figure legends. Statistical analyses were per-
formed using the unpaired ¢ test, F-test, and one-way analysis of
variance followed by Tukey’s multiple comparison post hoc
test. All statistical analyses were performed with Prism 4
(GraphPad Software).

RESULTS

Identification of Activators of G-protein Signaling from
Hypertrophied Hearts—We utilized an expression cloning sys-
tem in S. cerevisiae to identify receptor-independent activators
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of G-protein signaling involved in the development of cardiac
hypertrophy (18, 26). The yeast strains used in this screen sys-
tem lacked the pheromone receptor but expressed mammalian
Ga (Gay,, Ga,, or Goyg) in place of the yeast Ga subunit and
provided a readout of growth upon activation of the G-protein-
regulated pheromone signaling pathway. cDNA libraries from
the left ventricle of the hypertrophy models were constructed in
a galactose-inducible vector and introduced into these yeast
strains. Functional screening for receptor-independent AGS
proteins was then facilitated by selection of colonies growing in
a galactose-specific manner.

We used two models of cardiac hypertrophy: the TAC-in-
duced pressure overload model and the isoproterenol-induced
tachycardiac hypertrophic model (supplemental Fig. 1). cDNA
libraries from each model were introduced into the yeast strains
expressing mammalian Geys, Goy, or Gayg (Table 1). Twenty-
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Transcriptional Regulation by Novel AGS

nine ¢cDNA clones encoding six distinct proteins were isolated
from the two ¢DNA libraries (Ga, strain, 0; Ga,y strain, 20;
Ga, 4 strain, 9). Each clone was retransformed into yeast to con-
firm plasmid-dependent growth, and then epistasis analysis
was performed to identify the site of action within the phero-
mone pathway. Epistasis analysis demonstrated that six of these
¢DNA clones required G-protein to activate the growth-linked

TFE3 MITF
250+ 2504
3 T o cont 0 ot
control contro
2 g 200 B treated 200 B treated
£ g 150+ 150+
£0°
& 5 1004
0 o
O
5~ 50~
i
0 et AR
TAC
TFEB Gat6
S 2507 S
- ] control 5004 [] control
O = 200+
£% B treated 400 B treated
£ E 450+
5 8 300+
-
‘% O 100~
29 200+
¢ =
& 504 100+
3
i
O e e
TAC ISO TAC 1ISO

FIGURE 2. Expression of MITF/TFE transcription factors and Ge,, in
mouse cardiac hypertrophy model. The expression of mRNA of each gene
was analyzed by real time PCR as described under "Experimental Procedures.”
Control refers to the sham-operated or saline-infused mouse. Data are
expressed as the -fold change in level compared with the control group. /SO,
continuous infusion of isoproterenol; LV, left ventricle. Data are presented as
the mean = S.E. of five experiments with duplicate determinations.*, p < 0.05
versus control group.
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G-protein pathway, and thus these clones satisfied the defini-
tion of AGS (3, 27) (Table 1 and Fig. 14).

Three clones isolated from yeast expressing Go,; encoded
the previously characterized proteins AGS2 (Dynltib, NCBI
Reference Sequence NM_033368), AGS3 (GPSM 1, NCBI Ref-
erence Sequence NM_700459), and AGS6 (RGS12, NCBI Ref-
erence Sequence NM_001156984). The ¢DNAs encoding
AGS3 and AGS6 contained the G-protein-regulatory motif(s)
that stabilizes the GDP-bound conformation of Ge;, transdu-
cin, and Ga,,. An additional three ¢cDNAs (1-8, 3-52, and 4-57)
were isolated from yeast expressing Gor, . These three cDNAs
exhibited bioactivity in yeast strains expressing Go, ¢ but not in
yeast expressing Ga,,, Ga,, or Gpal (yeast Ga), indicating Ga
selectivity (Fig. 1B and supplemental Text 1). We therefore
focused on these Ga, ¢-specific AGS cDNAs.

Gua,s-specific AGS Proteins—Sequence analysis of the G-
specific cDNAs indicated that all encoded MITF/TFE tran-
scription factors (31-33). ¢cDNA1-8 encoded the C-terminal
533 amino acids of TFE3 (NCBI Reference Sequence
NP_766060), cDNA3-52 encoded the C-terminal 320 amino
acids of TFEB (NCBI Reference Sequence NP_035679), and
¢DNA4-57 encoded the C-terminal 304 amino acids of MITF
(NCBI Reference Sequence NP_032627) (Fig. 1C). In accord-
ance with the numbering of previously discovered AGS pro-
teins (18), cDNA1-8, cDNA3-52, and cDNA4-57 were termed
AGS11, AGS12, and AGS13, respectively (Table 1).

Full-length TFE3, TFEB, and MITF were cloned into a yeast
expression vector, and the bioactivity for the G-protein signal-
ing pathway was determined by B-galactosidase reporter assays
(Fig. 1D). Full-length TFE3 and MITF, but not TFEB, activated
the G-protein pathway in Ga,s-expressing cells. Full-length
TFE3, MITF, and TFEB did not activate growth of yeast
expressing Ge, (supplemental Text 2). Immunoblot analysis
indicated that the full-length proteins were expressed at the
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FIGURE 3. Interaction of TFE3 with G, in vitro and in cell. A and B, GST pulldown assay of TFE3 with COS7 lysate expressing various Ga subunits. The
C-terminal 533-amino acid fragment of TFE3 was expressed as a GST fusion protein (GST-TFE3). GST-TFE3 (300 nm) was incubated with 1 mg of cell lysatein a
total volume of 500 pl at 4 °C. Lysates of COS7 cells were prepared as described under “Experimental Procedures” following transfection of 10 ug of the Ga
subunit in pcDNA3. Cand D, COS7 cells in a 100-mm dish were transfected with a combination of pcDNA3, pcDNA3:Ga, ¢ (5 ng/dish), and pcDNA3.1-His:TFE3
(5 ng/dish). The amount of DNA transfected was adjusted to 10 pg/well with the pcDNA3 vector. The preparation of a whole-cell lysate including the nuclear
fraction and immunoprecipitation (/P) were performed as described under “Experimental Procedures.” The Ga subunit was immunoprecipitated with a specific

antibody for each Ge subunit. QL, Ger, (Q212L; GA, Ga,sG211A.
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FIGURE 4. Effect of TFE3 on activation of phospholipase C-p2. A, effect of TFE3 on the generation of inositol phosphate (/P7) following receptor stimulation.
COS7 cells were transfected in 12-well plates with control vectors (Vec) or ¢cDNAs as indicated (0.4 g of pcDNA:PLC-B2, 0.5 ug of pcDNA=TFE3, 0.5 ug of
pcDNA:Ga, and 0.6 ug of pEGFP:,-adrenergic receptor (AR)). The amount of transfected DNA was adjusted to 2 pg/well with the pcDNA vector. Cells were
stimulated with 10 um isoproterenol for 30 min and assayed immediately. Data are expressed as the mean * S.E. of five experiments with duplicate determi-
nations. B, expression of transfected proteins of A. The expression of each protein was determined by immunoblotting of 10 ug of whole-cell lysates. C, effect
of TFE3 on the generation of inositol phosphate. COS7 cells were transfected in 12-well plates with control vectors or ¢DNAs as indicated (0.5 pg of
pcDNA=PLC-B2,0.75 g of pcDNA:TFE3, and 0.75 g of pcDNA:Gar, o). The amount of transfected DNA was adjusted to 2 pg/well with the pcDNA vector. Data
are expressed as the mean + S.E. of five experiments with duplicate determinations. D, expression of transfected cDNA of C. The expression of each protein was
determined by immunoblotting of 10 ug of whole-cell lysates. * p < 0.05 versus control group; **, p < 0.05 between two groups. QL, Ga;sQ212L; GA,

Ga,G211A.

expected size and that their expression did not alter the levels of
Ga, . These findings suggest that TFE3, MITF, and TFEB are
transcription factors that act as receptor-independent G-pro-
tein activators. AGSs with various functions have been identi-
fied; however, no transcription factors have previously been
described as AGS proteins.

