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Abstract

The ductus arteriosus (DA), a fetal arterial connection between the main pulmonary
-artery and the descending aorta, normally closes immediately after birth. The DA is a
normal and essential fetal structure. However, it becomes abnormal if it remains patent
after birth. Closure of the DA occurs in two phases: functional closure of the lumen
within the first hours after birth by smooth muscle constriction, and anatomic occlusion
of the lumen over the next several days due ta extensive neointimal thickening in human
DA. There are several events that promote the DA constriction immediately after birth:
(a) an increase in arterial oxygen tension, (b) a dramatic decline in circulating
prostaglandinE; (PGE,), (c) a decrease in blood pressure within the DA lumen, and (d) a
decrease in the number of PGE; receptors in the DA wall. Anatomical closure of the DA
is associated with the formation of intimal thickening, which are characterized by (a) an
area of subendothelial deposition of extracellular matrix, (b) the disassembly of the
internal elastic lamina and loss of elastic fiber in the medial layer, and (c) migration into
the subendothelial space of undifferentiated medial smooth muscle cells. In addition to
the well-known vasodilatory role of PGE;, our findings uncovered the role of PGE; in
anatomical closure of the DA. Chronic PGEyEP4-cyclic AMP (cAMP)-protein kinase A
(PKA) signaling during gestation induces vascular remodeling of the DA to promote
hyaluronan-mediated intimal thickening and structural closure of the vascular lumen. A
novel target of cCAMP, Epac, has an acute promoting effect on smooth muscle cell
migration without hyaluronan production and thus intimal thickening in the DA. Both
EP4-cAMP downstream targets, Epac and PKA, regulate vascular remodeling in the DA.
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Introduction

The ductus arteriosus (DA), a fetal arterial connection between the pulmonary artery and
the descending aorta, is indispensable for fetal life. It shunts deoxygenated blood from the main
pulmonary artery to the descending aorta. Over half of the blood flow in the descending aorta
is diverted to the umbilico-placental circulation (Heymann and Rudolph, 1975), where gaseous
exchange takes place. Although patency of the DA is required for fetal survival, the persistence
of a patent DA after birth is a major cause of morbidity and mortality, especially in premature
infants, leading to severe complications, including pulmonary hypertension, right ventricular
dysfunction, postnatal infections and respiratory failure (Hermes-DeSantis and Clyman, 2006).
The incidence of DA patency has been estimated to be one in 500 in term newborns and
accounts for the majority of all cases of congenital heart diseases in preterm newborns (Mitchell
et al., 1971). In preterm babies with birth weights <1,500 g, the incidence of a patent DA
exceeds 30% (Van Overmeire ef al., 2004). In addition, the presence of a patent DA is more
serious in premature infants than in full-term infants since premature infants with a patent DA
are more likely to develop problems such as intraventricular hemorrhage, necrotizing
enterocolitis, bronchopulmonary dysplasia and congestive heart failure. Therefore, it is
important to understand the precise mechanisms of regulation of the DA.

Closure of the human DA is believed to occur in two phases: (1) functional closure of the
lumen within the first hours after birth by smooth muscle constriction, and (2) anatomic
occlusion of the lumen over the next several days due to extensive neointimal thickening and
loss of smooth muscle cells from the inner muscle media (Smith, 1998; Clyman, 2006; Yokoyama
et al., 2006b). Although its process is similar in mammalian DA, the time course of two phases
is variable among species. There are several events that promote the DA constriction
immediately after birth: (a) an increase in arterial oxygen tension, (b) a dramatic decline in
circulating prostaglandinE; (PGE,) because of metabolism in the now functioning lungs and
elimination of the placental source, (c) a decrease in blood pressure within the DA lumen, and
(d) a decrease in the number of PGE; receptors in the DA wall (Smith, 1998; Clyman, 2006).

