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Receptor-independent G-protein regulators provide diverse
mechanisms for signal input to G-protein-based signaling sys-
tems, revealing unexpected functional roles for G-proteins. As
part of a broader effort to identify disease-specific regulators for
heterotrimeric G-proteins, we screened for such proteins in car-
diac hypertrophy using a yeast-based functional screen of mam-
malian cDNAs as a discovery platform. We report the identifi-
cation of three transcription factors belonging to the same
family, transcription factor E3 (TFE3), microphthalmia-associ-
ated transcription factor, and transcription factor EB, as novel
receptor-independent activators of G-protein signaling selec-
tive for Ga;. TFE3 and Ge; ¢ were both up-regulated in cardiac
hypertrophy initiated by transverse aortic constriction. In pro-
tein interaction studies in vitro, TFE3 formed a complex with
Ga, 4 but not with Ga;; or Ga,. Although increased expression
of TFE3 in heterologous systems had no influence on receptor-
mediated Gey ¢ signaling at the plasma membrane, TFE3 actu-
ally translocated Ga; 4 to the nucleus, leading to the induction of
claudin 14 expression, a key component of membrane structure
in cardiomyocytes. The induction of claudin 14 was dependent
on both the accumulation and activation of Ga; by TFE3 in the
nucleus. These findings indicate that TFE3 and Ga, 4 are up-reg-
ulated under pathologic conditions and are involved in a novel
mechanism of transcriptional regulation via the relocalization
and activation of Ga .
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Heterotrimeric G-proteins play key roles in transducing cell
surface stimuli to intracellular signaling events (1, 2). Activa-
tion of G-protein coupled receptors (GPCRs)? at the cell sur-
face initiates nucleotide exchange on Ga subunits, leading to a
conformational change in Gaf8y and subsequent transduction
of signals to various intracellular effector molecules. In addition
to the basic components of the G-protein signaling system (i.e.
GPCRs, heterotrimeric G-proteins, and effector molecules),
there is a novel class of regulatory proteins for heterotrimeric
G-proteins that directly regulate the activation status of hetero-
trimeric G-proteins independently of GPCRs (3—-10).

Such receptor-independent G-protein regulators are in-
volved in unexpected and important functional roles of hetero-
trimeric G-proteins in multiple cellular events. For example,
LGN (activator of G-protein signaling 5 (AGS5)) and AGS3 are
involved in the regulation of mitotic spindle dynamics and cell
division (11-14). The GTPase-activating protein RGS14 also
translocates between the nucleus and the cytoplasm and is
associated with centrosomes influencing mitosis (15). Another
RGS protein, RGS7, interacts with GB35 and migrates into the
nucleus as an RGS7-GB; complex (16). Furthermore, signal
alteration by G-protein and their various types of regulators is
involved in adaptation of cells to maintain homeostasis under
pathologic conditions (17-21). In fact, the expression of such
regulatory proteins is altered with the development of cardiac
hypertrophy in hypertension or in response to pressure over-
load stress (22, 23).

As part of a broader approach to identify adaptation-specific
regulatory proteins for heterotrimeric G-proteins, we previ-
ously identified AGS8 from a cDNA library of rat hearts sub-
jected to repetitive transient ischemia (18). AGS8 was up-reg-
ulated in cardiomyocytes in response to transient hypoxia and
regulated Gy signaling. Indeed, AGS8 played a key role in
apoptosis of cardiomyocytes induced by hypoxic stress via Gy
and the channel protein connexin 43 (24). These findings
prompted us to investigate the presence of putative AGS pro-
teins in other models of cardiovascular diseases.

