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Fig. 4. Effect of dexamethasone on the promoter activity of the human Dkk-1 gene in primary cultured osteablasts. Human osteoblasts were
transiently transfected with various lengths of Dkk-1 promoter region/luciferase (Luc) chimeric plasmids or GRE-mutated Dkk-1 promoter region/
luciferase chimeric plasmid as described in Materials and methods. Three putative GRE-like sequences are located in the human Dkk-1 gene
promoter regions from -788 to ~774bp, from —448 to -434bp, and from -380 to -366bp. The sequence of GRE from -788 1o —774 bp (5'-
AGAACAACATTAAAT-3) of pGL3-Dkk-1(-837/+151) was mutated to 5-AGAGTTACATTAAAT-¥, and designated as pGL3-Dkk-1(~837/
+151/mut). The reporter luciferase activity was expressed as fold over the activity of pGL3-Basic in the absence of dexamethasone, Data are shown as
means £+ SD (n = 4). *P < 0.01 vs. vehicle. One representative data of three independent experiments is shown. Vehicle, ethanol {(open column) and

Dex. dexamethasone (closed column).

Discussion

In the present study, we clearly demonstrated that
dexamethasone markedly induces the expression of
Dkk-1 mRNA in primary cultured human osteoblasts.
We also showed that this induction is mainly mediated
through the activation of transcription via GRE of the
Dkk-1 gene promoter.

In this study, we found that only the mRNA for
Dkk-1 was expressed in cultured human osteoblasts
by RT-PCR and Northern blot analysis. Dkk-1 was
originally identifted as a head inducer in Xenopus [18]
and was shown to be involved in skeletal develop-
ment {19). The Dkk family consists of Dkk-1, Dkk-2,
Dkk-3, Dkk-4, and Dkk-3-related protein Soggy, and
each Dkk possesses different properties on Wnt sig-
naling [20,21]. It is important to address which Dkk
plays a role in bone physiologically. Developmental
analysis of mouse embryo showed that Dkk-1, Dkk-
2, and Dkk-3 are expressed in undifferentiated mes-
enchymal cells on day E12.5 post coitum (p.c.), but
only Dkk-1 is expressed in mesenchymal cells of
mineralizing bone on day EI5.5 p.c. [22]. These re-
sufts may suggest a possible regulatory role of Dkk-1
in osteoblasts.

The expression of Dkk-1 is regulated both develop-
mentally and tissue-specifically [18,22,23], and also in-
duced by several factors such as bone morphogenetic
protein-4 (BMP-4), c-Jun, pS3 tumor suppressor, UV
ray, and DNA damaging agents [24-26]. However, to
our knowledge, this is the first report about the regula-
tion of Dkk-1 expression by glucocorticoid in human
osteoblasts.

Since Dkk-1 is a potent inhibitor of Wnt signaling, it
is considered that the Dkk-1 induced markedly by
dexamethasone suppresses the Wnt signal of bone for-
mation in osteoblasts, which may be involved in the
impairment of bone formation by glucocorticoid. In-
deed, over-expression of Dkk-1 repressed the Wnt3a-
induced alkaline phosphatase activity and reduced the
extracellular matrix mineralization in mouse preos-
teoblastic MC3T3-E1 cells [27]. The recent study also
demonstrated that Dkk-1 produced by multiple my-
eloma cells is associated with development of osteclytic
lesions in bone [28]. The results that dexamethasone did
not change the expression level of Kremenl, which
participates in endocytosis of the LRP/Dkk complex
from the cell surface [17], and slightly suppressed the
expression of LRP5 may support a possibility that glu-
cocorticoid suppresses bone formation by the induction
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of Dkk-1, although we did not examine whether dexa-
methasone affects the expression of the Wnt receptor,
frizzled. It remains to be fully elucidated which frizzled
receptor functions for the Wnt signal in osteoblasts and
further studies will be required.

Analysis of the Dkk-1 promoter region revealed that
the induction of Dkk-1 by dexamethasone mainly re-
sulted from activation of transcription through GRE in
the Dkk-1 gene promoter. There are several putative
GRE-like sequences within approximately 1kb up-
stream from the transcription initiation site in the
human Dkk-1 gene. Deletion and mutation analyses
showed that the GRE located from -788 to -774 bp is
responsible for the activation of the promoter activity in
response to dexamethasone in human osteoblasts.

The recent report about LPRS null mice demon-
strated that loss of function in LRPS causes low bone
mass by decrease in osteoblastic proliferation and
function [7]. It is noteworthy that the Wnt/LRPS5 signal
is independent of Runx2/Chfal, a master transcriptional
factor for osteoblastic differentiation [7]. On the other
hand, patients with the mutation of LRP5 (G171V), a
gain-of-function mutation of LRPS, show high bone
mass with no fragility, probably because of normal os-
teoclastic function [8]. Therefore, the enhancement of
the Wnt signal in osteoblast by a specific inhibitor for
Dkk-1 interacting with LRPS is expected to promote
bone formation by stimulating osteoblastic proliferation
and function in the Runx2/Chfal-independent pathway.
Our present findings and further study about the regu-
lation of LRPS function by Dkk-1 in osteoblasts may
lead to the development of new drugs to promote bone
formation for the treatment of glucocorticoid-induced
051e0pOorosis.
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Coregulator-Related Diseases
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Abstract

Coregulators are a group of proteins, which modulate
the nuclear receptor transactivation function. In this
study, a new “coregulator disease” concept was proposed
from observations of a case of androgen insensitivity syn-
drome {AIS) and cases involving Rubinstein-Taybi syn-
drome and X-linked dementia and hypothyroidism
syndrome. In addition, coregulators are thought to be
closely associated with the pathogenesis of several dis-
eases such as hormone-dependent cancers and leukemia.
Based on these observations, the clinical disorders associ-
ated with some coregulator abnormalities were reviewed.,
(Internal Medicine 43: 368-373, 2004)

Key words: coregulator, coactivator, corepressor, androgen
insensitivity syndrome (AIS), Rubinstein-Tabi
sundrome, Refetoff syndrome, hormone-
dependent cancer, leukemia

Introduction

Steroid hormone receptors such as the androgen receptor
{AR), estrogen receptor (ER) and glucocorticoid receptor
{GR) are ligand-dependent transcription factors that belong
to the nuclear receptor superfamily. Nuclear receptors bind
to their cognate response elements in the promoter region of
target genes, and regulate their expressions (1, 2). Some ab-
normalities in the structures of transcription factor cause the
disturbed transactivation of target genes, leading to various
physiological abnormalities. Such a disease state is well es-
tablished as a “transcription factor disease.” However, there
are several cases that show no mutations in the correspond-
ing nuclear receptors, although clinical and biochemical pro-
files completely match the disease concept. Coregulators are
most likely associated with such a mechanism since
coregulators interact with various nuclear receptor proteins
and modulate the transcriptional activity (2-4). We have pro-
posed a new disease concept of coregulator disease from a

patient with androgen insensitivity syndrome (AIS) who
showed no AR gene mutation (5). Rubinstein-Taybi syn-
drome and X-linked dementia and hypothyroidism syn-
drome, which are known to be caused by abnormalities of
CBP and TR associated protein (TRAP) 230, respectively,
have already been established as a coregulator disease (6, 7).
This review focuses on several clinical disorders, which have
been proven or are thought to be related to coregulator
abnormalities,

Mechanism of Steroid Receptors

Nuclear receptors share a common structure, which con-
sists of a transcription active domain, a DNA-binding do-
main and a ligand-binding domain, There are two
transcription activation domains; the activation function-1
(AF-1) domain in the N-terminal region and the activation
function-2 (AF-2} domain in the C-terminal region. While
the AF-2 domain is relatively conserved among nuclear re-
ceptors, the AF-1 domain differs widely (Fig. 1) (1, 2).
When a ligand is bound to a receptor, the receptor changes
in structure, translocates from the cytoplasm to the nucleus
and then binds to the promoter region of the target gene.
Coregulator proteins bind to the nuclear receptors and modu-
late the transcriptional activity of the nuclear receptors in a
promoter- and cell-specific manner (Fig. 2). There are two
types of coregulators, coactivator proteins, which activate
transcription, and corepressor proteins, which repress tran-
scription, CBP/p300, pl60 family (steroid receptor
coativator (SRC) -1/NcoAl, transcriptional intermediary fac-
tor (TIF) 2/GRIP etc), VDR interacting protein (DRIPY
TRAP and others have been reported as typical coactivators,
and nuclear receptor corepressor {(NcoR) and silencing me-
diator of retinoid and thyroid hormone receptor (SMRT), as
typical corepressors (2, 3). Although most coregulators are
AF-2 binding proteins, p300/CBP and SRC-1 interact with
both AF-1 and AF-2. In addition, several AF-1 binding
coregulators such as breast cancer susceptibility gene 1
(BRCA1), SRA cyclin E and AR N-terminal domain
transactivating protein-1 (ANT-1) (8) have also been identi-
fied. Interaction of the AF-{ and AF-2 domains is important
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Figure 1. (A) Structure of nuclear receptors (NRs). DBD, DNA-binding domain; LBD, ligand-binding domain. (B)
Interactions among the nuclear receptor (NR), coactivators and basic transcriptional machinery.