The DA later undergoes permanent closure through structural remodeling and fibrosis.
The resulting fibrous band with no lumen persists as the ligamentum arteriosum (Fay and
Cooke, 1972). Anatomical closure of the DA is associated with the formation of intimal
thickening, which are characterized by (a) an area of subendothelial deposition of extracellular
matrix, (b) the disassembly of the internal elastic lamina and loss of elastic fiber in the medial
layer, and (c) migration into the subendothelial space of undifferentiated medial smooth muscle
cells (Smith, 1998). Some of these changes begin about halfway through gestation and some
occur after functional closure of the DA in the neonate (Slomp et al., 1997, Yokoyama ef al.,
2006b). This cascade of events is thought to orchestrate the subsequent luminal DA
reorganization, leading finally to complete obliteration of the DA. In this report, we review the
current state of knowledge of the mechanisms of regulating vascular tone and remodeling of the
DA
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1. Functional closure of the DA

1-1. Oxygen-induced contraction

During the fetal life, the DA is exposed to an oxygen tension that has been estimated as
between 18 to 28 mmHg (Heymann and Rudolph, 1975). After birth, the DA is exposed to
arterial blood and arterial oxygen tension rises rapidly after delivery. Rising oxygen tension
significantly contracts the DA (Smith, 1998). With the exception of the pulmonary artery, most
vascular smooth muscles relax in a low oxygen environment and contract in response to
increasing oxygen tension. However, the response of the DA to oxygen is much greater in
magnitude, although qualitatively similar to other vessels (Heymann and Rudolph, 1975; Smith
and McGrath, 1988).

Several mechanisms have been proposed to explain the contractile effect of raising oxygen
tension in the DA. The increase in oxygen tension inhibits ductal smooth muscle voltage-
dependent potassium channels (Michelakis et al., 2000; Reeve et al., 2001), such as Kv1.5 and
Kv2.1, which results in membrane depolarization, an influx of calcium and DA constriction
(Nakanishi et al., 1993; Leonhardt et al., 2003). The inhibition of potassium channels is
associated with production of diffusible redox mediator (H.O,) by a mitochondrial Oz-sensor,
electron transport chain complexes I or III in the DA (Archer et al., 2004). It has been reported
that ATP-sensitive potassium channel was inhibited by the raising oxygen tension, resulting in
membrane depolarization (Nakanishi ef al., 1993). In addition to involvement of potassium
channels, recent study reported that depolarization-independent DA contraction is caused by
release of calcium from the IPs-sensitive store in the sarcoplasmic reticulum. Subsequent
calcium entry through store-operated channels increases an influx of calcium and DA
constriction (Hong et al., 2006). Schematic illustration of the functional closure of the DA is
shown in Figure 1.

Calcium entry trough L-type voltage-dependent calcium channels is involved in oxygen-
induced DA contraction (Tristani-Firouzi et al., 1996). Our previous study demonstrated that
among L-type calcium channels, Cav1.2 was predominant isoform and expression level of Cav1.2
was higher in the rat DA than in the aorta (Yokoyama ef al., 2006a). Calcium influx through T-
type voltage-dependent calcium channels, especially Cav3.1, also promoted oxygenation-induced
DA constriction (Nakanishi et al., 1993; Akaike ef al., 2009).

Coceani et al. reported that cytochrome Py was the oxygen sensor and its activation
promoted DA contraction through production of endothelin-1 (ET-1) from endothelium and
smooth muscle of the DA (Coceani and Kelsey, 1991; Coceani ef al., 1992). They demonstrated
stimulation of endothelin A receptor (ET) is associated with oxygen-induced DA contraction
using mice with genetic disruption of ETa (Coceani et al., 1999). However, the DA was normally
closed after birth in ETs knockout mice. Consequently, ET-1- ET, signaling plays a role in
oxygen-induced contraction, but not in anatomical closure in the DA.