Expression of TFE3, TFEB, and MITF in Cardiac Hypertrophy
Models—It was reported previously that the expression level of
MITF was associated with development of cardiac hypertrophy
in mouse (34). We sought to determine whether the three
Ga,¢-specific AGS proteins were up-regulated in cardiac
hypertrophy or were constitutively expressed in the myocar-
dium, RNA expression of TFE3, MITF, TFEB, and the target
Ga, 4 subunit was determined in the hypertrophied myocar-
dium (Fig. 2). TFE3 mRNA expression was up-regulated in the
left ventricle in the TAC model but not in the isoproterenol
model. MITF was unchanged in the TAC model but reduced in
the isoproterenol model. TFEB did not show any significant
changes of expression in either model. Notably, Ga;, mRNA
expression was also increased in the TAC model in which TFE3
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was up-regulated. As TFE3 and Guy4 were both significantly

up-regulated in the TAC model, we focused on the character-
ization of TFE3.

Formation of TFE3-Ga,, Complex in Cells—The above find-
ings suggested that TFE3 plays animportantrole via Ge ; in the
development of cardiac hypertrophy. We thus examined
whether TFE3 indeed was able to form a complex with Ga, . As
a first approach, the interaction of GST-tagged TFE3 (GST-
TFE3) with Ga, 4 was examined in vitro. GST-TFE3 success-
fully pulled down transfected G, ; from cell lysates. However,
neither a constitutively active mutant of Ger, 5 (Gar, (Q212L)
nor an inactive mutant of Goy, (Ga;G211A) was pulled
down, suggesting that the interaction of Ga, g and TFE3 was
dependent upon the conformation of Ga ¢ and regulated by
guanine nucleotide binding (Fig. 34) (35, 36). In contrast,
GST-TFE3 did not pull down transfected Go, or Ga5 from
cell lysates (Fig. 3B). We also examined whether TFE3 inter-
acted with Ga, in mammalian cells. Expressed TFE3 was
co-immunoprecipitated with Ga,, from COS7 cell lysates,
suggesting that TFE3 and Ga,4 formed a stable complex
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Transcriptional Regulation by Novel AGS

within these cells (Fig. 3C). In contrast, TFE3 did not co-
immunoprecipitate with Ge, or Ga,y (Fig. 3D). We next
examined the role of this interaction in Go,,-mediated sig-
naling events.

TFE3 Is Not Involved in Receptor-mediated Gu,, Signaling—
Gua g is coupled to multiple GPCRs including f3,-adrenergic
receptors mediating signal transfer to the effector molecule
PLC-B (37, 38). Thus, we examined whether TFE3 regulated
B,-adrenergic receptor-mediated PLC-B2 activation as a repre-
sentative of Ga,,-mediated signaling (39). In a transient
expression system in COS7 cells, Ga, 4 activated PLC-52 fol-
lowing B,-adrenergic receptor stimulation as determined by
inositol monophosphate production (Fig. 4). The magnitude of
PLC-B2 activation was reduced in the presence of an inactive
Ga, g mutant (Ga,,G211A), indicating that PLC-£2 activation
was mediated by G4 (Fig. 4, A and B). However, TFE3 over-
expression did not alter this receptor-mediated G, 4 signaling.
We also examined the effect of TFE3 overexpression on the
basal activity of PLC-82/Ga, in the absence of receptor stim-
ulation. TFE3 overexpression did not alter PLC-£2 activity,
whereas a constitutively active mutant of Ga, g (Ger, (Q212L)
increased the activity even in the absence of receptor stimula-
tion (Fig. 4, C and D). These data are consistent with a lack of
TFE3 involvement in regulating the conventional GPCR-medi-
ated Ga; signaling pathway.

TFE3 Induces Accumulation of Go, 4 in Nucleus—The iden-
tification of transcription factors as Ga, ¢-specific AGS proteins
suggested that MITF/TFE transcription factors may interact
with a subpopulation of Ga, ¢ distinct from that involved in the
conventional G-protein signaling at the plasma membrane. To
address this issue, we first examined the subcellular distribu-
tion of Ga,, and TFE3 when each was independently overex-
pressed in the cell. Overexpressed TFE3 was predominantly
found in the nucleus as expected, whereas Ga, was found in
the plasma membrane and cytoplasm but not in the nucleus
(Fig. 5, arrow, and supplemental Fig. 2, A, B, and D). However,
when G, and TFE3 were overexpressed together, Ge, 4 pre-
dominantly accumulated in the nucleus (Fig. 5, arrow). This
novel nuclear translocation of Ga,, was not due to Gay4 acti-
vation because the constitutively active mutant of Gog
(G Q212L) was not found in the nucleus when it was over-
expressed by itself. These data suggested that Ga,4 forms a
complex with TFE3 and translocates to the nucleus. Nuclear
accumulation of G-protein by TFE3 was not observed for Goy,
or Ga.

Up-regulation of Claudin 14 mRNA by TFE3-Ga,, Complex—
The co-localization of TFE3 and Goy, suggested an involve-
ment of a nuclear TFE3-Ga, ; complex in regulating the expres-
sion of particular genes. To address this issue, genes regulated
by TFE3 and Ga,, were screened by microarray analysis of
mRNA of HEK293 cells transfected with TFE3 and/or Gay. In
the screening of more than 40,000 human genes, we found that
claudin 14 mRNA was highly up-regulated by the simultaneous
transfection of TFE3 and G, . Parallel experiments indicated
that the co-overexpression of TFE3 and Ga,, in HEK293 cells
increased claudin 14 mRNA by 133-fold, whereas independent
overexpression of TFE3 (8.3-fold) or G4 (1.0-fold) had mini-
mal effect on the induction of claudin 14 (Fig. 6A4). The induc-
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FIGURE 5. Localization of expressed Ga subunits and TFE3 in COS7 cells.
COS7 cells were transfected in a 35-mm dish with 2.0 1g of Ga subunits in
pcDNA3 and/or 2.0 pg of pcDNA3.1-His:TFE3. The amount of transfected
DNA was adjusted to 4 pg/well with the pcDNA3 vector. The Ga subunit and
TFE3 were determined using a specific antibody for each Ga (red) or Xpress
antibody (green), respectively. QL, Ga,Q212L.

tion of claudin 14 was significantly decreased in the presence
of the inactive mutant of Ga,4 (Ga,G211A) compared with
wild type Ga,, suggesting that Ga,q activation was also
required for the induction of this gene.

Requirement of Go,, Activation for Gene Induction by TFE3—
The requirement of G, ¢ activation for this gene induction was
further characterized utilizing a truncated mutant of TFE3
(delTFE3), which showed less bioactivity for Ge, ; activation in
the yeast system. Analysis of the amino acid sequences of the
MITF/TEFE family indicated that the C-terminal 27 acids were
conserved among the Go4-selective AGS proteins (Fig. 6B,
upper panel). Deletion of the C-terminal 27 amino acids
resulted in the loss of bioactivity of TFE3 and MITF for G-pro-
tein activation (Fig. 6B, left middle panel, and supplemental
Text 3). Despite the loss of bioactivity for G, activation,
delTFE3 was still able to form a complex with Ge, ¢ and induce
the translocation of Ga to the nucleus (Fig. 6B, left lower and
right panels, and supplemental Fig. 2, C and D). Thus, nuclear
translocation by itself did not require Ga, 4 activation as long as
TFE3 and Goy ¢ formed a complex (Fig. 64).