for exerting the full nuclear receptor transactivation capacity
(9). Recently, it was found that rather than operating indi-
vidually these coregulators operate together by forming an
enormous protein complex. For example, a complex com-
posed mainly of CBP/p300 and the p160 system, has histone
acetyltransferase (HAT) activity that acetylates a basic
amino acid of the histone protein and alters the chromatin
structure. This makes it easier for transcription factors to be
recruited on the DNA and thus promotes transcription.
However, complexes such as the DRIP/TRAP complex do
not have HAT activity. On the contrary, the corepressor
SMRT/NCoR complex represses transcription activity by
coupling with the nuclear receptor that is unbound to the
ligand and recruits the histone deacetylation enzyme
(HDAC), which has an opposing effect to HAT on the pro-
moter. It is thus speculated that once ligand binds to the nu-
clear receptor, the corepressor complex dissociates from the
receptor and the coactivators are recruited onto the promoter
(2, 3).

Internal Medicine Vol. 43, No. § (May 2004)

AIS and Coactivator Disease

Of several steroid hormone resistance syndromes such as
AIS, primary glucocorticoid resistance due to GR abnormali-
ties, and type II vitamin D resistance due to vitamin D recep-
tor {VDR) abnormalities, AIS is thought to be the most
common. AIS occurs in genetically 46XY males who have
testis but suffer from various degrees of virilization failure
because of androgen insensitivity (10). This disease can be
classified into four types depending on the degree of
virilization failure as follows: complete AIS, partial AIS,
Reifeinstein syndrome and male infertility. Patients with
complete AIS show male pseudohermaphroditism, that is,
they have female external genitalia and female type breast
development. Patients with Reifenstein syndrome have
hypospadias, a micropenis and gynecomastia. Most cases of
AlS are the result of AR gene mutations located on chromo-
some Xqll-12. More than 300 AIS mutations have been
identified. The degree of AR dysfunction due to AR gene ab-
normality generally correlates with the clinical severity
(feminization) (10, 11).

369

— 43—



Y ANASE et al

We previously examined a complete AIS patient without
an AR gene mutation (5). The patient also expressed a nor-
mal androgen binding capacity in the pubic skin fibroblast.
Therefore, it was postulated that the pathogenesis of this pa-
tient was due to an unknown factor that might have modu-
lated AR function. The degree of transcriptional activation
by the normal AR in the genital fibroblast of the patient was
less than 9% of that in the fibroblasts of normal subjects.
However, the fibroblasts of another complete AIS patient
with an AR gene mutation (Arg 840—+His) were similar to
those of the normal subjects. The degree of transcriptional
activation by the AR-GR chimera that consisted of the N-
terminal and DNA-binding domains of the AR and the C-
terminal domain of the GR, in the genital fibroblast of the
patient was 12 to 17% of that in the fibroblasts of the normal
and complete AIS patient. In contrast, the degree of
transcriptional activation by the GR and GR-AR chimera
that consisted of the N-terminal and DNA-binding domains
of the GR and the C-terminal domain of the AR was similar
among the three types of fibroblasts. Furthermore, the degree
of ligand-independent transcriptional activation by the N-
terminal domain fragment including the AF-1 region of the
AR in the genital fibroblasts of this patient was approxi-
mately 20% of that in the fibroblasts of the normal and com-
plete AIS patients. However, the degree of transcriptional
activation by the N-terminal domain fragment of the GR was
similar among the three types of fibroblasts. The degree of
ligand-dependent transcriptional activation by the C-terminal
domain fragments of the AR and GR was similar among the
three types of fibroblasts.

Together, these findings suggest that transmission of the
transactivating signal from the AF-1 region of the AR to the
basal transcriptional machinery might be impaired in this pa-
tient. Finally, as a result of the AR AF-1 binding protein in-
vestigation of the pubic skin fibroblasts using glutathione-S-
transferase (GST) pull down analysis, it was revealed that
the absence of 90 kDa protein, which is present in normal
fibreblasts, is most likely the cause of AIS in this case. From
these findings, we proposed a new clinical concept of steroid
hormone resistance, a coactivator disease, in which a physio-
logically indispensable AF-1-specific coactivator crucial to
the transactivation activity of AR is responsible for complete
AIS (Fig. 2) (5).

Other Kinds of Coregulator Disease

Rubinstein-Taybi (RTS) syndrome

Rubinstein-Taybi (RTS) syndrome is another coregulator
disease. In 1963, RTS syndrome was reported as a disease
that presents autosomal dominant inheritance and clinically
characterized by, for example, short stature, craniofacial
malformation, heart malformation and mental retardation
(12). In 1995, CREB (cAMP response element binding
protein}-binding protein CBP gene defects was reported as
the cause of this disorder (6). CBP is a protein originally
identified as a coactivator that stimulates the phosphory-
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lation-dependent transcriptional activation of CREB. CBP
also works as a nuclear integrator when various classes of
transcription factors crosstalk with each other (13), In a CBP
heterozygous {CBP +/-) mouse created by gene targeting,
several bone malformations and cardiac anomalies similar to
those of RTS were observed, supporting a correlation be-
tween RTS and CBP (i4). However, how CBP abnormality
causes RTS has not been well established. Unlike CBP +/-
mice, CBP —/— embryos did not exhibit cardiac anomalies
(15), suggesting that at least the cardiac anomaly in CBP +/-
mice might be caused by the dominant-negative action of the
truncated CBP mutant (16). The impaired HAT activity ob-
served in the CBP mutant might also be a cause of RTS in
humans (17). However, since it has been reported that only
20% of 194 patients with RST were found to have CBP gene
mutations there is the possibility that other gene mutations
are also involved in the diverse RST symptoms (18).

Multiple hormone resistance

A case involving sisters with resistance to multiple steroid
hormones such as glucocorticoid, androgen and mineralo-
cotticoid, revealed the possibility that some abnormalities in
the coactivators that interact with GR, MR and AR might be
present (4, 19, 20). Investigations showed that SRC-1 null
mice exhibited partial resistance to sex hormones, estrogen,
progesterone and androgen with impaired development of
testis, and uterine and mammary glands (21). However, since
no abnormalities of the known coregulators such as SRC-1,
TIF-2, AIB1 and SRA were found, the etiology of these
cases remains unknown (19, 20).

Refetoff syndrome

Resistance to thyroid hormone (RTH) is an inherited dis-
order called Refetoff syndrome that involves reduced tissue
sensitivity to the thyroid hormone. Most cases associated
with RTH are caused by TRf gene mutations. The resulting
mutant receptors suppress the functioning of normal TR as a
result of a dominant negative effect. It has been reported that
dissociation of corepressors such as NcoR and SMART or
recruitment of the coactivator SRC-1 are impaired in mutant
TRPs (22, 23). However, some patients with RTH do not
have TRf gene mutations. Since SRC-1 null mice exhibited
a phenotype similar to RTH, it can, however, be speculated
that some coregulator abnormalities are present in these pa-
tients (24). Nevertheless, no known coregulator defects such
as SRC-1 mutations have been found in such cases.

TRAP complex-related phenotypes

Another coactivator complex, the human TR-associated
protein (TRAP) complex was originally identified through its
intracellular ligand-dependent association with TRa. TRAP-
related complexes have also been isolated and identified as
being completely or partly SRB/MED-containing cofactor
complex (SMCC) or DRIP/TRAP complexes and so on (25).
The TRAP complex lacks HAT activity but does interact with
RNA polymerase II and is thought to be a component of an

Internal Medicine Vol. 43, No. 5 (May 2004)
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AIS with AR gene mutation
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O GR-AF-1-specific cofactor
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@® 5c-dihydrotestosterone

BTM: Basal Transcription Machinery

AIS with normal AR gene

AR-AF-1-specific cofactor

J AR-AF-2-interacting cofactors

O Dexamethasone

Figure 2. Schematic representation of the coactivator defects in AIS patients (ref. 5).