Vitamin A and/or retinoic acid signaling is a candidate for the activator of oxygen
sensitivity, because the retinoic acid response element is strongly expressed in the mouse DA
(Colbert et al., 1996), and maternally administrated vitamin A accelerated development of the
oxygen-sensing mechanism of the rat DA (Wu et al., 2001). Our study demonstrated that
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Fig. 1. A schematic model of functional closure of the DA. K': potassium ion, Ca?: calcium
ion, Oz oxygen, O»: superoxide anion, H:0,: hydrogen peroxide, ATP: adenosine
triphosphate, Karp: ATP-dependent potassium channel, VDCK: voltage-dependent
potassium channel, VDCC: voltage-dependent calcium channel, SOC: store-operated
calcium channel, Mt: mitochondria, SR/ER: sarco/endoplasmic reticulum, IP3:
inositol triphosphate, IP3R: IP3 receptor, PLC: phopholipase C, MLCK: myosin light
chain kinase, CYP: cytochrome Piso.

maternally administrated vitamin A increased the expression levels of Cavl.2 and Cav3.1 in the
rat DA (Yokoyama et al., 2006a).

1-2. Rapid withdrawal of the vasodilator effect of PGE>

PGE; is produced in the placenta (Smith, 1998) and the DA (Clyman et al., 1978; Coceani et
al., 1978) and contributes to the DA patency in utero. Stimulation of PGE; receptors activates
adenylyl cyclases (Bouayad ef al., 2001). The increased intracellular concentrations of cyclic
AMP (cAMP) inhibit myosin light chain kinase, resulting in the DA relaxation (Smith, 1998).
The dilator effect of PGE, on the rabbit DA was mediated by the PGE; receptor, EP4 (Smith and
McGrath, 1994). After birth, the high fetal circulating concentrations of PGE, dramatically
decline because the placenta is removed and the lung promotes catabolism of PGE; (Smith,
1998). Further, the expressions of PGE, receptors were decreased in the DA wall (Smith, 1998;
Clyman, 2006).

Both isoforms of the enzyme responsible for synthesizing PGE,, cyclooxygenase (COX)-1
and COX-2, are expressed in the fetal DA (Takahashi et al., 2000). Since COX-2 expression in
the fetal DA significantly increased with advancing gestational age (Trivedi et al., 2006), COX-2
inhibitor-induced DA contraction is weaker in preterm rats on the 19" day of gestation than in
near-term on the 21% day (Toyoshima et al., 2006). A COX inhibitor is widely used for the patent
DA, however, this may not be a better therapy for premature infants with patent DA.
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1-3. Other factors mediating contraction of the DA

It has been reported that nitric oxide (NO) plays a role in vasodilation of the DA. NO is
synthesized by endothelial nitric oxide synthase (eNOS) in the luminal endothelium and the
vasavasorum endothelium and induces relaxation of the DA through cyclic GMP (cGMP)
signaling (Clyman, 2006). The relative importance of the cAMP and ¢cGMP has been studied.
Adenylyl cyclase stimulator, forskolin completely reversed the combined contractile effects of
elevated oxygen tension, norepinephrin and COX inhibitor, whereas inhibition of cGMP
signaling by sodium nitroprusside caused 4% of the effect of forskolin (Smith and McGrath,
1993). This implies that cAMP signaling is more important than cGMP signaling in near-term
DA. On the other hand, in premature DA, the combined use of an NO synthase-inhibitor and
COX inhibitor produces a much greater degree of the DA contraction than COX inhibitor alone
(Seidner et al., 2001). ‘ '

2. Anatomical closure of the DA

2-1. Histological change during perinatal period

After birth, there is extensive remodeling of the DA wall, which leads to permanent closure
of the DA. Intimal thickening, a characteristic developmental remodeling process in the DA, is
required for postnatal DA closure (Rabinovitch, 1996; Mason et al., 1999; Yokoyama et al.,
2006b). Intimal thickening starts with lifting of the endothelial cells (Gittenberger-de Groot et
al., 1985) and accumulations of hyaluronan in the subendothelial region, creating a space that is
suitable for migration of smooth muscle cells through the fragmented elastic lamina into the
subentothelial region (De Reeder et al., 1988). Figure 2 shows histological change of the rat
DA. Intimal thickening is developed in mature rat DA on the 21% day of gestation, while it is
lacked in immature DA on the19' day of gestation. Since intimal thickening is poorly developed
in human patent DA patients and animal models of patent DA (Gittenberger-de Groot et al.,
1980; Gittenberger-de Groot et al., 1985; Tada et al., 1985), this process plays an important role
in permanent closure of the DA after birth.