Although the delTFE3-Ga,, complex was found in the
nucleus, the subsequent up-regulation of claudin 14 was
blunted, suggesting that G, activation is critical for this gene
induction (Fig. 6A4). Furthermore, the constitutively active
mutant of Ga, 4 (Ga; Q212L), which was not expressed in the
nucleus (Fig. 5), failed to induce claudin 14. MITF, which had a
similar ability to activate Ga, 4 (Fig. 1D), failed to induce claudin
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FIGURE 6. Effect of TFE3 or MITF on expression of claudin 14. A, expression of claudin 14 in transfected HEK293 cells. HEK293 cells were transfected in 6-well
plates with a combination of control vectors or cDNAs as indicated (2.0 ug of Ga subunits in pcDNA3 and 2.0 g of TFE3 or delTFE3 in pcDNA3.1-His). The
amount of transfected DNA was adjusted to 4 ug/well with the pcDNA3 vector. The expression of claudin 14 mRNA was analyzed by real time PCR. Data are
expressed as the -fold change from the level of claudin 14 expression in control cells transfected with the vector alone. Data are expressed as the mean * S.E.
of five experiments with duplicate determinations. Upper inset, expression of proteins determined by immunoblotting (~10 ug of whole-cell lysate). Data are
representative of five experiments. ¥, p < 0.05 versus control group; **, p < 0.05 between two groups. B, effect of delTFE3. Upper panel, amino acid sequence
of C-terminal MITF/TFE transcription factors, The square indicates conserved amino acid sequence. ¥, consensus amino acid. Middle left panel, bioactivity of
intact or deleted TFE3 in yeast expressing Ga, . The assay was performed as described under “Experimental Procedures.” Middle right panel, localization of
transfected Ga, s and TFE3 in COS7 cells. COS7 cells were transfected in a 35-mm dish with 2.0 g of pcDNA3:Gar, g and 2.0 pg of pcDNA3.1-HistTFE3. Ga g and
TFE3 were determined using Ga, ¢ antibody (red) or Xpress antibody (green), respectively. Lower panel, interaction of Ga, s with TFE3 or delTFE3. COS7 cells in
a 100-mm dish were transfected with a combination of pcDNA3, pcDNA3:Ga, ¢ (5 1g/dish), pcDNA3.1-His:TFE3 (5 pg/dish), and pcDNA3.1-His:delTFE3 (5
ug/dish). The amount of transfected DNA was adjusted to 10 p.g/well with the pcDNA3 vector. The preparation of the cell lysate and immunoprecipitation (IP)
were performed as described under “Experimental Procedures”. C, effect of MITF on claudin 14 expression in transfected HEK293 cells. HEK293 cells were
transfected in 6-well plates with a combination of control vectors or cDNAs as indicated (2.0 ug of pcDNA3:Ge, ¢ and 2.0 ug of pcDNA3.1-His:MITF). The
amount of transfected DNA was adjusted to 4 ug/well with the pcDNA3 vector. The expression of claudin 14 mRNA was analyzed by real time PCR. Data
are expressed as the -fold change in the level of claudin 14 in control cells transfected with the vector alone. Data are expressed as the mean = S.E. of five
experiments with duplicate determinations. Upper inset, expression of proteins determined by immunoblotting (~10 ug of whole-cell lysate). Data are
representative of five experiments. QL, G, sQ212L; GA, G, ,G211A.
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FIGURE 7. Expression of claudin 14 in cultured cardiomyocytes and hypertrophied heart. A, effect of knockdown of G, and TFE3 on the level of claudin
14 mRNA in cultured cardiomyocytes. Neonatal cardiomyocytes (NCM) were transfected with each siRNA and/or universal control siRNA (Stealth RNAi Negative
Control, Invitrogen). Forty-eight hours after transfection, the level of mRNA of Ge, 4 (A), TFE3 (B), and claudin 14 (C) were analyzed by real time PCR. Transfection
efficiency of SIRNA was estimated at 70-80% using FITC-labeled double strand RNA (Block It Fluorescent Oligo, Invitrogen) (right panel). *, p < 0.05 versus
negative siRNA. Data are expressed as the mean * S.E. of seven to eight independent experiments. B and C, expression of claudin 14 in the mouse cardiac
hypertrophy model. B, the left ventricular expression of claudin 14 mRNA was analyzed by real time PCR. Control refers to the sham-operated or saline-infused
mouse. Data are expressed as the -fold change in claudin 14 level from that in control group. Data are expressed as the mean = S.E. of five experiments with
duplicate determinations. C,immunohistochemical staining for claudin 14 (1:100; brown) of the left ventricle of sham- or TAC-operated mouse. A frozen section
(8 pm) of the mouse heart was subjected to immunohistochemical staining as described under “Experimental Procedures”. Blue, nucleus. /SO, continuous

infusion of isoproterenol. *, p < 0.05 versus control group.
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14 (Fig. 6C). Taken together, the results suggest that in addi-
tion to the nuclear translocation of a TFE3-Ge, , complex acti-
vation of G 4 in the nucleus was required for the induction of
claudin 14.

Regulation of Claudin 14 Expression in Cardiomyocytes—
The influence of Ga|, and TFE3 on the expression of claudin 14
was also examined in neonatal cardiomyocytes following
knockdown of Ga,, and/or TFE3 by siRNA. G, siRNA or
TFE3siRNA successfully suppressed the level of target mole-
cules to 33-34% of the level of cardiomyocytes treated with
negative control siRNA (Fig. 7A). The level of claudin 14 in
cardiomyocytes was not influenced by GosiRNA or
TFE3siRNA itself when they were separately introduced (Fig.
7A, lower panel). However, interestingly, the simultaneous
knockdown of Ga; and TFE3 by siRNAs significantly reduced
the claudin 14 mRNA (38.9 = 7.4%, p < 0.05 versus control
siRNA), indicating that both G, 4 and TFE3 were required for
the regulation claudin 14 expression. These results are consis-
tent with the data observed in HEK293 cells.

Up-regulation of Claudin 14 in Mouse Heart upon Pressure
Overload Stress—As TFE3 and G, 4 were simultancously up-
regulated in the left ventricle in the TAC model (Fig. 2), we
examined whether ventricular claudin 14 was also up-regulated
in the models of cardiac hypertrophy. Quantitative PCR analy-
sis indicated that claudin 14 mRNA was increased 5-fold in the
left ventricle in the TAC model but not in the isoproterenol
model of cardiac hypertrophy (Fig. 7B), consistent with the
expression profile of TFE3 and Ga, ¢ in these stimulated models
(Fig. 2). Immunocytochemical analysis indicated that expres-
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sion of claudin 14 was increased in the lateral membrane of
cardiomyocytes rather than the intercalated disks (Fig. 7C).
Thus, similar to our findings in cultured cells, the simultaneous
up-regulation of TFE3 and Ga,4 was associated with gene
induction of claudin 14 in vivo under pathologic conditions.
Gene induction by Go, s and TFE3 is therefore postulated to be
part of the cardiac adaptation process to pressure overload
stress.

DISCUSSION

We report the identification of three MITE/TFE transcrip-
tion factors, TFE3, MITF, and TFEB, as new AGS proteins
selective for the Ga, ¢ subunit. These factors belong to the Myc
supergene family of basic helix-loop-helix leucine zipper tran-
scription factors that act either as a homo- or heterodimer
within the family members (31-33). TFE3 formed a complex
with and activated Ga, 4 in cells. Formation of TFE3-Ga, , com-
plex resulted in the translocation of Ga, g4 to the nucleus and
up-regulation of the cell junction protein claudin 14. Expres-
sion of claudin 14 was also induced in vivo in the hypertrophied
ventricle, and this was associated with the up-regulation of
Ga,, and TFE3. Thus, the transcription factor TFE3 is postu-
lated to act as a G-protein activator for the G, subunit and
regulate gene induction in response to pathophysiologic stress.