In the fibroblasts of AIS patients with normal genes, transactivation by the transfected
AR or AR-GR chimera was low because of defects in an AR AF-1 specific coregulator es-
sential to transmission of the transactivating signal. In the fibroblasts of AIS patients

with an AR gene mutation (Arg™— His),

the endogenocus AR is inactive, but the

transfected AR and AR-GR chimera are active, because the AR-AF-1-specific cofactor is
intact. The transfected GR and AR-AR chimera are active among the three types of
fibroblasts, since the GR AF-1 specific coregulator is intact. LBD: ligand-binding do-
main, BTM: basal transcriptional machinery.

RNA polymerase II holoenzyme. The TR complex interacts
with a variety of activators that include not only nuclear re-
ceptors such as TR and VDR but also others such as p53,
VP16, Spl and so on. As suggested by yeast mediator func-
tions, this mammalian complex appears to function through
direct interactions with both DNA-bound activators and RNA
polymerase II, thus mediating the activator-enbanced recruit-
ment of RNA polymerase II and other general transcription
factors to the promoter. TRAP 220 is a component of the

Internal Medicine Vol. 43, No. 5 (May 2004)

TRAP complex, and a mammalian homologue of the yeast
mediator that shows diverse coactivation functions, interact-
ing directly with nuclear receptors and RNA polymerase II.
Complete disruption of the murine Trap 220 gene produced
null mutants that died during early gestation as a result of
heart failure while exhibiting impaired neuronal develop-
ment. Primary embryonic fibroblasts derived from these null
mutants showed a prominent decrease in thyroid hormone re-
ceptor function that was restorable by ectopic TRAP 220. In

3Tt
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Table 1. Coregulator-related Diseases

A. Coregulator disease
Rubinstein-Taybi syndrome
Androgen insensitivity syndrome
Multiple hormone resistance
Refetoff syndrome
X-linked dementia and hypothyroidism

CBP gene deletions or mutations

AR AF-1 specific coactivator abrormality

Absence of any defects in the coregulators examined
Absence of any defects in the coregulators examined
TRAP230

B. Diseases with coregulator abnormalities or altered interactions with the coregulators
a. Altered expression or phosphorylation of the coregulators

Breast cancer

increased expression of AIB1

phosphorylation of AIBI
increased expression of cyclin D1
increased expression of SRA isoform

Prostate cancer

increased expression of TIF2 or SRC-1

synergistic action of BRCA] with the AR-TIF2 complex
activation of cyclin E for AR transcription

Adrenal tumor
Huntington’s disease
Meningioma
AIDS

b. Altered binding affinity with the coactivators
Prostate cancer
Kennedy's disease

correlation between COUP-TF-1 and N-CoR mRNA expression
increased expression of CA150

increased expression of TIF2

activation of Vpr for GR transactivation

increased binding affinity between the mutant ARs and TIF2
decreased binding affinity between the AR

polyglutamine repeats and TIF2 or SRC-1

Refetoff syndrome
¢. Altered binding affinity with the corepessors
Refetoff syndrome

increased binding affinity between the mutant TRf}s and SRC-1

impaired dissociation of corepressors from the mutant TR[s

addition, haploinsufficient animals showed growth retarda-
tion and pituitary hypothyroidism (7, 25). Furthermore, it was
reported that a mutation within the CAG repeat of the TRAP
230 subunit gene of the TRAP complex is correlated with X-
linked dementia and hypothyroidism syndrome (7, 26). These
results suggest a close functional association between the
TRAP complex and pituitary-thyroid axis.

Various Clinical Situations That are Thought
to be Related to Coregulators

It is well recognized that proliferations of mammary and
uterine cancers are estrogen-dependent whereas those of
prostate cancer are androgen-dependent. In such hormone-
dependent cancers, it has been suggested that the degree of
expression or phosphorylation of steroid hormone receptors
and coregulators in cancerous tissues is closely associated
with the extent of cancer cell proliferation or the prognosis.
Although some changes in the expression of steroid hormone
receptors such as ER, progesterone receptor (PR) or AR
occur in accordance with tumorigenesis, it is reported that
these changes are regulated by the expression of the
coactivators or corepressors. In addition, it has been shown
that signal crosstalk between the steroid hormone receptor
and growth factor provokes phosphorylation of both the ste-
roid hormone receptor and coregulators, consequently lead-
ing to more powerful activation of the steroid hormone
receptors. One such example is AIB1, which is a coactivator
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and is especially overexpressed in mammary cancer (27).
The mechanism by which growth factors such as insulin-like
growth factor (IGF), which is an epidermal growth factor
(EGF), promote mammary cancer proliferation involves
MAPK activation by these growth factors leading to
phosphorylation of ER (28) and AIB1 (27). The phosphory-
lated AIB1 couples tightly with p300/CBP leading to the en-
hancement of ER-mediated transactivation as a result of
increased HAT activity (29). While ER also stimulates the
expression of a cell cycle regulator, cyclin D1, AIB1 en-
hances the ER-mediated transcriptional activity of Cyclin DI
gene promoter, It is reported that Cyclin D1 is overexpressed
from the early stages of breast cancer, suggesting that AIB1
also plays an important role in the regulation of Cyclin D1-
associated proliferation mechanisms during the development
of breast cancer (30, 31). Similar effects have also been re-
ported with other coregulators, namely SRC-1 and TIF-2 on
the estrogen-dependent transcription of Cyclin D1.

The mechanisms associated with the onset of leukemia,
involve chromosomal translocation resulting in the formation
of a chimera-type fusion protein composed of hematopoietic
transcription factor, which leads to the suppression of
hematopoietic differentiation as a result of a dominant nega-
tive effect. A co-repressor complex is involved in this
mechanism. For example, the hematopoietic transcription ac-
tivation factor, AML1, is associated with the onset of leuke-
mia because it forms fusion proteins as a result of
chromosomal translocations such as t (8, 21), t (12, 21D, t (3,

Internal Medicine Vol. 43, No. 5 (May 2004)

—df =



Coregulator-Related Diseases

21). Furthermore, the fusion protein, AML-ETO, that results
from t (10, 23) translocation recruits corepressors such as
NCoR and SMRT and the corepressor complex, thus sup-
pressing differentiation of the hematopoietic cell and result-
ing in the production of leukemia (AML-M2) (32).

Since it is difficult to refer to each disease that is thought
to be associated with coregulators, a summary of possible
coregulator-related diseases is presented in Table 1.

Conclusion

The discovery of AR coregulator disease in association
with AIS has verified the importance of the AF-1 region dur-
ing AR transcription activities. Identification of the exact
molecule that underlies this disease will be an important
issue in future studies. Coregulators are essential in deter-
mining the tissue-specific actions and the specific biological
functions of nuclear receptors. Therefore, extensive research
of coregulators is expected to clarify the mechanisms associ-
ated with nuclear receptors as well as the pathogenesis of
steroid resistance syndrome and hormone-dependent cancers,
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The mechanism through which protein kinase A
{PKA) potentiates the transactivation ability of ad-
renal 4 binding protein/steroidogenic factor 1
(Ad4BP/SF-1) is currently unciear. In the present
study, we investigated the mechanism by applying
laser confocal microscopy and fluorescence re-
covery after photobleaching technique. In KGN
cells, forskolin {a PKA stimulator) could reorganize
wild-type Ad4BP/SF-1, but not mutant Ad4BP/SF-1
(G35E), from a diffuse distribution pattern to foci
formation in the nucleus. The subcellular distribu-
tions of GCNS (general control nonderepressed)
and TRRAP (transformation/transcription domain-
associated protein), both of which were recently
proved to be working in the same complex as the
third class of nuclear receptor coactivators, were
unexpectedly diffuse inside and outside the nu-
cleus, respectively, when they were separately
transfected. However TRRAP was translocated
into the nucleus in the presence of GCNS, and

together with GCN5 colocalized with Ad4BP/SF-1
in the same foci when PKA was activated. A lucif-
erase assay also indicated that these two cofac-
tors enhanced Ad4BP/SF-1 transactivation.