2-2. Molecular mechanisms of regulating intimal thickening

PGE; plays a primary role in maintaining the patency of DA, however, previous studies have
demonstrated that genetic disruption of the PGE receptor EP4 paradoxically results in fatal
patent DA in mice (Nguyen ef al., 1997; Segi et al., 1998). In addition, double mutant mice in
which COX-1 and COX-2 are disrupted also exhibit patent DA (Loftin et al., 2001). We found
that intimal thickening was completely absent in the DA from EP4-disrupted neonatal mice
(Yokoyama et al., 2006b). Moreover, a marked reduction in hyaluronan production was found in
EP4-disrupted DA, whereas a thick layer of hyaluronan deposit was present in wile-type DA.
PGE>EP4-cAMP-protein kinase A (PKA) signaling up-regulates hyaluronan synthase type 2
mRNA, which increases hyaluronan production in the DA. Accumulation of hyaluronan then
promotes smooth muscle cell migration into the subendothelial layer to form intimal thickening
(Yokoyama et al., 2006b). Signals through PGE,-EP4 have two essential roles in DA
development, namely, vascular dilation and intimal thickening.
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Elastica staining

Immature

Mature

At birth

Fig. 2. Developmental changes in intimal thickening in rat DA. (A) Elastica van Gieson
staining shows that intimal thickening was poor on the 19" day of gestation
(immature), whereas it became apparent on the 21* day of gestation (mature) and 4
hours after birth (at birth). (B) DA intimal thickening are also shown at higher
magnification. ‘

A new target of cAMP, i.e., an exchange protein activated by cAMP, has recently been
discovered; it is called Epac (de Rooij et al., 1998). Epac has been known to exhibit a distinct
cAMP signaling pathway that is independent of PKA (Bos, 2003). Our previous study
demonstrated that Epac, which is up-regulated during the perinatal period, had an acute
promoting effect on smooth muscle cell migration without hyaluronan production and thus
intimal thickening in the DA (Yokoyama et al., 2008). Therefore, both EP4-cAMP downstream
targets, Epac and PKA, induced intimal thickening in the DA (Fig. 3).

T-type voltage-dependent calcium channels, especially Cav3.1, promoted oxygenation-
induced DA constriction (Akaike et al., 2009). Our study revealed that Cav3.1 was significantly
up-regulated in oxygenated rat DA tissue and in the region of intimal thickening of DA and that
Cav1l.3 promoted smooth muscle cell migration. These results indicate that Cav1.3 promotes
oxygenation-induced DA closure through smooth muscle cell migration and vasoconstriction in
rats (Akaike et al., 2009). We also found that a novel spliced variant of the alphalC-subunit was
highly expressed in the neointima cushion of the DA (Yokoyama et al., 2006a), although a role
of the novel isoform is needed to be studied.
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Chronic

Fig. 3. A schematic model of the diverse cAMP signaling pathway. Both Epac and PKA
synergistically promoted intimal cushion formation in the DA, but they work in two
distinct ways: Epac-mediated (acute) and PKA-mediated (chronic) promotion. AC:
adenylyl cyclase.