We first screened for regulatory proteins for heterotrim-
eric G-proteins involved in the development of cardiac

3 The abbreviations used are: GPCR, G-protein coupled receptor; TFE, tran-
scription factor E; MITF, microphthalmia-associated transcription factor;
TFEB, transcription factor EB; AGS, activators of G-protein signaling; RGS,
regulator of G protein signaling; TAC, transverse aortic constriction; PLC,
phospholipase C.
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hypertrophy. Cardiac hypertrophy is a gateway to cardiac
dysfunction and acts as an independent risk factor for car-
diovascular events. GPCR-mediated signaling pathways, in
particular those involving B-adrenergic or angiotensin II
receptors, influence gene expression involved in cardiac
hypertrophy. Overexpression of Gag or G in the mouse
heart actually results in the development of cardiac hyper-
trophy and dysfunction.

We report the identification of three Ga,,-selective AGS
proteins using a yeast-based discovery platform for receptor-
independent activators of G-protein signaling to screen cDNA
libraries from mouse models of cardiac hypertrophy induced by
transverse aortic constriction (TAC) or continuous infusion of
the B-adrenergic agonist isoproterenol. Of importance, the
three new AGS proteins are microphthalmia-associated tran-
scription factor (MITF)/TFE transcription factors. Although
increased expression of TFE3 in heterologous systems had no
influence on receptor-mediated G, signaling at the plasma
membrane, TFE3 actually translocated Ga, ¢ to the nucleus,
leading to the induction of claudin 14, a key component of
membrane structure in cardiomyocytes. These findings indi-
cate that Ga, c-selective AGS proteins are up-regulated under
pathologic conditions and are involved in a novel mechanism of
transcriptional regulation via the relocalization and activation
of Gy

EXPERIMENTAL PROCEDURES
Materials

Anti-Goy;, anti-Ge, and anti-phospholipase C (PLC)-82
antibodies and anti-B,-adrenergic receptor were purchased
from Santa Cruz Biotechnology. IGEPAL CA-630 and anti-f3-
actin antibody were obtained from Sigma. Anti-Ge, ¢ and anti-
claudin 14 antibodies were purchased from Medical and Bio-
logical Laboratories, Co., Ltd. (Nagoya, Japan) and Abcam,
respectively. Anti-Xpress antibody and Lipofectamine 2000
reagent were obtained from Invitrogen. pcDNA3.1:Ga; ; and
pcDNA3.1::Ga; ,Q212L were obtained from the Missouri S&T
c¢DNA Resource Center. Ga;,G211A was generated by site-
direct mutagenesis (PrimeSTAR Mutagenesis Basal kit, Takara,
Otsu, Japan). Full-length mouse TFE3, human transcription
factor EB (TFEB), and mouse MITF were subcloned into the
pYES2 vector (Invitrogen) or pcDNAHis vector (Invitrogen)
from c¢DNA clones (Open Biosystems) (TFE3, MMM1013-
98478992; TFEB, MHS1010-7508073; MITF, EMMI1002-
97035453).

Animal Models

All animal experiments were performed according to proce-
dures approved by the Institutional Animal Care and Use Com-
mittee at Yokohama City University.

TAC—Constriction of the transverse thoracic aorta was per-
formed on 14 male mice (C57BL/6; age, 14 —17 weeks; 2429 g;
Charles River Laboratories, Gilroy, CA) as described previously
(25). In brief, mice were anesthetized, intubated, and placed on
arespirator. The transverse aorta was visualized following mid-
line sternotomy. A 5-0 nylon suture was placed around the
aorta distal to the brachiocephalic artery. The suture was tight-
ened around a blunt 27-gauge needle placed adjacent to the
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aorta to produce —70% constriction. The needle was then
removed, and the chest and overlying skin were closed. Six age-
matched animals underwent the same surgical procedure but
without TAC (sham). Seven days after surgery, the mice were
sacrificed for tissue extraction. The left ventricles were quickly
separated, frozen in liquid nitrogen, and stored at —70 °C until
use.