Dosage-sensitive sex reversal (DAX-1) interacts
with and thus inhibits Ad4BP/SF-1 transactivation.
The coexistence of the two proteins dramaticaflly al-
tered their respective subnuclear distributions. They
colocalized extensively, suggestive of binding, and
Ad4BP/SF-1 was sharply immobilized when DAX-1
was coexpressed, whereas PKA could maintain mo-
bility, as evidenced by Fluorescence Recovery After
Photobleaching showing that Ad4BP/SF-1 mobility
recovered after forskolin treatment.

Therefore, the PKA signal pathway may modify the
interaction between Ad4BP/SF-1 and its activators
and repressor (GCNS and TRRAP are integrated,
whereas DAX-1 is disassociated), and thus stimulate
the Ad4BP/SF-1 transactivation. (Molecular Endocri-
nology 18: 127-141, 2004}

D4BP, ALSO KNOWN as SF-1 and formally desig-
ated NR5AT {nuclear receptor subfamily 5, group

A, member 1) is a mammalian homolog of Drosophila
fushi-tarazu factor 1 (1). Ad4BP/SF-1 was originally iden-
tified as a steroidogenic tissue-specific transcription fac-

Molecular Endocrinology Is published monthly by The
Endocrine Society (http://www.endo-society.org), the
foremost professional society serving the endocrine
community.

tor (2) and belongs structurally to a member of the nu-
clear receptor superfamily that includes receptors for
steroid, thyroid, and retinoid hormones. Ad4BP/SF-1
contains a charactenistic zinc finger DNA-binding do-
main, anintervening hinge region, and a putative carboxyl-
terminal ligand-binding domain. Ad4BP/SF-1 is desig-
nated as an orphan nuclear receptor because no definite
ligand has been identified to date. Ad4BP/SF-1 is essen-
tial for the development of steroidogenic tissue (3-5)
because disruption of mouse Ad4BP/SF-1 caused a lack

127

— 48—



128 Mol Endocrinol, January 2004, 18(1):127-141

of adrenal and gonadal development, XY sex reversal,
persistence of Miillertan structure in males, and abnor-
malities of the hypothalarmus and pituitary gonadotropes
{6, 7). In humans, there have been three patients reported
thus far with AJ4BP/SF-1 mutations. The first Ad4BP/
SF-1 mutation in humans was a heterozygous mutation
(G35E) in a karyotypically male patient who showed
complete XY sex reversal and primary adrenal failure (8).

Dosage-sensitive sex reversal (DAX-1) is an unusual
orphan receptor with an expression profile that over-
laps that of Ad4BP/SF-1, namely, in the hypothala-
mus-pituitary-adrenal and gonadal axis (9, 10). Natu-
rally occurring loss-of-function mutations of the DAX-1
gene cause the human disorder adrenal hypoplasia
congenital (AHC) and hypegonadotropic hypogonad-
ism. DAX-1 is an inhibitor of steroidogenesis because
it suppresses the transcriptional activation induced by
Ad4BP/SF-1. One mechanism for suppression of the
Ad4BP/SF-1 transactivation by DAX-1 is that DAX-1
can recruit the nuclear receptor corepressor N-CoR to
Ad4BP/SF-1, and this corepressor recruitment capa-
bility was found to be markedly diminished in some of
the naturally occurring DAX-1 mutations in patients
with AHC and hypogonadotropic hypogonadism (11).

It is well known that activation of the cAMP-protein
kinase A (PKA) signal pathway can strongly potentiate
Ad4BP/SF-1 transactivation activity. Ad4BP/SF-1 binds
as a monomer to its responsive element located in the
promoter of stercidogenic genes. Ad4BP/SF-1 has been
shown to be able to greatly increase both the basal and
cAMP-dependent promoter activity of stercidogenic
genes, including CYP17, CYP11A, and CYP19 genes
(12-14) and inhibin-o promoter (15). However, the
mechanism by which cAMP augments Ad4BP/SF-1-
dependent transactivation activity has not been well
elucidated.

In the presence of ligand, steroid receptors have been
thought to remain statically bound to regulatory sites in
the target genes. In contrast, the vast majority of nuclear
proteins, including stercid/nuclear receptors, are now
belisved to be highly dynamic with a wide range of mo-
bility (16, 17). Recent intensive studies of glucocorticoid
receptor (GR) {18-20) and estrogen receptor (ER) (21, 28)
revealed that receptors undergo continuous exchange
between chromatin regulatory elements and the nucle-
oplasm compartment when ligand is constantly avail-
able. The ligand-induced steroid receptor-coactivator
complex, and even the individual components of those

Abbreviations: Ad4BP/SF-1, Adrenal 4 binding protein/
stercidogenic factor 1; AF-2 domain, activation function-2
domain; AHC, adrenal hypoplasia congenital, X-linked; AR,
androgen receptor; ArPll, aromatase promoter |l; CFP,
cyan fluorescence protein; DAX-1, dosage-sensitive sex
reversal; DMSO, dimethylsulfoxide; ER, estrogen receptor;
FRAP, flucrescenca recovery after photobleaching; GCNS,
general control nonderepressed; GFP, green fluorescence
protein; GR, glucocorticold receptor; Hi, heterogeneity in-
dex; PGC-1, peroxisome proliferators activated receptor-y
coactivator 1; PKA, protein kinase A; TRRAP, transforma-
tion/transcription dornain-associated protein; YFP, yellow
fluorescence protein.
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complexes, also undergo rapid exchange (18, 22). GR
cycles continuously on and off the chromatin target as
demonstrated as a hit and run model, in which GR first
binds to chromatin after ligand activation, recruits a re-
modeling activity, facilitates transcription factor binding,
and is simultaneously lost from the template (20). Rapid
exchange of a nuclear receptor with regulatory sites may
have important consequences, because the dynamic
receptor would be continucusly available for modifica-
tion by some second pathway, such as multicellular sig-
nal pathways, which may quickly modulate nuclear re-
ceptor activity. Nuclear receptors such as retinoid acid
receptor and thyroid hormone receptor (TR) have also
been proven to be moving rapidly in the nucleus (23},
hinting the dynamic exchange process might be a gen-
eral feature of many nuclear receptors. Ligand-binding
and protein-protein interaction seem to affect the intra-
cellular mobility of some nuclear receptors and thereby
may contribute to their biclogical activity (23). High mo-
bility is thought to be critical for nuclear receptors to exert
their effects on transcription {21).

By taking advantage of the technique of laser con-
focal microscopy and fluorescence recovery after
photobleaching (FRAP) study, we found that, in living
granulosa-like KGN cells, activation of the PKA signal
pathway altered the Ad4BP/SF-1 subnuclear distribu-
tion pattern, leading to the formation of fluorescent
foci. This process was accompanied by the recruit-
ment of a newly identified third class of nuclear recep-
tor coactivator complex, the GCNS/TRRAP complex,
and also the disassembly of DAX-1, which interacted
with Ad4BP/SF-1 and immobilized Ad4BP/SF-1. Our
data thus suggest that the reintegration of the protein-
protein interaction between Ad4BP/SF-1 and its co-
activators or its repressor protein, DAX-1, might be a
possible mechanism explaining how PKA potentiates
Ad4BP/SF-1 transactivation.

RESULTS

Ad4BP/SF-1 Is Critical for the Augmentation of
Aromatase Promoter Il (ArPIl) by PKA

The expression of the human cytochrome P45019 aro-
matase gene In the ovary is specifically driven by ArPIl, a
well known target promoter of Ad4BP/SF-1 (24). FSH, via
membrane G protein, can stimulate aromatase expres-
sion in ovarian granulosa cells by increasing the intracel-
Iutar cAMP level and thus activating the PKA signal path-
way. Activation of the PKA pathway Inside the cells can
further increase the Ad4BP/SF-1-stimulated ArPIl activ-
ity. As shown in Fig. 1, the steroidogenic human granu-
losa-like cell line KGN, which expresses aromatase, and
the nenstercidogenic NIH-3T3 fibroblast cell line were
transfected with the human ArPIl firefly luciferase re-
porter plasmid, pGL3-ArPIl, together with the renilla lu-
ciferase plasmid phRL-CMV, which constitutively ex-
presses the renilla luciferase to serve as an intemal
control, The expression vectdrs for wild-type or mutant
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Fig. 1. CYP19 (Aromatase) Promoter Il Activity in Response
to Wild-Type or Mutant Ad4BP/SF-1 Stimulated by PKA

KGN cells and NIH-3T3 cells were transfected with the
human ArPll firefly luciferase reporter plasmid, pGL3-ArPII,
together with the renilla luciferase plasmid, phRL-CMV, as an
internal control, pcDNA3.1-Ad4BP/SF-1-WT (wild type) or
pcDNA3.1-Ad4BP/SF-1-M  (mutant, G35E) was cotrans-
fected into two groups of NIH-3T3 cells as indicated. All cells
were treated ovemight with either 10~° mol/liter forskolin or
the solvent DMSO. The multiple of relative Juciferase activities
induced by forskolin to that of control (induced by DMSQ) are
expressed as the mean * so.