2-3. Extracellular matrix in the DA

Vascular cells are defined by the ways in which they regulate their extracellular matrix, and
changes in the extracellular matrix, in turn, determine vascular cell phenotype, i.e., the ability to
differentiate, proliferate, and migrate (Rabinovitch, 1996). It has been reported that DA smooth
muscle cells produce two-fold more fibronectin than aortic smooth muscle cells (Rabinovitch,
1996). Mason et al. have demonstrated that preventing fibronectin-dependent intimal
thickening would be a feasible manipulation to cause patent DA as a mode of treatment of
congenital heart diseases (Mason ef al., 1999). Our previous study also demonstrated that
maternally administrated viamin A increased fibronectin production and intimal thickening in
the rat DA (Yokoyama et al., 2007). Transforming growth factor beta and NO induce
extracellular matrix including hyaluronan and fibronectin in DA smooth muscle cell
(Rabinovitch, 1996).

Versican, an hyaluronan binding proteoglycan, plays an important role in proliferation and
migration of vascular smooth muscle cells (Evanko et al., 1999). Tanacin, a hexameric
glycoprotein, also has been known to regulate vascular smooth muscle cell proliferation (Cowan
et al., 2000). Therefore, fibronectin and hyaluronan may not be the sole constituents of
extracellular matrix in DA intimal thickening.

Closing remarks

The ductal closure occurs in two phases. During first few hours after birth in term
newborns, there is acute and functional closure as a result of smooth muscle contraction of the
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DA, which is triggered by an increase in oxygen tension and a decline in levels of circulating
PGE;. Importantly, prior to this, anatomical luminal narrowing develops through intimal
thickening that occludes the vascular lumen and results in permanent closure after birth. Both
PGE,-EP4-cAMP downstream targets, Epac and PKA, induce intimal thickening in the DA.
Chronic activation of EP4 induces hyaluronan-mediated smooth muscle cell migration via PKA,
resulting in intimal thickening. Epac has an acute promoting effect on smooth muscle cell
migration without hyaluronan production and thus intimal thickening in the DA.
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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 Gex, g 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,, but not with Ge;; or Ga,, Although increased expression
of TFE3 in heterologous systems had no influence on receptor-
mediated Ga,¢ 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, o by TFE3 in the
nucleus. These findings indicate that TFE3 and Ga,  are up-reg-
ulated under pathologic conditions and are involved in a novel
mechanism of transcriptional regulation via the relocalization
and activation of Ga, 4.
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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 Gaf7y 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 protcins 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 G5 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 GBvy
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-
cric 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 gatcway 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 I
receptors, influence gene expression involved in cardiac
hypertrophy. Overexpression of Ge; or Ge, 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 Go,, signaling at the plasma
membrane, TFE3 actually translocated Ga,q to the nucleus,
leading to the induction of claudin 14, a key component of
membrane structure in cardiomyocytes. These findings indi-
cate that Ga, 4-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 Goyg.

EXPERIMENTAL PROCEDURES
Materials

Anti-Gay;, anti-Ga,, and anti-phospholipase C (PLC)-£2
antibodies and anti-B,-adrenergic receptor were purchased
from Santa Cruz Biotechnology. IGEPAL CA-630 and anti-£3-
actin antibody were obtained from Sigma. Anti-Ga;¢ 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:Ge,  and
pcDNA3.1:Ga, Q2121 were obtained from the Missouri S&T
¢DNA Resource Center. G, (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 ¢DNA clones (Open Biosystems) (TFE3, MMMI1013-
98478992; TFEB, MHS1010-7508073; MITF, EMMI002-
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; 24 ~29 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—Ninetcen male
mice (C57BL/6; age, 16 —19 weeks; 25-30 g; Charles River Lab-
oratorics) 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 ¢DNA 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
GNAL15: 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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Transcriptional Regulation by Novel AGS

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®”%;
¢DNAL1-8) 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 mi (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 pEGFEP 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 GNAIS (Ga,4;
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 pl 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 nMm, respec-
tively. The transfection efficiency of FITC-labeled oligonucleo-
tide was 70— 80%. The decreasc 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 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 ul of 50% Sepharose-G for 1 h at 4 °C. The samples were
incubated with 25 ul 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,0, 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 temperaturc 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 cDNAs 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 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
¢DNA libraries for functional screen”