Although an increasing body of data implicates heterotri-
meric G-proteins and their regulators as key regulators in mul-
tiple cellular events (40, 41), this is the first demonstration that
activation of a Ga subunit by an AGS drives relocalization of
Ga to the nucleus and gene transcription in mammalian cells.
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Previous studies reported that heterotrimeric G 3, translocated
to the nucleus when complexed with RGS7 (16). However, the
effect of RGS7-Gf; on gene regulation has not yet been char-
acterized. This study is the first to demonstrate a direct effect
of nuclear translocation of a Ga subunit on specific gene
regulation.

The magnitude of gene induction by TFE3-Ga, ¢ was clearly
dependent on the guanine nucleotide binding status of Ga, 4 as
well as the bioactivity of TFE3 for Go 4 activation. Activation of
Ga,, in the cytosol or plasma membrane was not sufficient to
induce claudin 14 expression because a constitutively active
Ga, inthe cytosol and plasma membrane failed to induce clau-
din 14 expression. Conversely, translocation of Ga,, to the
nucleus by the delTFE3, which lacked the ability to activate
Ga,, showed a blunted induction of claudin 14 as compared
with intact TFE3. These observations suggest that TFE3-medi-
ated activation of Ga, within the nucleus is essential to induce
claudin 14 expression. TFE3 may serve as a direct guanine
nucleotide exchange factor for Ge, 4 upon complex formation.
Alternatively, Ga,, may be activated in the nucleus following
removal or addition of a factor to the TFE3 complex when it is
translocated into the nucleus.

The up-regulation of claudin 14 reported in this study may be
an important event in remodeling of the heart following pres-
sure overload stress. Claudin 14 was expressed in the lateral
membrane of cardiomyocytes and was increased upon pressure
overload stress. Claudin 14 is a member of the claudin family of
more than 20 highly conserved proteins (42—44). It is interest-
ing that the overexpression of claudin 14 induces apoptosis of
cells independently of the caspase-mediated pathway (45).
Moreover, in addition to its barrier function, claudin is also
involved in activating pro-matrix metalloproteinase 2, which
plays a role in reorganization of the extracellular matrix (46).
Accordingly, the claudin-mediated sealing and/or molecular
remodeling of the lateral region where cardiomyocytes are
associated with the basal lamina or extracellular matrix is
important for adaptation to mechanical stress. Indeed, changes
in the expression of claudin 5 have been reported in the lateral
membrane of cardiomyocytes in a dystrophic mouse with
dilated cardiomyopathy (47, 48).

It is possible that the transcription factor MITF/TFE acts as a
heterologous protein complex and binds to promoter regions
to regulate the transcription of claudin 14. TFE3-Ga, 4 may be
required to assemble such a transcriptional complex, leading to
increased transcription. Alternatively, TFE3-Ga, may regu-
late nuclear PLC-B activity and the nuclear phosphoinositide
cycle independently of the plasma membrane phosphoinositide
cycle influencing cell cycle and cell differentiation (49). Activa-
tion of PLC-f in the nucleus is not usually detectable in whole-
cell experiments as used in this study (Fig. 4).

This is the first report of a regulatory protein for the Gor
subunit, which can be coupled to multiple GPCRs in a variety of
experimental systems (37, 38). Although Gay is enriched in
hematopoietic tissue, it is also expressed in other tissues includ-
ing heart (50, 51) where its expression is increased 4-fold by the
cardiac stress induced in the TAC animal model. It is of partic-
ular interest to find that this multifunctional G, 4 is translo-
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cated into the nucleus by a specific G-protein regulator where it
plays a previously unappreciated functional role.

Various AGS proteins are involved in adaptation to various
pathologic conditions (3, 20). For example, we previously iden-
tified AGS8 as a novel regulatory protein for the Gy subunit in
arepetitive transient ischemia model in the rat heart (18). AGS8
was up-regulated in the myocardium by ischemic/hypoxic
stress and played a critical role in hypoxia-induced apoptosis of
cardiomyocytes (18, 24). Our ability to rapidly identify AGS8
and now TFE3 directly from disease-specific mRNA libraries
using our yeast-based functional screen highlights its useful-
ness in discovering disease-specific regulatory proteins for het-
erotrimeric G-proteins. Such disease-specific or adaptation-
specific regulatory proteins represent novel therapeutic targets
in treating human diseases.
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REVIEW

Apoptosis in Heart Failure
— The Role of the 7-Adrenergic Receptor-Mediated
Signaling Pathway and p53-Mediated Signaling Pathway
in the Apoptosis of Cardiomyocytes —
Takayuki Fujita, MD; Yoshihiro Ishikawa, MD

The heart works as a driving force to deliver oxygen and nutrients to the whole body. Interrupting this function
for only several minutes can cause critical and permanent damage to the human body. Thus, heart failure (HF)
or attenuated cardiac function is an important factor that affects both patient’s the quality of life and longevity.
Numerous clinical and basic studies have been performed to clarify the complex pathophysiology of HF and to
develop effective therapies. Modulating the f-adrenergic receptor-mediated signaling pathway has been one of
the most crucial targets for HF therapy. Impressively, recent reports identified p53, a well-known tumor suppres-
sor, as a major player in the development of HF. The present review highlights the apoptosis of cardiomyocytes,
which is one of the important mechanisms that leads to HF and can be induced by both S-adrenergic signaling
and p53. Consideration of the cross-talk among these major pathways will be important when developing effec-
tive and safe therapies for HF., (CircJ 2011; 75: 1811-1818)

Key Words: Adrenergic signaling; Apoptosis; Heart failure; pS3

oxygen and nutrients to the whole body, cardiac func-

tion is a critical factor affecting quality of life and
longevity. In addition, interrupting heart function for only
a few minutes can cause critical and permanent damage to
the human body. A report [rom the United States indicated
that the lifetime risk of developing congestive heart failure
(HF) is approximately 20%." The most common cause of
HF in Western countries is coronary artery discase (CAD).
Although controlling the established risk factors for CAD
has become more common in general healthcare and treating
with several cardioprotective agents, including 3 blockers,
RAS inhibitors, antiplatelet agents, and statins, improves the
survival rate, the current prognosis for HF is still not accept-
able. Therefore, further developments in HF treatment arc
one of the greatest issues for extending the healthy life of
humans.

Numerous clinical and basic studies have been performed
to clarify the complex pathophysiology of HF. These studies
have identified several mechanisms that affect cardiac function,
and some therapies were developed based on these results.
Many years ago, the 3-adrenergic receptor (3-AR)-mediated
signaling pathway was identified as one of the most important
pathways that regulates cardiac function. Modulating this path-
way has been one of the most crucial targets for HF therapy .2
On the other hand. recent reports identified p33, a well-known
wumor suppressor, as a major player in the development of

Bccause the heart works as a driving force to deliver

HF.** The present review focuses on these 2 pathways.

Both pathways can induce the apoptosis of cardiomyocytcs.
It is well known that cardiomyocytes undergo apoptosis in
response Lo harm{ul stimuli, including ischemia,® reperfusion,’
oxidative stress,? stretching,” rapid pacing,!” etc. Although
some signaling mechanisms for inducing apoptosis in cardiac
myocytes may be specific, such as those with Bim induction
by EPAC," others may be shared among different cell types.
Since a 1997 report showed that failing hearts were associ-
ated with an increased number of apoptotic cardiomyocytes,
the importance of apoptosis in the development of HF has
been extensively examined and established in many reports.'?
The cell death of terminally differentiated cells, which cannot
proliferate, directly affects tissue function. When attempting
to develop an effective antiapoptotic therapy for the heart,
we reviewed reports that examined the importance of each
pathway in cardiomyocyte apoptosis. Based on ihese findings,
we speculate that there is cross-talk among these pathways.
Therefore, it will be important to take that into consideration
when developing more effective and safe therapies.