(G35E) human Ad4BP/SF-1, or the control empty vector
pcDNA3.1(+), were also cotransfected into NIH-3T3
cells. One night after the transfection, cells were treated
ovemight with 105 mol/iter forskolin (an adenyl cyclase
stimulator that activates the PKA signal pathway by in-
creasing cAMP) or the sclvent dimethylsulfoxide
(DMSO0), and then a dual-luciferase assay was per-
formed. In KGN cells, which endogenously express
Ad4BP/SF-1, treatment with 107 motliter forskolin
overight increased the promoter activity 4-fold under
the current experimental condition. On the other hand, in
the nonsteroidogenic NIH-3T3 cells, which do not endo-
genously express Ad4BP/SF-1, the same treatment ex-
hibited almost no effect on the ArPIl activity. However,
when wild-type Ad4BP/SF-1 was cotransfected into
NIH-3T3 cells, overnight forskolin treatment elevated the
ArPIl activity 4-fold, as observed in KGN cells, whereas
the transactivationally inactive mutant Ad4BP/SF-1
(G35E) could not convey the stimulatory effect of fors-
kolin to ArPIl (Fig. 1). Therefore, it is evident that Ad4BP/
SF-1 is actually a requirement for the augmentation of
ovarian ArPll activity induced by PKA. A similar effect of
PKA on Ad4BP/SF-1-dependent transcription of the
CYP 11A promoter was also observed in ancther pair of
steroidogenic and nonstercidogenic cells, ¥1 and CV1
{data not shown).

Activation of PKA Altered the Subnuclear
Distribution Pattern of Human Ad4BP/SF-1 from
Homogeneity to Foci Formation

Research using nuclear receptors fused to green flu-
orescent protein (GFP), yellow fluorescent protein
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{(YFP}, or cyan fluorescent protein (CFP) under various
stimuli in living cells has proved to be a powerful tool
for deepening our understanding of the transcriptional
activation of nuclear receptors (25). In this study, the
intracellular distribution pattern of wild-type, or mutant
Ad4BP/SF-1 containing G35E, in response to PKA,
was examined dynamically by observing the fusion
proteins GFP-Ad4BP/SF-1 and YFP-Ad4BP/SF-1 un-
der a confocal laser microscope. The functional valid-
ity of these chimeric proteins was tested by a dual
luciferase assay using the pGL3-ArPll reporter de-
scribed above in KGN cells. As shown in Fig. 2, the
transactivation activity of GFP-Ad4BP/SF-1-WT (wild
type) was up to 87% conserved compared with
pcDNA3.1-SF1-WT, and the responsiveness of GFP-
SF1-WT to PKA was almost completely conserved.
Both GFP-Ad4BP/SF-1-M {mutant) and pcDNAS.1-
Ad4BP/SE-1-M were transactivationally inactive com-
pared with Ad4BP/SF-1-WT,

After transient transfection, and treatment with or
without 10™¢ mol/liter forskolin, the intracellular distri-
bution of each variant of Ad4BP/SF-1 fused to GFP
was visualized in both steroidogenic KGN cells and
nonsteroidogenic monkey kidney CV1 cells using a
LSM-510-META laser confocal scanning microscope
{Carl Zeiss, Oberkochen, Germany). GFP-Ad4BP/SF-
1-WT (Fig. 3A) was predominantly located inside the
nuclei, as previously reported in Y1 cells (26). The
nucleoli demonstrated aimost no fluorescence, sug-
gesting that nucleoli are almost devoid of Ad4BP/
SF-1. The cytoplasm was also devoid of fluorescence.
In the absence of forskolin, the GFP-Ad4BP/SF-1-WT

-
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Fig. 2. Transactivation Activity of Wild-Type or Mutant
Ad4BP/SF-1 Fused to GFP and Their Responsiveness to PKA

KGN cells were transfected with pcDNA3.1-Ad4BP/SF-
1-WT or pcDNA3.1-Ad4BP/SF-1-M (G35E) or their respective
GFP-fusion plasmids together with pGL3-ArPIl + phRL-
CMV. The cells were then treated overight with 10~¢ mol/
liter forskolin or the solvernt DMSOQ. Solid and hollow bars
represent the luciferase activities with treatment of forskelin
or DMSOQ, respectively. The transactivation activity of GFP-
Ad4BP/SF-1-WT was preserved up to 87% compared with
pcONA3.1-Ad4BP/SF-1-WT, and its responsiveness to fors-
kolin was almost completely conserved. Both pcDNA3.1-
Ad4BP/SF-1-M and GFP-Ad4BP/SF-1-M were transactiva-
tionally inactive.
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Fig. 3. Subnuclear Localization of GFP-Ad4BP/SF-1-WT and GFP-Ad4BP/SF-1-M in the Presence or Absence of 10™° mol/liter
Forskolin

KGN cells were transfected with 0.5u9/dish of GFP-Ad4BP/SF-1-WT (A and B) or GFP-Ad4BP/SF-1-M (C and D). The chimeric
fluorescent proteins expressed were observed in living cells using a Zeiss LSM 510 META laser confocal microscope as dascribed
in Malerials and Methods. Wild-type Ad4BP/SF-1 is diffuse in the nucleus (A and ) and is assembled Into foci on a diffuse
fluorescence background when PKA is activated (B and J). Mutant AJ4BP/SF-1 is diffuse in the nucleus whereas dots are
manifested in the nucleoli (C), and forskolin has no effect on its distribution pattern (D). The lines for line scan analysis were shown
on each representative cell, with the segment for Hl (heterogeneity index) analysis also indicated. The flucrescent intensity
fluctuation graph of each representative cell is shown as panels E-H, in relation to panels A-D, respectively, X axis is the position
along lines and Y axis is fluorescent intensity. A bar within each graph marks the segment of the line for which the HI analysis
is performed; the corresponding | (intensity) and HI values are indicated on the top of each graph. Panels | and J are magnified

views of the cells outlined by the hatched fing in panel A and B, respectively. Magnification scale bar, 10 pm,

fluorescence signal was quite diffuse in the nuclei of
most cells (Fig. 3, A and I).

The treatment of 108 mol/liter forskolin overnight
caused more than 60% of studied cells to manifest
clear foci formation, which happened inside the nucle-
oplasm but not the nucteoli (Fig. 3, B and J), suggest-
ing an intranuclear rearrangement of the Ad4BP/SF-1
distribution pattern induced by PKA. The intranuclear
distribution pattern of GFP-Ad4BP/SF-1-WT was fur-
ther quantitatively analyzed. Digital figures obtained by
a LSM-510-META microscope were subjected for
Linescan analysis by the LSM software (version 3.0). A
straight line was made through a target cell, and the
fluorescent intensity along the line was recorded by
the software. The mean and so values of the fiuores-
cent intensity signals for the segment of interest (nu-

cleus, avoid nucleoli) were calculated. The heteroge-
neity of fluorescent intensity along the segment of
interest was evaluated by the parameter of HI (heter-
ogeneity index), which was calculated by the formula
of HI = 100 x so/mean. A fluorescent intensity fluc-
tuation graph, which apparently demonstrates the het-
erogeneity, was made by plotting intensity against
distance of the line. Panels E-H of Fig. 3 represent the
Linescan of panels A-D, respectively. As shown in Fig.
3E, the flucrescent intensity of the representative cell
from forskolin(—) group remains quite constant {HI =
8.0), whereas forskolin treatment {Fig. 3F) causes a
2-fold fluorescent intensity increase (Hl = 17.1), indi-
cating the reorganization of GFP-Ad4BP/SF-1-WT in
the nuclear. Fifty cells with proper expression of GFP-
Ad4BP/SF-1-WT from each group were analyzed by
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Linescan, and the HI value of the forskolin (+) group is
more than two times higher than that of the forskolin
(=) group (17.9 + 3.07 vs. 7.9 £ 1.7, P < 0.01).