Gene in database AGS Transverse aortic constriction Isoproterenol infusion
Dynlt1b (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 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;;), CY8342 (Ga,), and CY9603 (Ga, ).
A No selection Selection C CONA #1.8
Induction (=) Induction (+) N—LF?E[SL])GD L Tros Hh] I
® &6 e & H e &G - ) ! e
CONA# P o ¥ N of W N o W cDNA #3-52
AGH TFEB [ THLH] ]
(NP_035679) HED 534 aa
Gat6 CDNA #4-57
Ga16 MITF I___':_m_“_'——l
E AGB (NP_032627) m118 419 aa
z
§||aste20 D []Induction (-)
350 * [l Induction (+)
ASteb5 >
=
=
B ®
No selection Selection o
Induction (=) Induction (+) %
T
7]
]
©
vector 8
H ©
cDNA #1-8 ?’
cDNA #3-52 o
cDNA #4-57 vector TFE3 TFEB MITF

Full length protein

FIGURE 1. Bioactivity and diagram of AGSs isolated from mouse hypertrophic heart. In Aand B, data are presented in three panels to illustrate 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 GAL1 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, , (Gpa1(1-41)) and yeast lacking Ga, GB, or downstream signaling molecules (AGq,
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

AV ON
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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 (Gayy, Gay, or Gayg) 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 Gey,, Gag, or Ga, ¢ (Table 1). Twenty-
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Transcriptional Regulation by Novel AGS

nine ¢cDNA clones encoding six distinct proteins were isolated
from the two ¢cDNA libraries (Ga, strain, 0; Ga;; strain, 20;
Gay ¢ 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

TFE3 MITF
250+ % 2504
o0 [ control i [ control
200 M treated <00 I treated
1501

[$4)
(=]
i

Expression in the LV
(% of control
2 3

o
1

TAC
TFEB Ga16

S 2507 *
ik [ control 500+ [ control
o = 2004
£35 W treated 4004 W treated
£ E 150+
< 8 300+
‘% © 1004 200+
8
Q Ny 1004
]

0- 0+

TAC

TAC ISO 1ISO

FIGURE 2. Expression of MITF/TFE transcription factors and Ga,q in
mouse cardiac hypertrophy model. The expression of mRNA of each gene
was analyzed by real time PCRas 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.

A
Input Pellet

GST GST-TFE3 GST GST-TFE3
Gal6 Go16 Ga16 Gal6Ga16 Ga16 Gal6 Gal6 Ga16 Gal6 Gal6 Galb
QL GA QL GA QL GA aL  GA

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 Ga;; 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, . These three cDNAs
exhibited bioactivity in yeast strains expressing Ga, s but not in
yeast expressing Go,;, Ga,, or Gpal (yeast Ga), indicating Ga
selectivity (Fig. 1B and supplemental Text 1). We therefore
focused on these Ga, ¢-specific AGS cDNAs.

Ga,-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 Ge,4-expressing cells. Full-length
TFE3, MITF, and TFEB did not activate growth of yeast
expressing Ga, (supplemental Text 2). Immunoblot analysis
indicated that the full-length proteins were expressed at the

C Input Pellet
1P, Ga16 IgG Ga16 IgG
EXpr?sised Ga16 Galé Ga16 Gal6 Ga16 Gal6
protein TFE3 TFE3 TFE3 TFE3 TFE3 TFE3
Xpress- ¥
L — -
TFE3 -
GUTE  — s s w—

GO0 e v o - a— — -
B Gas Gai3
Input Pellet Input Pellet
GST GST GST GST
e TRES OST 3%, °°7 s
W - 4_
Gas ; S « | w——— <+

D Input Pellet
IP antbody Gas Gai3 Gas Gai3
Expressed Gas Gai3 Gas  Gaid
protein  TFE3 TFE3 TFE3 TFE3
Xpress-
‘_
TFE3 D
. g +
Cas e «
Gai3 — ' <+