-AR-Mediated Apoplosis of Gardiomyooytes

The positive inotropic effect of 3-AR stimulation is one of
the most effective measures for maintaining cardiac output
during urgent care of HF. The ;3-AR stimulation induces pro-
tein kinase A (PKA) activation through G protein, adenylyl
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(1) Apoptosis (|)

oxide synthase (eNOS) activation.

Figure 1. The fB-adrenergic receptor (8-AR) receptor-mediated signaling pathway for apoptosis. Three 8-AR subtypes (51-AR,
B2-AR, and (33-AR) are expressed in cardiomyocytes. Although all 3 subtypes are coupled to Gs, £2-AR and 43-AR are also
linked to the Gi protein. 81-AR is thought to be mainly involved in the apoptosis of cardiomyocytes. 82-AR exerts antiapoptotic
effects through Gifly, PI3K, and AKT activation. 3-AR negatively modulates ventricular contractility through endothelial nitric

Contractility ()

cyclase (AC) and cyclic adenosine monophosphate (cAMP).?
PKA-mediated phosphorylation of many calcium-handling
molecules enhances ventricular wall motion." However, long-
term stimulation of these receptors can lead to the deterio-
ration of cardiac function. In addition, the prognosis of HF
patients improves with 3-AR blocking therapy.* One of the
mechanisms that contributes to this phenomenon is thought
to be the induction of apoptosis upon 3-AR stimulation.'s
Failing hearts have been shown to have desensitized ?-adren-
ergic receptor signaling. This response may help maintain
cardiac function. !

Three 3-AR subtypes (S1-AR, 32-AR, and 23-AR) are
expressed in cardiomyocytes (Figure 1). Norepinephrine or
isoproterenol stimulates all 3-AR subtypes and induces apop-
tosis in rat cardiomyocytes. However, not all subtypes of
3-AR-mediated signaling induce cardiomyocyte apoptosis.
It is thought that the #1-AR-mediated pathway mainly con-
tributes to apoptosis.'” Although all 3 subtypes are coupled
o Gs, #2-AR and [33-AR arc also linked to the Gi protein.
The 22-AR exerts antiapoptotic effects through Gi 2y, phos-
phatidyl inositol-3 kinase (P13K), and AKT activation.” In a
rat model of myocardial infarction, treating with 72-AR ago-
nists for 2 weeks preserved cardiac contractility and reduced
the number of apoptotic cardiomyocytes. ' The ;23-AR expres-
sion is upregulated in the failing heart.?® It is reported that
/33-AR negatively modulates ventricular contractility by acti-
vating endothelial nitric oxide synthase.”* Although the role
of 33-AR-mediated signaling in cardiomyocyle apoptosis is

still unknown, it is possible that 23-AR exerts antiapoptotic
effects through nitric oxide.*

Several mechanisms of 3-AR stimulation-induced apop-
tosis have been reported.

Inducible cAMP Early Repressor (ICER)

ICERs are a group of proteins that are produced from the
¢cAMP responsive element modulator (CREM) gene and
known to induce apoptosis. PKA, which is activated by 3-AR
stimulation, is a key molecule that maintains ICER expres-
sion. PKA activates the cAMP-responsive element binding
protein (CREB), which transactivates ICER. [n addition, PKA
stabilizes ICER by reducing ubiquitination.”® Moreover, ICER
attenuates phosphodiesterase (PDE) 3A transcription by inter-
acting with the promoter region of the PDE3A gene. The
downregulation of PDE3A results in elevated cAMP levels.
Consequently, cAMP-PKA-ICER -PDE forms a positive
feedback loop that maintains ICER expression.

ICER promotes apoptosis by downregulating Bel-2, which
is an antiapoptotic protein. Consistent with this function, iso-
proterenol-treated cardiomyocytes were shown to have in-
duced ICER expression, enhanced apoptosis, and decreased
Bel-2 expression.® In addition, similar results were obtained
in cardiomyocytes that overexpressed ICER.

ICER includes a DNA-binding domain for a cAMP-re-
sponsive element (CRE), but lacks the CREM transactivation
domain. Therefore, ICER inhibits CRE-mediated transcrip-
tion by CREM/CREB. Inhibiting CRE-mediated transactiva-
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Transactivation

Hypoxia

Oxidation stress

Mechanical stress
Tachycardia caused by pacing
Anthracyclines etc.

Apoptosis
(Target genes: Bax, PUMA, NOXA,
DRS35, Scotin, PERP etc.)
Cell growth arrest
Inhibition of angiogenesis
DNA repair
Senescence efc.

genesis, DNA repair, senescence, etc.

Figure 2. p53-mediated signaling pathway for apoptosis. Stresses thal cause hearl failure, including hypoxia, tachycardia
caused by pacing, oxidative stress, mechanical stress, and anthracyclines, induce the accumulation of p53. The p53 expres-
sion level is regulated by MDM2 and MDM4, which promote the ubiquitination and degradation of p53. Accumulated p53 forms
tetramers and aclivates the transcription of various molecules that induce apoptosis and cell growth arrest and inhibit angio-

tion of antiapoptotic signaling is thought to be another mech-
anism ol ICER-induced apoptosis.

Ca?+/Calmodulin Kinase {CaMK), Calcineurin

A-AR stimulation increases intracellular Ca* through the
L-type Ca? channel, which is essential for the proapoptotic
effects of F-adrenergic stimuli. The elevated intracellular
Ca® levels induce the activation of Ca?*-dependent kinase,
CaMK., and the phosphatase. calcineurin, Both of these pro-
teins reportedly mediate ?-adrenergic signaling-induced apop-
tosis. The increase in the intracellular Ca** concentration and
CaMK activity is induced in a PKA-independent manner in
cardiomyocytes.*® However, the detailed mechanisms that lead
to the proapoptotic cffects of these proteins remain contro-
versial. Calcineurin-independent induction of apoptosis was
also observed in isoproterenol-treated cardiomyocytes.*?

Exchange Protein Directly Activated by cAMP (EPAC)

¢AMP, which can be induced by -AR stimulation, activates
EPAC independently of PKA.® EPAC, a guanine nucleo-
tide exchange tactor for the Ras-like GTPase, is involved in
several cellular processes, including cell differentiation, cell
praliferation, cell survival, etc. EPAC was shown to exert pro-
apoptotic effects by inducing Bim in neuronal cells.! Bim
directly binds to the antiapoptotic protein Bel-2, thereby inhib-
iting its function.” However, EPAC may not play a central
role in cardiomyocyte apoptosis. Overexpressing EPAC in
cardiomyocytes does not induce significant apoptosis and

Circulaiion Journal

1 reason for this finding may be that the heart does not ex-
press Bim.

p53-Mediated Apoptosis of Gardiomyocyies

p33 is one of the most famous proteins and a major tumor
suppressor, which is a group of proteins that have been well
studied in cancer research.®® Mutations in the p53 gene that
attenuate p53 function have been found in 50% of human
cancers.? This finding indicates the importance of p53 in
preventing cancer. p53 mainly functions as a transcription
factor and induces a variety of molecules that induce apopto-
sis (Bax, p33 upregulated modulator of apoptosis (PUMA),
NOXA, Death receptor 5 (DR3), Scotin, p53 apoptosis effec-
tor related to PMP-22 (PERP) ctc.), arrest cell growth, inhibit
angiogenesis, function in DNA repair, regulate senescence,
etc (Figure 2). Accumulating evidence has elucidated the
importance of p33 in various ccllular responses. p33 is rec-
ognized as a key molecule in the adaptation to a wide variety
of harmful stimuli, including hypoxia, oxidative stress, infec-
tion, ete, In the cardiovascular system, p53 was recently shown
to have a crucial function in the development of HF, arterio-
sclerosis, cell senescence, metabolism, ete,