However, on transfection with GFP-Ad4BP/SF-1-M
(mutant}, the fluorescence signal was still found to
localize inside the nucleus in the absence of forskolin
(Fig. 3C), but it was also diffusely distributed even
in the presence of 10~ mol/liter forskolin (Fig. 3D).
Linescan shows that the intranuclear distribution pat-
tern is almost not altered by forskolin (Fig. 3, G and H).
Interestingly, clear fluorescent dots were observed in-
side the nucleoli in the case of the mutant, and the
pattern was unchanged in the presence or absence of
forskolin.

The similar phenomenon could be observed in GV1
cells (data not shown). Precisely, a time course study
found that, in KGN cells, wild-type Ad4BP/SF-1 made
foci within 3 h after addition of forskelin, while in CV1
cells, only a small amount of cells began manifesting
foci 5-6 h after forskolin treatment, indicating a de-
layed reaction of Ad4BP/SF-1 to PKA signal pathway
in this cell line as compared with the KGN cell line.

Coactivators GCN5 and TRRAP Are Recruited to
Ad4BP/SF-1 Foci When the PKA Signal Pathway
Is Activated

Foci formation in the nuclear localization of nuclear
receptors usually correlated with a functionally active
state of the nuclear receptors as a result of a com-
partmental shift upon activation of the nuclear recep-
tors (25). Activation of PKA seems to provoke the
assembly of wild-type Ad4BP/SF-1 protein into this
active foci state but had no effect on the mutant
Ad4BP/SF-1, which could not respond transactiva-
tionally to PKA (Fig. 1). The question to be addressed
next is the nature of this foci formation of Ad4BP/SF-1
induced by PKA. Coactivators such as p300/CBP
{CREB-binding protein), SRC-1 (steroid receptor co-
activator-1), and GCN5 exhibit HAT thistone acetyl-
transferase) activity. These HAT proteins acetylate nu-
cleosomal histone, which further increases the
accessibility of transcription factors to their DNA tar-
gets. Recently, it has been pointed out that not only
histone, but also several transcription factors such as
p53, E2F transcription factor 1, and AR efc., can also
be acetylated by the HAT coactivators. GCN5 was
found to be able to acetylate ADJ4BP/SF-1 in vitro and
thus stimulate the transactivation of AA4BP/SF-1 (27).
GCNS5 can be recruited to AJ4BP/SF-1 as a newly
identified Ad4BP/SF-1 coactivator, The c-Myc-inter-
acting protein TRRAP (28) was recently proved to be
working together with the coactivator GCN5 and other
partners such as TAFI30 (29) as the third class of
coactivator complex for nuclear receptors in addition
to the first class of the p160/CBP-HAT coactivator
complex and the second vitamin D receptor interact-
ing protein/thyroid hormone receptor-associated pro-
tein non-HAT coactivator complex (30). The three
LXXLL motifs of TRRAP serve as a direct and ligand-
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dependent interaction surface for nuclear receptors,
e.g. ERa (30). As shown in Fig. 4, both GCN5 and
TRRAP were found to further potentiate the Ad4BP/
SF-1-stimulated ArPIl activity with a more powerful
effect seen in the case of TRRAP. Both of these factors
may work as coactivators for Ad4BP/SF-1 and en-
hance the transactivation ability of Ad4BP/SF-1.

We next studied the intracellular distribution dynam-
ics of both GCN5 and TRRAP in living KGN cells and
their relationship with Ad4BP/SF-1 in the presence or
absence of activation of the PKA signal pathway. The
transcriptional coactivation ability of these fusion pro-
teins measured by the dual-luciferase reporter assay
was similar to that observed in Fig. 2 (data nct shown).
Considering that the PKA pathway is a critical signal
pathway for cells, autonomous activation of this path-
way might interfere with the results and thus possibly
make the difference less obvious. Therefore, for the
control groups of cells, we blocked the PKA pathway
with 10~% mol/liter H88, seeking a clearer difference
between the contro! and forskolin groups. When GFP-
GCNS5 was transfected into KGN cells, fluorescence
was mainly located inside the nucleus in a uniform
pattern with the nucleoli being devoid of fluorescence.
This distribution pattern was not altered even after
PKA was stimulated by 10% mol/liter forskolin {Fig. 5,
A and B). When TRRAP-GFP was transfected into
KGN cells, TRRAP-GFP predominantly resided in the
cytoso! in a diffuse manner, and again 10~® molAiter
forskolin had no effect on this distribution manner (Fig.
5, C and D). To verify this result, TRRAP-GFP was also
transfected into the nonsteroidogenic NIH-3T3 cells,
and the same result was observed (Fig. 5, E and F).
This observation of dissociated localization between
GCN-5 and TRRAP in the basal state was unexpected
because TRRAP/GCN5 has been shown to work as
cofactor in the same complex. When we next cotrans-
fected both GFP-GCNS and TRRAP-YFP into KGN
cells, the distribution pattern of GCN5 was almost
identical to the one observed when GFP-GCN5 was
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Fig. 4. Coactivators GCN5 and TRRAP Potentiate the
Transactivation Activity of Ad4BP/SF-1 on the CYP19
Promoter

NIH-3T3 cells were transfected with pGL3-ArPIl + phRL-
CMV. pcDNA3_1-Ad4BP/SF-1-WT, or in combination with the
same armount oh a molar basis of either pcDNA3-GCNS or
pcDNA3-TRRAP were also cotransfected. Both cofactors
could potentiate Ad4BP/SF-1-mediated transcription.
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Fig. 5. Subcellular Localization of Fluorescent Protein-Fused GCNS5 or Fluorescent Protein-Fused TRRAP, and Their Interrela-
tionship with Fluorescent Ad4BP/SF-1, with the PKA Signal Pathway Either Blocked by H89 or Activated by Forskolin
KGN cells or NIH-3T3 cells (panels E and F) were transfected with the expression plasmids indicated in each panel. The
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Fig. 5 Continued.

solely transfected. However, in contrast to the re-
stricted localization of TRRAP in the cytosol when
TRRAP-GFP was solely transfected, TRRAP-YFP with
the coexistence of GFP-GCNS5 resided homogenously
both inside and outside the nucleus, with a little more
intensity inside the nucleus (Fig. 5G). This pan-cellular
distribution of TRRAP with the coexistence of GCNS
was unchanged by 107 mol/liter forskolin treatment
{Fig. 5H). TRRAP may originate as a ¢ytoplasmic pro-
tein, but GCN5 might be able to bind TRRAP and drag
it into the nucleus, and then both work together as
coactivators in the same complex.

The intracellular distribution relationships between
GCNS5, TRRAP, and Ad4BP/SF-1 in the presence and

absence of PKA activation were subsequently studied.
When GFP-GCN5 and YFP-Ad4BP/SF-1 were co-
transfected into KGN cells, both fluorescence signals
were predominantly located in the nucleus in a uniform
pattem {Fig. 51). Forskolin (107° malliter} changed
YFP-Ad4BP/SF-1 to a speckled distribution pattermn
with the formation of foci. Furthermore, GFP-GCN5
was also induced to make foci by forskolin treatment
and precisely colocalized with YFP-Ad4BP/SF-1 in the
same fluorescent foci (Fig. 5J). When GFP-GCNS,
YFP-Ad4BP/SF-1, and TRRAP-CFP were cotrans-
fected together in the presence of a PKA blocker, H89,
both GFP-GCNS and YFP-Ad4BP/SF-1 showed a dif-
fuse distribution pattem in the nucleus while TRRAP-

amounts of each plasmid transfected in each pane! were equivalent on a molar basis. Treatment with forskolin {FK) or H8¢ is
Indicated in or just below each panel. In the cases of multifiuorescent protein chimeras cotransfection, each fiuorescent signal and
the merged signals are also indicated. GCNS is diffuse in the nucleus (A and B) of KGN cells, whereas TRRAP is predominantly
Jocated in the cytoplasm in both KGN cells (C and D} and NIH-3T3 cells (€ and F). TRRAP is dragged into the nucleus when GCNS
is also present {G and H). Forskolin has no effect on their distribution pattern. When cotransfected with Ad4BP/SF-1, GCNS (| and
J)and GCN5 and TRRAP together (K and L) were recruited to Ad4BP/SF-1 foci when Ad4BP/SF-1 was activated by forskolin. M-},
M-ii, and M-iii are controls demonstrating the unmixing algorithms reliability of simultaneous imaging of GFP, YFP, and CFP. Cells
containing only GFP are clearly visible in only the GFP channel with no bleed through in the YFP and CFP channels {(M-i). Similarly,
cells containing only YFP (M-ii} or CFP (M-iii} are only visible in the YFP or CFP channe!, with no bleed through in the other two

channels.
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CFP was diffusely distributed in a pan-cellular manner
(Fig. 8K). However, foci formation took place inside the
nucleus when forskolin was added. In this case, not
only GCNS5 and Ad4BP/SF-1 were colocalized in fluo-
rescent dots, but TRRAP also made foci and finely
colocalized with GCN5 and Ad4BP/SF-1 (Fig. 5L).
These data suggest that PKA activation assembles
Ad4BP/SF-1 into foci with an accompanying recruit-
ment of coactivators like the GCN5/TRRAP complex.