Cardiac Hypertrophy and Tachycardia—Nineteen male
mice (C57BL/6; age, 16 —19 weeks; 25—30 g; Charles River Lab-
oratories) were anesthetized, and an osmotic minipump (model
2002, ALZET Osmotic Pumps, Cupertino, CA) was implanted
subcutaneously (18). After 7 days of continuous infusion of iso-
proterenol (60 pg/g of body weight/day), mice were anesthe-
tized, and the hearts were rapidly excised. The left ventricles
were rapidly frozen in liquid nitrogen and stored at —70 °C
until use.

Generation of cDNA Libraries and Functional Screen in
Saccharomyces cerevisiae

mRNA isolated from the left ventricle in the TAC or tachy-
cardia models was used to synthesize cDNAs using a cDNA
Synthesis kit (Takara); cDNAs were cloned into the pYES2
yeast expression vector. The cDNA library from the TAC
model contained 1.1 X 10° cfu with an average insert size of 1.5
kb, and the library from tachycardia model contained 2.8 X 10°
cfu with an average insert size of 1.2 kb. Functional screens and
growth assays in the modified strains of S. cerevisiae were con-
ducted as described previously (26 —28).

Quantitative Polymerase Chain Reaction (PCR)

RNA isolation, cDNA synthesis, and real time PCR analysis
were performed as described previously (24). The primers for
RT-PCR were as follows: mouse MITF: forward, 5'-ACTTTC-
CCTTATCCCATCCACC-3’; reverse, 5'-TGAGATCCAGA-
GTTGTCGTACA-3’; mouse TFE3: forward, 5'-TGCGTCAG-
CAGCTTATGAGG-3'; reverse, 5'-AGACACGCCAATCAC-
AGAGAT-3'; mouse TFEB: forward, 5'-CCACCCCAGCCAT-
CAACAC-3’; reverse, 5'-CAGACAGATACTCCCGAAC-
CTT-3'; mouse GNA15: forward, 5'-CGCCAGAATCGACC-
AGGAG-3’; reverse, 5'-GTAGCCCACACCGTGAATGA-3';
mouse claudin 14: forward, 5'-GCATGGTGGGAACGCT-
CAT-3'; reverse, 5'-CCACAGTCCCTTCAGGTAGGA-3’;
human claudin 14: forward, 5'-CAAACACCGCACCTGC-
CTA-3'; reverse, 5'-CACGTAGTCGTTCAGCCTGT-3’; rat
GNA15: forward, 5'-CAGGAGAACCGTATGAAGGAGA-
GTC-3'; reverse, 5'-CAGGATGTCTGTCTTGTTGAGGAAG-
3'; rat TFE3: forward, 5'-TGTTCGTGCTGTTGGAAGAGC-
3'; reverse, 5'-GGGATAGAGGCTGGCTTTTGAG-3'; rat
claudin 14: forward, 5'-TCATCACTACTATCCTGCCGCAC-
3'; reverse, 5'-ACACACTCCATCCACAGTCCCTTC-3’; and
18 S: forward, 5'-GTAACCCGTTGAACCCCATT-3’; reverse,
5'-CCATCCAATCGGTAGTAGCG-3'. All PCRs were per-
formed in duplicate or triplicate at 95 °C for 2 min followed by
40 cycles at 95 °C for 30 s and 60 or 62 °C for 45 s. The cycle
threshold values corresponding to the PCR cycle number at
which fluorescence emission in real time reaches a threshold
above the base-line emission were determined. 18 S ribosomal
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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 Inmunoblotting

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 (Gay;
NCBI Reference Sequence NM_053542) and TFE3 (NCBI
Reference Sequence XM_228760) were synthesized (Stealth
siRNA, 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 ul of
Opti-MEM I medium (Invitrogen) and 2.5 ul of Lipofectamine
2000 in 50 ul 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 ul of immunoprecipi-
tation buffer (50 mm Tris, pH 7.4, 70 mm NaCl, 5 mM 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 ug of antibody for 18 h after preclearing
with 25 ul of 50% Sepharose-G for 1 h at4 °C. The samples were
incubated with 25 ul of 50% Sepharose-G for 1 hat4 °C, and the
pellets were washed three times with immunoprecipitation
buffer. Proteins were eluted in 30 ul 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 um 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 ug/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 cDNAs isolated from cardiac hypertrophy model of mouse
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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 cDNA 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
cDNA libraries for functional screen”