We review those reports on the relationship between p33
and HF with particular emphasis on the apoptosis of cardio-
myocytes.
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Figure 3. Cross-talk between the S-adrenergic receptor (5-AR)-mediated proapoptotic signaling pathway and p53-mediated
signaling pathways. (1) Glycogen synthase kinase (GSK)-34, (2) phosphatase and tensin homolog (PTEN) - AKT-MDM2-p53
loop, (3) cyclic adenosine monophosphate response element-binding protein (CBP)/p300-cyclic adenosine monophosphate-
responsive element binding protein (CREB)-p53 complex, (4) hypoxia-inducible factor-1 (HIF-1).
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p53 Expression During Stresses That Cause HF

A number of reports indicate that p53 expression is upregu-
lated in the heart by the stresses that cause HF. Specifically,
reports have shown that p53 is upregulated in the heart
by ischemia, ™ oxidative stress,™ mechanical stress,™ and
tachycardia caused by pacing.*® Anthracyclines are anti-
cancer agents that have been shown to cause cardiomyopa-
thy, which leads to HF. Many reports demonstrated that
treating with anthracyclines also induces p53 expression in
cardiomyocytes.®” In addition, involvement of telomere dys-
function induced p53 upregulation in the development of HF
has been suggested . Although not all reports support these
findings,* accumulating evidence indicates that p53 plays an
important role in stress-induced apoptosis in the heart.

Roles of p53 in the Development of HF

Several studies have been conducted to clarify the roles of
p53 in the development of HF. Many studies indicate that
suppressing the function of p53 induces preferable effects on
cardiac function. The function of p53 was atienuated by
knocking out p533* or PUMA,*' which mediates the proapop-
totic effects of p33, and overexpressing MDM2,** which
induces the ubiquitination and downregulation of p33. An
examination of these models showed that these direct or
indircet changes in p33 function resulted in decreased car-
diomyocyte apoptosis, reduced myocardial infarct size, or a
better survival rate after myocardial infarction. In addition,
p33-deficient mice have decreased susceptibility to anthra-

cycline-induced myocardial apoptosis and HF.* On the
other hand, knock-out mice for MDM4. which inhibits the
accumulation of p53, develop cardiomyopathy.* In addition,
overexpressing CHIP, which induces the degradation of p33,
attenuated the accumulation of p53 and reduced cardiomyo-
cyte apoptosis after myocardial infarction.® These findings
indicate that p53 promotes the deterioration of cardiac func-
tion.

Recently, both apoptosis and inhibited angiogenesis were
suggested to lead to the harmful effects of p53 on cardiac
function. In a pressure overloaded mouse model, the cardiac
condition transitions from an initial compensatory hyper-
trophy state to decompensatory HF several weeks after aortic
banding. During this transition, p53 is upregulated, hypoxia-
inducible factor-1 (HIF-1) expression is attenuated, and
microvessels are reduced in the heart. HIF-1 is an established
and major inducer of angiogenesis, and p533 was shown to
play a pivotal role in downregulating HIF-1 expression dur-
ing this transition.>*

Potential Crosstalk Between the 5-AR-Mediated
Signaling Pathway and the p53-Mediated
Signaling Pathway
Although there are only a few reports on the relationship

between 2-AR stimulation and the p53 expression level, p53
was shown to be upregulated in the presence of isoproterenol
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in rat cultured cardiomyocytes.® In addition, p53 mRNA was
also upregulated in cardiomyocytes that were isolated from
a murine heart after long-term 3-AR stimulation.**

On the other hand, p33 affects the expression level or
activity of scveral molecules that can be involved in 7-AR-
mediated proapoptotic signal transduction, such as GSK-3 3
and HIF-1.

Accumulated findings obtained from studies of cach path-
way indicate that there are several possible cross-talk points
between the 3-AR- and p33-mediated signaling pathways
during the induction of apoptosis (Figure 3).

Glycogen Synthase Kinase-35 (GSK-38)

GSK-37 is a Ser/Thr protein kinase that phosphorylates and
regulates many molecules that have a role in cell death, cell
proliferation, cell growth, ete.’ Several reports indicate that
GSK-3/ has proapoptotic effects in cardiomyocytes.® GSK-
3/ phosphorylates p53 and Bax, which facilitates proapop-
totic signaling. In addition, 1 study reported that GSK-3.3
had a proapoptotic role in the isoproterenol-induced apop-
tosis of cultured adult rat cardiomyocytes.” These findings
suggest that GSK-3;2 may have an important role in 7-adren-
ergic signaling-induced p53 activation. On the other hand.
GSK-372 can be inactivated via PKA- and AKT-mediated
phosphorylation, which can be facilitated by the 3-adrenergic
signaling pathway " Therefore, in contrast, 7-AR stimulation
can mediate antiapoptotic effects through GSK-3 3. Although
the mechanism by which 3-AR stimulation induces apoplo-
sis through the GSK-33 pathway is still unclear, studies sug-
gest that a potent GSK-33-activating pathway can overcome
the effect on PKA- and AKT-mediated GSK-3 3 phosphoryla-
tion.

Phosphatase and Tensin Homolog (PTEN)—AKT~MDM2-
p53 Loop
AKT (also known as protein kinase B) is involved in the
development of hypertrophy, contractility, cell survival and
inhibition of apoptosis in cardiomyocytes. The role of AKT
in the heart was examined by developing a mouse model in
which active AKT is specifically overexpressed in the heart.
These mice had cardiac hypertrophy, increased contractil-
ily,* reduced infarct size and apoptosis after ischemia/reper-
fusion.3* AKT is activated upon j3-AR stimulation through
PI3K and CaMK.* Therefore, 8-AR stimuli-induced AKT
activation may have a negative role in 3-AR-induced apopto-
sis. Although 3-AR signaling induces AKT activation through
G3v, at the same time Gse that is also released from 3-AR
can inactivate AKT by inhibiting the membrane transloca-
tion of phosphoinositide-dependent protein kinase 1 (PDK1).%
The expression levels of the molecules that are involved in
these 3-AR-induced pathways, including AC, are thought to
be one of the deciding factors of the consequential effects on
the role of these A-AR-induced pathways in AKT activity.™
AKT inhibits the accumulation of p53 by activating MDM2.
When MDM2 is phosphorylated by AKT, MDM2 is translo-
cated into the nucleus and promotes the degradation of p33.
On the other hand, p33 inactivates AKT by transactivating
PTEN. PTEN is a phosphatidylinositide phosphatase and
a known antitumor molecule that inhibits AKT. PTEN over-
expression causes apoptosis accompanied by AKT inactiva-
tion in cardiomyocytes.™ Through this positive feedback loop
(PTEN-AKT-MDM2-p53 loop).* ;7-AR-induced antiapop-
totic signaling via AKT and p33-mediated proapoptotic sig-
naling may eventually negatively affect each other. Regard-
ing the 7-AR-induced and p33-induced proapoptotic effects,

p33 promotes ;3-AR-induced apoptosis, while 3-AR signal-
ing may inhibit p53-induced apoptosis through the signaling
loop.