DAX-1 Immobilized Ad4BP/SF-1 in the Nucleus,
and this Process Was Rescued by PKA

DAX-1 is a suppressive protein for the transcriptional
activation induced by Ad4BP/SF-1 and is thus con-
sidered to be an inhibitor of steroidogenesis. It has
been proved that DAX-1 can bind directly to Ad4BP/
SF-1 and antagonize the transcriptional activity of
Ad4BP/SF-1, either via its silencing C-terminal domain
{31) or by recruiting the corepressors N-CoR (11) or
Alien (32) to Ad4BP/SF-1. We investigated the rela-
tionship between DAX-1 and Ad4BP/SF-1 during the
process of activation of Ad4BP/SF-1 induced by PKA,
The dual-luciferase assay revealed that the inhibition
of the transcriptional activity of Ad4BP/SF-1 induced
by DAX-1 could be recovered by PKA stimulation (Fig.
€). Next, the subcellular distributions of GFP-DAX-1
alone, and combined with YFP-Ad4BP/SF-1, were
studied in living KGN cells the PKA signal pathway of
which was either blocked or activated. When the cells
were transfected by GFP-DAX-1 alone, the fluores-
cence signal was predominantly located in the nucleus
in a homogenous manner, while a relatively weak dif-
fuse flucrescence was observed in the cytosol (Fig.
7A). Forskelin (10~% molfiter) treatment caused no
effect on this distribution pattern of DAX-1 (Fig. 7B).
The same distribution pattern of endogenous DAX-1in

2.04

L
n
1

~
T

1.32

I
n
T

-
T

[—]
th

=1 o4 i :
o LM, . s

Ad4BP - + + +

DAX-1 - - + +

Forskolin - - - +
Fig. 6. Effect of Forskolin on DAX-1-Mediated Inhibition of
Ad4BP/SF-1 Transactivation

KGN cells were cotransfected with pGL3-ArPli and phRL-

CMV, The strategy for cotransfection of Ad4BP/SF-1, DAX-1,
or both, and the treatment with forskolin are indicated. DAX-1
could repress Ad4BP/SF-1-mediated transcription, whereas
the DAX-1-inhibited Ad4BP/SF-1 transactivation could be
rescued by forskolin.
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KGN cells was observed by immunostaining (data not
shown). However, cotransfection of GFP-DAX-1 and
YFP-Ad4BP/SF-1 caused a dramatic change in the
subcellular distribution pattemns. Namely, both pro-
teins assembled to form clear dots with no visible
diffuse flucrescent background, and the GFP-DAX-1
and YFP-Ad4BP/SF-1 fluorescent dots completely
overlapped (Fig. 7C, i, ii, and iii). This was further
supported by the LSM semiquantitative colocalization
analysis (Fig. 7C, iv}. The weak GFP signal observed in
the cytosol when GFP-DAX-1 was solely transfected
also completely disappeared (Fig. 7C). More impor-
tantly, the completely overlapping GFP-DAX-1 and
YFP-Ad4BP/SF-1 fluorescence signals were partially
separated when the cells were stimulated by 107°
molAiter forskolin {Fig. 7D). The LSM colocalization
analysis showed that the incomplete colocalization
resulted from partial GFP-DAX-1 signal being disas-
sociated from the overlapping dots (Fig. 7D, iv). This
phenomenon was observed in most cells with proper
expression of both GFP-DAX-1 and YFP-Ad4BP/SF-1,
although it has been observed that different individual
cells respond to forskelin stimulation to a variable
extent (data not shown). Thus interaction between
DAX-1 and Ad4BP/SF-1 might be interfered with or
weakened by activation of PKA, and DAX-1 might be
stripped from binding with Ad4BP/SF-1 when PKA is
activated.

To further investigate this hypothesis, we applied
the FRAP technigue to examine the intranuclear dy-
namics of flucrescent Ad4BP/SF-1 and DAX-1 in living
KGN celis. Proper mobility has recently been shown to
be important for nuclear receptors to be transactiva-
tionally functional (21). As shown in Fig. 8, coexpres-
sion of pRc/RSV-DAX-1 not only changed the sub-
nuclear distribution pattern of YFP-Ad4BP/SF-1, but
also clearly immobilized YFP-Ad4BP/SF-1. When PKA
was blocked, the half-maximal recovery time {t, ) of
YFP-Ad4BP/SF-1 with no cotransfection of DAX-1
was 0.84 = 0.16 sec {mean * sp, n =20, Fig. 8A),
whereas the recovery t,, of YFP-Ad4BP/SF-1 with
cotransfection of DAX-1 was prolonged to 9.21 + 2.36
sec (mean * sp, n =20, Fig. 8B). These data strongly
suggest that Ad4BP/SF-1 is quite mobile in the nu-
cleus, and interaction of the receptor with DAX-1 may
interfere with its mobility, Immobilization of Ad4BP/
SF-1 might also be a mechanism through which
DAX-1 exerts its inhibitory effect on Ad4BP/SF-1, in
addition to the mechanism of direct interaction and
recruitment of corepressors. We further studied the
mobility of YFP-AJd4BP/SF-1 with the coexpression of
DAX-1 with forskolin to activate the intracellular PKA
pathway. Interestingly, the sharply reduced mobility of
YFP-Ad4BP/SF-1 induced by DAX-1 partially recov-
ered in the presence of forskolin {recovery t,,,: 1.78 +
0.34 sec, mean * sp, n =20, Fig. 8C). From these data,
activation of PKA might be able to disrupt or weaken
the direct interaction of the inhibitory DAX-1 with
Ad4BP/SF-1 and thus potentiate the transactivation
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Fig. 7. Subcellular Distribution Interaction between GFP-DAX-1 and YFP-Ad4BP/SF-1

KGN cells were transfected with GFP-DAX-1 or GFP-DAX-1 + YFP-Ad4BP/SF-1 as indicated in each panel. A and B, DAX-1
is mainly diffuse in the nucleus with a weak signal detected in the cytoplasm, and this distribution is not altered by forskolin. C,
Coexistence of GFP-DAX-1 and YFP-Ad4BP/SF-1 leads to the formation of clear dots with both fluorescent signals overlapping
each other, The LSM colocalization analysis {C-iv) shows that GFP-DAX-1 and YFP-Ad4BP/SF-1 signals are colocalizing almost
complately. No diffuse intranuclear flucrescence background or weak cytosol fluorescence was detected. D, Forskolin partially
separated the two completely overlapping fluorescent signals The colocalization analysis (D-iv) shows that a fraction of
GFP-DAX-1 signal is not colocalizing with YFP-Ad4BP/SF-1, suggesting that the interaction between Ad4BP/SF-1 and DAX-1 is
weakened, and partial DAX-1 is disassociated from the Ad4BP/SF-1-DAX-1 binding complex.

of Ad4BP/SF-1, as shown by the luciferase reporter
assay in Fig. 6.

DISCUSSION

Various lipophilic ligands have been found to interact
with ligand-binding domains, induce allosteric
changes, and thus convert nuclear receptors into an
active conformation that can actively regulate tran-
scription. However, Ad4BP/SF-1 is an orphan nuclear
receptor and has no known ligand. Cross-talk with the
main intracellular signal transduction pathways and
protein-protein interactions seem to play definitive
roles in the transcriptional regulation by nuclear recep-
tors, especially those orphan nuclear receptors like
Ad4BP/SF-1.