Gene in database AGS Transverse aortic constriction Isoproterenol infusion
Dynlt1b (the entire coding sequence) AGS2 + -
GPSM1I (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 acids) AGS11 + +
TFEB (C-terminal 320 amino acids) AGS12 - +
MITF (C-terminal 304 amino acids) AGS13 + +

“ cDNA libraries were screened in yeast strains CY1141 (Ga;3), CY8342 (Gay), and CY9603 (G
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FIGURE 1. Bioactivity and diagram of AGSs isolated from mouse hypertrophic heart. In Aand B, data are presented in three panels toillustrate the viability
of the transformed 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 GALT 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 Ga, 4 (Gpa1(1-41)) and yeast lacking Ga, Gf3, or downstream signaling molecules (AGg,
yeast lacking Ge; AGP, yeast lacking G3; 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 B-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—W e utilized an expression cloning sys-
tem in S. cerevisiae to identify receptor-independent activators

AV N
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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 (Gays, Gayg, or Ga,g) 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 Ga,5, Gay, or Gay ¢ (Table 1). Twenty-
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nine cDNA clones encoding six distinct proteins were isolated
from the two ¢cDNA libraries (Ga, strain, 0; Goy; 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
c¢DNA clones required G-protein to activate the growth-linked
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FIGURE 2. Expression of MITF/TFE transcription factors and Ga,¢ 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. 1A).

Three clones isolated from yeast expressing Go;; encoded
the previously characterized proteins AGS2 (Dynltib, NCBI
Reference Sequence NM_033368), AGS3 (GPSM1, NCBI Ref-
erence Sequence NM_700459), and AGS6 (RGS12, NCBI Ref-
erence Sequence NM_001156984). The cDNAs encoding
AGS3 and AGS6 contained the G-protein-regulatory motif(s)
that stabilizes the GDP-bound conformation of Ge, transdu-
cin, and Ge,,. An additional three cDNAs (1-8, 3-52, and 4-57)
were isolated from yeast expressing Ga; 4. These three cDNAs
exhibited bioactivity in yeast strains expressing G ¢ but not in
yeast expressing Ga;;, Ga, or Gpal (yeast Ga), indicating Go
selectivity (Fig. 1B and supplemental Text 1). We therefore
focused on these Ga ¢-specific AGS cDNAs.

Ga,-specific AGS Proteins—Sequence analysis of the Gay -
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 3-galactosidase reporter assays
(Fig. 1D). Full-length TFE3 and MITF, but not TFEB, activated
the G-protein pathway in Ga,4-expressing cells. Full-length
TFE3, MITF, and TFEB did not activate growth of yeast
expressing Gea, (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 lysate in 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
subunitin 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 pg/dish). The amount of DNA transfected was adjusted to 10 ug/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 Ga subunit. QL, Ga;Q212L; GA, Ga, sG211A.
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Gary(G211A.