Calcineurin and Nuclear Factor of Activated T Cell (NFAT)
NFAT is a transcription factor that induces a number of mol-
ccules that cause apoptosis, cardiac hypertrophy, cell cycle
control, ete. NFAT is activated by the Ca**/calmodulin-de-
pendent phosphatase, calcineurin, which dephosphorylates
NFAT, causing it to translocate from the cytoplasm (o the
nucleus. Carcinoma cells were shown to undergo p53-in-
duced apoptosis through the calcineurin-dependent signaling
pathway.#7 In addition, a previous report showed that both
p33 and NFAT were involved in angiotensin ll-induced apop-
tosis in vascular smooth muscle cells.”*¥ On the other hand,
other reports have shown that calcineurin has a pivotal role
in ;3-AR stimuli-induced apoptosis in cardiomyocytes.”® Thus,
calcineurin and NFAT may be involved in both the 7-AR-
and p53-mediated proapoptotic pathways.

Cyclic AMP Response Element-Binding Protein (CBP)/p300
CBP/p300 functions as a cofactor for several transcription
factors, including p33, and facilitates their function. In addi-
tion, CBP/p300 was also shown to have histone acetyltrans-
ferase (HAT) activity. p53 is activated by CBP/p300 through
acetylation.®® When CBP/p300 activates p53, these 2 mole-
cules form a tripartite complex with CREB. The [ormation of
this complex is facilitated by the phosphorylation of CREB
by PKA, CaMK, and protein kinase C.® PKA and CaMK
are activated by /3-AR signaling. Taken together, it can be
speculated that there may be a situation in which 3-adrener-
gic stimuli affect the p53 induced transactivation through the
formation of the CBP/p300—-CREB~p353 complex.

HIF-1

HIF-1 expression is induced by hypoxia and it predominant-
ly functions as a transcription factor. HIF-1 transactivates
a number of proteins that are involved in angiogenesis, cell
proliferation, metabolism, cell survival, apoptosis, etc. HIF-1
can induce not only proapoptotic proteins such as BNIP3 and
NIX, but also antiapoptotic proteins such as erythropoietin.®
In addition, HIF-1 promotes the accumulation of p53 by
directly interacting with MDM2.% Recent reports indicate
that HIF-1 helps preserve cardiac function after hypoxic
stress. HIF-1 overexpression attenuated cardiac damage after
myocardial ischemia/reperfusion injury in cultured cardio-
myocytes and a mouse model.*** Although the enhancement
of angiogenesis by HIF-1 is likely to be the important mech-
anism, several reports suggest that HIF-1 may modulate the
apoplotic signal in cardiomyocytes.®®® Although the role of
HIF-1 in the development of apoptosis is not well elucidated,
HIF-1 is thought to be a potential factor in the apoptosis of
cardiomyocyltes.

HIF-1 expression is upregulated by the PI3K~AKT path-
way,”™ which can be activated by GAy protein-mediated
signaling. In addition, Forskolin, an AC activator that can
be activated by Gs protein, also induces HIF-1 expression in
cancer cells.”! On the other hand, some reports indicate that
p53 downregulates HIF-1 expression. In addition, this down-
regulation is inhibited by AKT activation.” which can be
induced by 3-AR stimulation. Taken together, 7-AR signal-
ing upregulates, while p53 downregulates HIF-1 expression.
Therefore, HIF-1-mediated regulation of apoptosis may be
a type ol competitive cross-talk between the /#-AR- and p33-
mediated signaling pathways.
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However, only a {ew reports have examined this pathway
in cardiomyocytes, so further studies are required in order to
determine the importance of this pathway in the development
of HF.

Conclusions

It is crucial to maintain the number of cardiomyocytes in
order to maintain the function of a failing heart. Although
there have been several attempts to develop therapies that
regenerate cardiomyocytes using stem cells or progenitor
cells, currently there is not a clinically established method
to increase in the number of cardiomyocytes.”? Therefore,
preventing cell death in the failing heart is still a promising
approach to manage and prevent HF.

In this review, we focused on apoptosis as one mechanism
of cell death in the failing heart. The 3-AR- and p53-medi-
ated signaling pathways are 2 major inducers of apoptosis.
Many approaches, including gene therapy, have been de-
veloped to modulate the signaling of these pathways. Con-
sidering their effects on apoptosis, controlling these pathways
could be a promising strategy to preserve cardiac function.

When attempting to establish HF therapies that modulate
signal transduction, there are several important issues to be
considered.

First, it is important to determine when and where signaling
should be modulated. As the use of 3-AR agonists or antago-
nists to treat HF depends on the disease state, the timing
should be considered when modulating the p33 signaling
pathways. p53 is a major tumor suppressor and may exacer-
bate HF by inducing apoptosis and inhibiting angiogenesis.
However, p53 may also cause preferable effects on the heart.
For example, p53 may inhibit the development of arterio-
sclerosis.”™ In addition, p53 may prevent the proliferation of
vascular smooth muscle cells, which is pivotal in coronary
restenosis after stent implantation.™

The 3-antagonists have several side effects, including bron-
chial asthma, glucose intolerance, and Raynaud’s phenom-
enon, because they affect tissues other than the heart. To
avoid these effects, therapies that modulate specific subtypes
of AC are near development.”” In the same way, we should
control p33 function in a tissue-specific manner,

Second, it is important to consider the possibility of cross-
tatk with other pathways that are involved in the devel-
opment of HF. Modulating certain signaling pathways may
affect others. Understanding the cross-talk among several
important pathways would be useful in choosing the time and
the method of therapeutic intervention to obtain the maxi-
mum effect. In this review, we noted 5 possible cross-talk
points between the 3-AR- and p53-mediated signaling path-
ways for apoptosis. Some of these are thought to facilitate
another pathway. For example, j-adrenergic signaling may
enhance the activity of p53 through several pathways. Onc of
the mechanisms by which 2 blockers help preserve cardiac
function may be by attenuating p53 function. On the other
hand, potential points of competitive cross-talk have also been
identified. For instance, p53 may downregulate HIF-1, while
(-AR signaling may upregulate HIF-1. If there is a situation
in which HIF-1 plays a significant role in regulating the
apoptosis of cardiomyocytes, understanding these potentially
interconnected pathways may lead to the development of more
cffective therapies that prevent apoptosis. Therefore, it will
be important to cxamine the contribution of each pathway,
as well as the cross-talk points under various conditions.

On the whole, to selectively inhibit the cAMP signaling

pathway while preserving the PI3K—~AKT pathway seems
1o be effective for inhibiting the apoptosis that is induced
by these 2 pathways. This fact reminds us of the 7I-selective
7 blockers. However, many pathways and molecules other
than these 2 pathways are involved in the apoptosis of car-
diomyocytes. Moreover, many mechanisms other than apop-
tosis are involved in the pathogenesis of HF. Cell death
including necrosis, autophagy as well as Ca* handling, oxi-
dative stress, metabolic state, ete have been identified as
important factors that affect the development of HF. This
may be one of the reasons why the advantages of 31-selective
3 blockers compared with nonselective 4 blockers for HF
therapy seem not to be significant in clinical studies. In the
COMET trial, the 21, 32, «l blocker, carvedilol, extended
the longevity of chronic HF patients better than the 71-selec-
tive blocker metoprolol.™ Clarifying the relationships and
roles of each signaling pathway in the various phases of HF
development will lead to the development of more effective
and sound treatments.
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EDITORIAL