It is well known that the transactivational activity of
Ad4BP/SF-1 can be further activated by the cAMP-

PKA signal pathway. In this study, this phenomenon
was also observed in a well known Ad4BP/SF-1 target
gene’'s promoter, human CYP19 ArPIl, in KGN cells.
The precise mechanism by which cAMP potentiates
Ad4BP/SF-1-dependent transactivation was investi-
gated using this model. One hypothesis is that PKA
may directly or indirectly activate Ad4BP/SF-1 tran-
scriptional activity by phosphorylation of Ad4BP/SF-1
because Ad4BP/SF-1 has been demonstrated to be
phosphorylated in vitro by the PKA or MAPK pathway
(33, 34). However, mutations of the predicted potential
phosphorylation sites for the PKA (Ser 430) and MAPK
(Ser 203) pathways did not affect the ability of PKA to
stimulate Ad4BP/SF-1-dependent transactivational
activity (26). In fact, it was shown to be difficult to
prove that elevated cAMP could stimulate the phos-
phorylation of Ad4BP/SF-1 in vivo (35). In this regard,
the opposite theory has recently been proposed that
during the process of PKA-mediated Ad4BP/SF-1
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Fig. 8. FRAP Analysis of YFP-Ad4BP/SF-1 Cotransfected with pRc/RSV-DAX-1 after Forskolin or H89 Treaiment

KGN cells were transfected with YFP-Ad4BP/SF-1 or YFP-Ad4BP/SF-14+ pRc/RSV-DAX-1, and treated with 10~ mol/liter HR9
or 107 mol/liter forskolin as indicated. Images show a single Z section and were obtained before and after bleaching at the time
points indicated in each panel. The region of interest (ROI) of photobleaching is also indicated. A, When YFP-Ad4BP/SF-1 was
solely transfected and cells were treated with H89, YFP-Ad4BP/SF-1 demonstrates a high intranuclear mobility. A definite bleach
zone is detected after photobleaching. The total nuclear fluorescence reaches equilibrium within 1 sec. B, Cotransfection of
pRc/RSV-DAX-1 and treatment with H89 prolonged the fluorescence recovery half-time to 9 sec, indicating that Ad4BP/SF-1
mobility is reduced. C, The prelonged fluorescence recovery time is rescued by forskolin. Ad4BP/SF-1 regains its mobility in the
presence of forskolin, suggesting that PKA weakens the Ad4BP/SF-1-DAX-1 interaction. D, The recovery curves of the three
groups of cells. The normalized intensity at each time point was averaged and plotted to the normalized time points, The t, ., value
can be readily observed from the graph as the time at which the normalized intensity reaches 0.5 arbitrary units,

transactivation, phosphatase activity, but not kinase
activity, may be critical (36). Another possible mech-
anism suggested was that PKA may increase the
Ad4BP/SF-1 protein level by stabilizing it (26), but
there is also conflicting evidence that the mRNA or

protein level of Ad4BP/SF-1 remains constant after
elevation or decrease of the cAMP level (37, 38). Per-
oxisome proliferators activated receptor-y coactivator
1 (PGC-1) is an unigue coactivator that can be tran-
scriptionally increased by cAMP-PKA signaling (39).
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The possibility that PKA may augment Ad4BP/SF-1
transactivation by means of increasing the PGC-1
level, if PGC-1 could serve as a coactivator for Ad4BP/
SF-1, seems to be unlikely because forced expression
of PGC-1 could not further enhance Ad4BP/SF-1-
mediated ArPIl activity in either KGN or NIH-3T3 cells
{(data not shown).

Ligand-induced subnuclear compartmentalization
{foci formation) is a common phenomenon of non-
orphan nuclear receptors and usually is considered to
be related to the transactivationally active form of re-
ceptors. Ligand-induced transactivationally active GR
(40), vitamin D receptor {41), estrogen receptor (ER)
(42), mineralocorticoid receptor (43), and androgen
receptor {AR} (44} have been found to be distributed in
the nuclei that produce the GFP fluorescent foci. In-
tranuclear fluorescent foci formation depends closely
on whether the receptor is transcriptionally active or
inactive. Transcriptionally active AR treated with dihy-
drotestosterone produced 250-400 foci in the bound-
ary region between euchromatin and heterochromatin
{44). Although AR bound to antiandrogens like hy-
droxyflutamide also translocated to the nucleus, they
spread homogeneously throughout the nucleus with-
out producing any fluorescent foci (44). In addition,
when ARs make foci, as induced by dihydrotestoster-
one, coactivators like SRC-1, TiF2, and CBP were
found to be accumulated in identical locations, and
CBP was found to be one of the factors essential for
AR foci formation (25). It is thus speculated that tran-
scriptionally activated nuclear receptors are trans-
ferred to common nuclear compartments (foci) in the
nuclear matrix and form a complex with coactivators,
and that this process is essential for full transactiva-
tion. However, it is unlikely that foci compartments
directly represent the active transcription sites, be-
cause they were found usually not to overlap with
activated RNA polymerase Il or nascent mRNA. But
currently, liganded GR has been observed to dynam-
ically aggregate to an artificial promoter (a MMTV array
that has been integrated to chromosome}, where the
biding sites are amplified many times (18, 19). Another
corroborative study reported a strong correlation be-
tween aryl hydrocarbon receptor foci and the active
transcription sites (45). Recent studies generally sug-
gest that foci compartments of nuclear receptors may
represent the sites for storage and/or assembly of
activated nuclear receptor, and nuclear receptors can
be dynamically recruited from foci compartments into
the active transcription sites. It should be noted that
foci are also possibly related to protein degradation
compartment (46), because cognate ligand also in-
duce proteolysis, a process that is tightly coupled with
the ligand-induced activation and compartmentaliza-
tion of nuclear receptors, and is believed to be a
mechanism to precisely regulate the activity of ligan-
ded nuclear receptors.

In paralle! with the elevated transactivation ability,
GFP-Ad4BP/SF-1 underwent a compartmental shift
and manifested foci formation in the nucleus when the
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PKA signal pathway was activated. This phenomenon
was observed only with wild-type Ad4BP/SF-1, and
not in the functionally inactive mutant Ad4BP/SF-1
{G35E). The PKA-inducible foci formation appears to
be a characteristic of functionally stimulated Ad4BP/
SF-1 because it is consistent with the PKA-stimulated
transactivation of Ad4BP/SF-1, suggesting that
Ad4BP/SF-1 is assembled to a transactivationally ac-
tive subnuclear compartment. In addition, in the pro-
cess of PKA-triggered foci formation, recruitment of
coactivators such as GCN5 and TRRAP also takes
place. It should be noted that this PKA-induced foci
formation occurs on a diffuse fluorescence signal
background, suggesting that not ali Ad4BP/SF-1 pro-
teins, but rather a fraction of them, are assembled to
the foci, and that the Ad4BP/SF-1 in the nuclear poo!
may be undergeing rapid exchange.

The GCN5S/TRRAP complex is a newly identified
third class of nuclear receptor coactivator complex, in
addition to the previously described P160/CBP HAT
complex and vitamin D receptor-interacting protein/
thyroid hormone receptor-associated protein non-
HAT complex. GCNS contains HAT activity whereas
the three EXXLL motifs of TRRAP are responsible for
interaction with nuclear receptors, according to the
reported case of ERaq, in a ligand-dependent manner
(30). Based on our data, TRRAP is a surprisingly dom-
inant cytoplasmic protein but seems to be dragged
into the nucleus by its partner, GCN5. Both of these
proteins can be recruited to Ad4BP/SF-1 when the
receptor is stimulated by PKA, suggesting that this
nuclear receptor coactivator complex is involved in the
Ad4BP/SF-1 activation process. Therefore, activation
of the PKA signal pathway is able to alter the sub-
nuclear distribution pattern of Ad4BP/SF-1 and as-
semble this orphan nuclear receptor to a functionally
active state, with recruitment of coactivators. Forsko-
lin, a stimulator of adenyl cyclase, could induce
Ad4BP/SF-1 to make foci, a phenomenon mimicking
the role of cognate ligands to their respective nuclear
receptors, raising a new concept that foci formation
can also be a result of the activation of an intracellular
signal pathway like PKA, which secondarily activates
the nuclear receptors themselves. This result sheds
new light on our understanding of the nature of foci,
which has not yet been well defined.

The mutant Ad4BP/SF-1 (G35E} could not be trans-
activationally enhanced by PKA and could not make
foci in the presence of forskolin. Surprisingly, however,
mutant Ad4BP/SF-1 flucrescence aggregated in dots
in the nucleoli. Although no significant nucleolar fluo-
rescence was detectable in the case of the wild type,
we cannot exclude the presence of a small fraction of
Ad4BP/SF-1 molecules localizing to the nucleolus.
The p-box of Ad4BP/SF-1, where the G35E mutation
is located, or the region nearby, might be an important
domain required for nuclear matrix binding of Ad4BP/
SF-1 and thus prevent Ad4BP/SF-1 from entering the
nucleali, or this domain might be a nucleclus export