FIGURE 3. Interaction of TFE3 with Ga,¢ 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 ina
total volume of 500 ul 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 ug/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 (IP) were performed as described under “Experimental Procedures.” The Ga subunit was immunoprecipitated with a specific

antibody for each Ga subunit. QL, Ger; (Q212L; GA, Gar,G211A.
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FIGURE 4. Effect of TFE3 on activation of phospholipase C-B2. A, effect of TFE3 on the generation of inositol phosphate (IP1) following receptor stimulation.
COS7 cells were transfected in 12-well plates with control vectors (Vec) or cDNAs as indicated (0.4 pg of pcDNA:PLC-B2, 0.5 g of pcDNA:TFE3, 0.5 ug of
pcDNA:Ga, ¢, and 0.6 ug of pEGFP:B,-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 ¢cDNAs as indicated (0.5 ng of
pcDNA:PLC-B2,0.75 ug of pcDNA:TFE3, and 0.75 ug of pcDNA:Ga, ). The amount of transfected DNA was adjusted to 2 ug/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 g of whole-cell lysates. *, p < 0.05 versus control group; **, p < 0.05 between two groups. QL, Ga,Q212L; GA,

Ga,(G211A.

expected size and that their expression did not alter the levels of
Ga,g. 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, Ga;; mRNA
expression was also increased in the TAC model in which TFE3
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was up-regulated. As TFE3 and Ga, 4 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 Ga, ¢ 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-
TFE3) with Ga,4 was examined in vitro. GST-TFE3 success-
fully pulled down transfected Ga,  from cell lysates. However,
neither a constitutively active mutant of Ga, 4 (Gar, (Q212L)
nor an inactive mutant of Ga,, (Ga;,G211A) was pulled
down, suggesting that the interaction of Ga,, 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 Ga, or Ga;; from
cell lysates (Fig. 3B). We also examined whether TFE3 inter-
acted with Ga,, 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 Ga;; (Fig. 3D). We next
examined the role of this interaction in Ga | ,-mediated sig-
naling events.

TFE3 Is Not Involved in Receptor-mediated G, Signaling—
Ga,q is coupled to multiple GPCRs including f,-adrenergic
receptors mediating signal transfer to the effector molecule
PLC-B (37, 38). Thus, we examined whether TFE3 regulated
B,-adrenergic receptor-mediated PLC- 32 activation as a repre-
sentative of Ga,,-mediated signaling (39). In a transient
expression system in COS7 cells, Ga, 4 activated PLC-B2 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, o mutant (Ga, (G211A), indicating that PLC-2 activation
was mediated by G, (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, , in the absence of receptor stim-
ulation. TFE3 overexpression did not alter PLC-B2 activity,
whereas a constitutively active mutant of Ga, (Ga,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, 4 signaling pathway.

TFE3 Induces Accumulation of Ga,, 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 Ga,; and TFE3 were overexpressed together, Ga ¢ pre-
dominantly accumulated in the nucleus (Fig. 5, arrow). This
novel nuclear translocation of Ge, ; was not due to Ga, ¢ acti-
vation because the constitutively active mutant of Gayg
(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 Go,
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 G, . Parallel experiments indicated
that the co-overexpression of TFE3 and Ge, ¢ 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. 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 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 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,sQ212L.

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

Requirement of G, 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 Ga, 4 activation in
the yeast system. Analysis of the amino acid sequences of the
MITEF/TFE family indicated that the C-terminal 27 acids were
conserved among the Ga,-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 Ga,, activation,
delTFE3 was still able to form a complex with Ga, 4 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 G, 4 activation as long as
TFE3 and Ga;,, 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 Ga,, activation is critical for this gene
induction (Fig. 6A). Furthermore, the constitutively active
mutant of G, (G, (Q212L), which was not expressed in the
nucleus (Fig. 5), failed to induce claudin 14. MITF, which had a
similar ability to activate G, ; (Fig. 1D), failed to induce claudin
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