Idiopathic Ventricular Tachycardia in Children

Mari Iwamoto, MD

entricular tachycardia (VT) in childhood is rare and
‘; the rate of idiopathic VT (IVT) is high.!2 In adults,
most cases of VT are VT-associated ischemic heart
disease, and IVT accounts for 10-20% of VT cases.34 Roggen
et al reported the frequency of spontaneous VT in a pediatric
population: 27 patients detected among 25,2000 children aged
<16 years, being a VT incidence of 1.1 episodes/100,000
childhood years; 13 patients (48%) had IVT, 3 had electrical
heart disease, 11 had structural heart disease.! The incidence
of VT detected in children by school-based heart disease
screening (ECG recording while at rest) in Japan was 0.2—
0.8/10,000 children, and among 48 patients with VT detected
by such screening, 2 had structural heart disease and the
other 46 patients had IVT. They were thought to be healthy
before the screening, and the majority of cases were asymp-
tomatic non-sustained VT.2 IVT usually has a benign course,
and it has been observed that between 46% and 65% of
patients after a certain duration of follow-up are completely
free of any arrhythmia (Table).256 In particular, onset at
infancy, monomorphic type, maximum runs of premature
ventricular contractions <5 and catheter ablation are related
to successful resolution of VT.17
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Cardiac causes of VT in childhood are operated congeni-
tal heart disease, cardiomyopathies (dilated and hypertrophic
cardiomyopathies; arrhythmogenic right ventricular cardio-
myopathy: ARVC), myocarditis, cardiac tumor, long QT syn-
drome, CPVT, Brugada syndrome and electrolyte/metabolic
disturbances. The clinical prognosis of pediatric VT differs
according to the etiology of VT. Song et al reported that logis-
tic regression analysis revealed that CPVT, cardiomyopathy-
associated VT, polymorphic VT and sustained VT were
significantly correlated with death and cardiac arrest.” It is
important to differentiate idiopathic RVVT from VT asso-

(n) (years)

Pfammatter et al, 1998% 28 0-16
Tsuli et al, 19958 46 9.4+3.1
Iwamoto et al, 20052 48 5-15
Song et al, 20107 37 0-15

ciated ARVC, which has a worse prognosis and is responsible
for sudden death in the young and for which VT may be the
only initial manifestation in the early phase.

The majority of the reports of IVT in pediatric patients in-
clude the clinical features and prognosis, but electrophysio-
logic findings have not been reported except in a few studies
including Fukuhara et al’s report.? Generally, IVT in child-
hood and in the young is highly related to exercise and this
could be characteristic of these ages. The mechanism of
exercise-related VT is known to be triggered activity, but
Fukuhara et al showed that variant mechanisms (not only
triggered activity but also automaticity and reentry) present
in this arrhythmia 8

Owing to technological advances in mapping and catheter
ablation, the mechanisms and anatomical locations of IVT
have been recognized in detail.® VT arising from the right
and left ventricular outlet tracts (RVOT, LVOT) has similar
characteristics because of a common embryonic origin. The
arthythmogenic mechanism of RVOT and LVOT arrhyth-
mias is cyclic AMP-mediated (adenosine sensitive) triggered
activity.!® Other categories of IVT arising from the LV are

, reentry (verapamil sensitive) and automaticity (propranolol

‘ Patlen&s Age group SuatalnedVT Symt
{n

36
14

3
27

sensitive). Fascicular VT is known to be verapamil sensitive,
and the mechanism is reentry with an excitable gap and zone
of slow conduction. Most of the episodes occur at rest, but
can be triggered by exercise and emotional stress.® Adrener-
gic monomorphic VT is also referred as propranolol-sensitive
automatic VT, and is thought to be automatic rhythms arising
from within the Purkinje fibers.” Recognition of the various
forms of IVT and understanding the mechanisms are impor-
tant for appropriate management.

Electrophysiological study and catheter ablation in chil-
dren present some difficulties, because of their small bodies
and lower induction rate with general anesthesia. A smaller
sized mapping system would lead to higher success and safety.
OTVT and fascicular VT are good indications for catheter

8 Mortality VT free in foll
{% patients) (n) {% patients)
36 0 65
28 1 65
5 0 80
76 1 46

VT, ventrcular tachycardia.

The opinions expressed in this article are not necessarily those of the editors or of the Japanese Circulation Society.
Received January 18, 201 1; accepted January 18, 2011; released online February 2, 2011

Pediatric Cardiology, Yokohama city University, Yokohama, Japan

Mailing address: Mari Iwamoto, MD, Pediatric Cardiology, Yokohama city University, 3-9 Fukuura, Kanazawa-ku, Yokohama 234-0006,

Japan
ISSN-1346-9843  doi: 10.1253/circj.CJ-11-0072

All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: cj @j-circ.or.jp

Circulation Joumnal Vol.75, March 2011



VT in Children

545

ablation also in childhood, because of the high success rate.
Studying the anatomical location, electrophysiological char-
acteristics and clinical substrate in children will lead to a high
cure rate in pediatrics.
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Detection of Extra Components of T Wave by Independent
Component Analysis in Congenital Long-QT Syndrome

Hitoshi Horigome, MD, PhD*; Yasuhiro Ishikawa, MD, PhD*; Junko Shiono, MD, PhD;
Mari Iwamoto, MD, PhD; Naokata Sumitomo, MD, PhD; Masao Yoshinaga, MD, PhD

Background—The main ECG criteria for the diagnosis of long-QT syndrome (LQTS) include abnormal T-wave
morphology as well as prolonged QT interval. The T wave in LQTS probably includes additional components of the
myocardial repolarization process, which are derived from aberrant ion currents. We investigated whether independent
component analysis (ICA) can extract such abnormal repolarization components.

Methods and Results—Digital ECG data were obtained as a time series from 10 channels using 20 surface electrodes in
22 patients with genetically confirmed LQTS type 1 (LQTI) and 30 normal subjects. In each case, T-wave area was
analyzed by radical ICA after noise reduction by the wavelet thresholding method. Furthermore, inverse ICA was
applied to determine the origin of each independent component (IC). Radical ICA revealed that a T-wave consisted of
4 basic ICs in all control subjects, whereas =5 (mostly 6) ICs were identified in all 22 patients with LQT1. The extra
ICs, which were not evident in normal subjects, were assumed to contribute to the formation of abnormal T-wave
morphology. The extra ICs were identified even in patients with normal QTc values and in those taking B-blockers.
Inverse ICA indicated that the additional ICs originate predominantly from the late phase of the T wave of the left

ventricle.

Conclusions—Extra ICs appear during repolarization in all patients with LQT1 but not in normal subjects. ICA is a
potentially useful multivariate statistical method to differentiate patients with LQT1 from normal subjects. (Circ

Arrhythm Electrophysiol. 2011;4:456-464.)

Key Words: electrocardiography m congenital m long QT syndrome m multivariate analysis

O ne of the main criteria used for the diagnosis of long-QT
syndrome (LQTS) is QT-interval prolongation on the
ECG. However, the end of the T wave sometimes is difficult
to identify, and the QT interval fluctuates depending on the
heart rate, status of the autonomic nervous system, and
medications. The QT interval is not necessarily prolonged
even in genotype-confirmed LQTS.!? Another important
diagnostic finding on ECG is aberrant T-wave morphology,
although its analysis is largely qualitative.>® The T wave
represents the summation of the repolarization process of
ventricular myocardial cells, and the presence of myocardial
cells with malfunctional ion channels distorts the T-wave
morphology.* We hypothesized that other components related
to the abnormally long myocardial repolarization process are
included in the T wave of LQTS. To investigate the nature of
such T-wave components, we analyzed the T-wave area of
digitized ECG in patients with LQTS type 1 (LQTI) by

independent component analysis (ICA), and the results were
compared with those of healthy control subjects.

Clinical Perspective on p 464

ICA is a recently developed multivariate statistical method
capable of extracting source signals from the observed signals
under the assumption that an observed signal is a linear
mixture of non-Gaussian source components, which are
independent of one another.>¢ The ICA has been applied to
analysis of complex phenomena in many scientific, social,
and economic fields.” When ICA is applied to digitized ECG
data, its merit is that multiple original signals of myocardial
depolarization or repolarization can be extracted from the
observed PQRST waveforms. On the other hand, one of the
drawbacks of ICA is that the results tend to be influenced by
the presence of noise, making it difficult to exclusively
extract significant independent components (ICs).* On the
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