expected size and that their expression did not alter the levels of
Gay. 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,4-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, ¢ 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, Go;;, mRNA
expression was also increased in the TAC model in which TFE3
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was up-regulated. As TFE3 and Ga,, 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 an important role via G ; in the
development of cardiac hypertrophy. We thus examined
whether TFE3 indeed was able to form a complex with Ga, 4. As
a first approach, the interaction of GST-tagged TFE3 (GST-
TEFE3) with Ga,, was examined in vitro. GST-TFE3 success-
fully pulled down transfected G from cell lysates. However,
neither a constitutively active mutant of G, (Gar; sQ212L)
nor an inactive mutant of Ga;4 (Ga;4G211A) was pulled
down, suggesting that the interaction of Ga, 4 and TFE3 was
dependent upon the conformation of Ga, 4 and regulated by
guanine nucleotide binding (Fig. 34) (35, 36). In contrast,
GST-TFE3 did not pull down transfected Gag or Ga;5 from
cell lysates (Fig. 3B). We also examined whether TFE3 inter-
acted with Ga,4 in mammalian cells. Expressed TFE3 was
co-immunoprecipitated with Ga,4 from COS7 cell lysates,
suggesting that TFE3 and Ga, formed a stable complex
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within these cells (Fig. 3C). In contrast, TFE3 did not co-
immunoprecipitate with Ga, or Gea;; (Fig. 3D). We next
examined the role of this interaction in Ge, ,-mediated sig-
naling events.

TFE3 Is Not Involved in Receptor-mediated Go, Signaling—
Ga,4 is coupled to multiple GPCRs including $,-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,s-mediated signaling (39). In a transient
expression system in COS7 cells, G4 activated PLC-£2 fol-
lowing [3,-adrenergic receptor stimulation as determined by
inositol monophosphate production (Fig. 4). The magnitude of
PLC-2 activation was reduced in the presence of an inactive
Ga,, mutant (Ga, (G211A), indicating that PLC-B2 activation
was mediated by Ga, 4 (Fig. 4, A and B). However, TFE3 over-
expression did not alter this receptor-mediated Ga; 4 signaling.
We also examined the effect of TFE3 overexpression on the
basal activity of PLC-2/Ga;4 in the absence of receptor stim-
ulation. TFE3 overexpression did not alter PLC-B2 activity,
whereas a constitutively active mutant of Goy, ¢ (G, (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
TEE3 involvement in regulating the conventional GPCR-medi-
ated Ga; ¢ signaling pathway.

TFE3 Induces Accumulation of Ga 4 in Nucleus—The iden-
tification of transcription factors as G, ,-specific AGS proteins
suggested that MITF/TFE transcription factors may interact
with a subpopulation of G, 4 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,4 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 Ga,, and TFE3 were overexpressed together, Ga; 4 pre-
dominantly accumulated in the nucleus (Fig. 5, arrow). This
novel nuclear translocation of Ga, ¢ was not due to Ga, 4 acti-
vation because the constitutively active mutant of Gaq
(Ga;6Q212L) was not found in the nucleus when it was over-
expressed by itself. These data suggested that Ga,, forms a
complex with TFE3 and translocates to the nucleus. Nuclear
accumulation of G-protein by TFE3 was not observed for Gey,
or Gay.

Up-regulation of Claudin 14 mRNA by TFE3-Ga,, Complex—
The co-localization of TFE3 and Ga,, 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 Ga . 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 Ga . 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 Ga, 4 (1.0-fold) had mini-
mal effect on the induction of claudin 14 (Fig. 6A). The induc-
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COS7 cells were transfected in a 35-mm dish with 2.0 ug of Ga subunits in
pcDNA3 and/or 2.0 ug of pcDNA3.1-His::TFE3. The amount of transfected
DNA was adjusted to 4 png/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, Ger;,Q212L.

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

Requirement of G, Activation for Gene Induction by TFE3—
The requirement of Ga, 4 activation for this gene induction was
further characterized utilizing a truncated mutant of TFE3
(delTFE3), which showed less bioactivity for Ga, 4 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 Ga,4-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 Ge,, activation,
delTFE3 was still able to form a complex with Ge, ¢ and induce
the translocation of Ga; 4 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, ; activation as long as
TFE3 and Ga, 4 formed a complex (Fig. 6A).

Although the delTFE3-Ga,;, complex was found in the
nucleus, the subsequent up-regulation of claudin 14 was
blunted, suggesting that Ge, ; activation is critical for this gene
induction (Fig. 6A). 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, ¢ (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 ng of Ga subunits in pcDNA3 and 2.0 ng 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,; g and TFE3 in COS7 cells. COS7 cells were transfected in a 35-mm dish with 2.0 g of pcDNA3:Ga, s and 2.0 ng of pcDNA3.1-His:TFE3. G, and
TFE3 were determined using Ga; ¢ antibody (red) or Xpress antibody (green), respectively. Lower panel, interaction of Ga,¢ with TFE3 or delTFE3. COS7 cells in
a 100-mm dish were transfected with a combination of pcDNA3, pcDNA3:Ga;¢ (5 ng/dish), pcDNA3.1-His=TFE3 (5 ng/dish), and pcDNA3.1-His:delTFE3 (5
ng/dish). The amount of transfected DNA was adjusted to 10 ug/well with the pcDNA3 vector. The preparation of the cell lysate and immunoprecipitation (/P)
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 g of pcDNA3:Ga, ¢ and 2.0 pg of pcDNA3.1-His::MITF). The
amount of transfected DNA was adjusted to 4 pg/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 g of whole-cell lysate). Data are
representative of five experiments. QL, Ga,6Q212L; GA, Ga,4G211A.
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FIGURE 7. Expression of claudin 14 in cultured cardiomyocytes and hypertrophied heart. A, effect of knockdown of Ga,s 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 G

a46 (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 inde
hypertrophy model. B, the left ventricular expression of claudin 14 mRNA was a
mouse. Data are expressed as the -fold change in claudin 14 level from that in

pendent experiments. B and C, expression of claudin 14 in the mouse cardiac
nalyzed by real time PCR. Control refers to the sham-operated or saline-infused
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 wm) 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.

14 (Fig. 6C). Taken together, the results suggest that in addi-
tion to the nuclear translocation of a TFE3-Ga, , complex acti-
vation of Ga, ¢ 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. Ga;4siRNA 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 Ga,siRNA or
TFE3siRNA itself when they were separately introduced (Fig.
74, lower panel). However, interestingly, the simultaneous
knockdown of G, and TFE3 by siRNAs significantly reduced
the claudin 14 mRNA (38.9 = 7.4%, p < 0.05 versus control
siRNA), indicating that both Ge, s 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 Ga, 4 were simultaneously 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, 4 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;, was associated with gene
induction of claudin 14 in vivo under pathologic conditions.
Gene induction by Ga;  and TFE3 is therefore postulated to be
part of the cardiac adaptation process to pressure overload
stress.

DISCUSSION

We report the identification of three MITF/TFE transcrip-
tion factors, TFE3, MITF, and TFEB, as new AGS proteins
selective for the G, ¢ 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,, in cells. Formation of TFE3-Ga;, , com-
plex resulted in the translocation of Ga;, to the nucleus and
up-regulation of the cell junction protein claudin 14. Expres-
sion of claudin 14 was also induced iz vivo in the hypertrophied
ventricle, and this was associated with the up-regulation of
Ga, 4 and TFE3. Thus, the transcription factor TFE3 is postu-
lated to act as a G-protein activator for the Ga,, 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 G35 translocated
to the nucleus when complexed with RGS7 (16). However, the
effect of RGS7-GB; 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;, 4 was clearly
dependent on the guanine nucleotide binding status of G, 4 as
well as the bioactivity of TFE3 for Ga; ¢, activation. Activation of
Ga, 4 in the cytosol or plasma membrane was not sufficient to
induce claudin 14 expression because a constitutively active
Gay, ¢ in the 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 Ga;, 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).

Itis 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-f activity and the nuclear phosphoinositide
cycle independently of the plasma membrane phosphoinositide
cycle influencing cell cycle and cell differentiation (49). Activa-
tion of PLC- 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 Goy¢
subunit, which can be coupled to multiple GPCRs in a variety of
experimental systems (37, 38). Although Ga, 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 Ga,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 GB7y 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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