Paper |l



0888-8809/02/$15.00/0
Printed in U.S.A.

Molecular Endocrinology 16(4):757-773
Copyright © 2002 by The Endocrine Society

The Nuclear Receptor Coactivators p300/CBP/
Cointegrator-Associated Protein (p/CIP) and
Transcription Intermediary Factor 2 (TIF2)
Differentially Regulate PKA-Stimulated
Transcriptional Activity of Steroidogenic Factor 1

BENTE BOQRUD, TUYEN HOANG, MARIT BAKKE, ANNE L. JACOB, JOHAN LUND, anp

GUNNAR MELLGREN

Department of Anatomy and Cell Biology (B.B., M.B., A.L.J., J.L., G.M) and The Hormone
Laboratory, Department of Clinical Biochemistry (T.H., G.M.), University of Bergen, N-5009 Bergen,

Norway

Steroidogenic factor-1 (SF-1) is a member of the
nuclear receptor superfamily that plays essential
roles in the development of endocrine organs.
Steroid receptor coactivator 1 and transcription
intermediary factor 2 (TIF2) belong to the p160 co-
activator family that mediates transcriptional acti-
vation by several nuclear receptors, including SF-1.
Here, it is reported that another of the p160 coac-
tivators, p/CIP, interacts with SF-1 through the
activation function-2 domain. Both p300/CBP/
cointegrator-associated protein (p/CIP) and TIF2
potentiated SF-1-mediated transcription from two
reporter gene constructs in transfected nonstero-
idogenic COS-1 cells and in adrenocortical Y1
cells. PKA was shown to stimulate SF-1 transcrip-
tional activity, and coexpression of p/CIP together
with the PKA catalytic subunit stimulated SF-1-
mediated transactivation even further. In contrast,

PKA catalytic subunit overexpression impaired the
ability of TIF2 to potentiate SF-1-dependent tran-
scription. Activation of PKA also inhibited the TIF2-
mediated coactivation of other nuclear receptors
such as PPARa/-vy and liver X receptor-a. The TIF2
mRNA levels were not affected by PKA, but instead
we found that PKA activation led to a decrease in
the levels of TIF2 protein. Moreover, the C-terminal
activation domain 2 of TIF2 was required for the
inhibitory effect of PKA, suggesting that this region
is the target for the PKA-mediated down-regula-
tion. Thus, in contrast to the regulation of p/CIP
and steroid receptor coactivator 1, we suggest that
activation of PKA leads to selective down-regula-
tion of TIF2 and subsequently repression of TIF2
coactivator function. (Molecular Endocrinology 16:
757-773, 2002)

STEROIDOGENIC FACTOR-1  (SF-1/AD4BP/
NR5A1) is a member of the nuclear receptor su-
perfamily of proteins that is essential for adrenal and
gonadal development, steroidogenesis, and gonadal
differentiation (1-4). Like other members of this family
of transcription factors, SF-1 has a characteristic zinc
finger DNA-binding domain, an intervening hinge re-
gion, and a carboxyl-terminal ligand-binding domain
(5). However, unlike most nuclear receptors, SF-1
binds to DNA as a monomer (6, 7). SF-1 contains a
short a-helix in the carboxy terminus, the activation
function-2 domain (AF-2), that is conserved in essen-

Abbreviations: aa, Amino acids; AD, activation domain; AF,
activation function; CARM1, coactivator-associated arginine
methyltransferase 1; CBP, cAMP response element binding
protein-binding protein; 9-cis-RA, 9-cis-retinoic acid; ERR,
estrogen-related receptor; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; GRIP1, GR-interacting protein 1; LXR,
liver X receptor; NTA, nitrilotriacetic acid; PKA-Ca, PKA cat-
alytic subunit; PRMT1, protein arginine methyltransferase 1;
RLU, relative light units; SF-1, steroidogenic factor-1; SRC,
steroid receptor coactivator; TIF2, transcription intermediary
factor 2.

tially all nuclear receptors and that is important for
transactivation of target genes (5, 8). It has been
shown that increased PKA activity stimulates SF-1
transcriptional activity (9) and that mutations in the
AF-2 core domain of SF-1 dominantly suppress
PKA-dependent transactivation of the bovine
CYP17 gene (8).

Nuclear receptors stimulate transcription upon ac-
tivation by their cognate hormones or ligands and
recruitment of coactivators through the AF-2 domain.
These coactivators can form contacts between the
nuclear receptors and the transcriptional initiation
complex (10, 11). It has been reported that SF-1 inter-
acts with several transcription factors as well as tran-
scriptional cofactors such as steroid receptor coacti-
vator-1 (SRC-1)/nuclear receptor coactivator-1 (12,
18) and transcription intermediary factor-2 (TIF2)/GR-
interacting protein 1 (GRIP1)/nuclear receptor coacti-
vator-2 (14). The AF-2 domain of SF-1 is essential for
the interaction with these coactivators (12-14).

The coactivator p300/CBP/cointegrator-associated
protein (p/CIP)/SRC-3/activator of TR and RA/ampli-
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fied in breast cancer 1 [p/300/CBP/cointegrator-asso-
ciated protein] is a 152-kDa protein, which is related to
SRC-1 and TIF2 (31% and 36% amino acid identity,
respectively; Ref. 15). These coactivators interact with
many nuclear receptors including RAR, TR, PPAR«
and PPARYy, RXR, liver X receptor (LXR), ER, as well as
certain orphan receptors (16-18) (reviewed in Refs. 19
and 20). p/CIP, TIF2, and SRC-1 have similar and quite
ubiquitous expression patterns (15). However, mice
lacking SRC-1 and p/CIP show very distinct pheno-
types, and it has been suggested that the wide range
of reported expression patterns is due to expression in
all vascular smooth muscle cells (21, 22). It is therefore
possible that there are significant expression differ-
ences in nonendothelial cells. The SRC-coactivator
family members are in turn associated with CBP in a
complex required for transcriptional activity of nuclear
receptors and other CBP/p300-dependent transcrip-
tion factors (23). CBP and p300 are functionally con-
served proteins that have intrinsic acetylase activity,
and they are essential in transcriptional activation by a
large number of regulated transcription factors, includ-
ing nuclear receptors, at least in part by destabilizing
chromatin (24).

In this report, we have examined the regulation of
SF-1-dependent transcription by the cAMP pathway
and the AF-2 coactivators p/CIP and TIF2. A direct
interaction between SF-1 and p/CIP is demonstrated,
and the AF-2 domain of SF-1 as well as the LXXLL
motives of p/CIP are shown to be critical for this in-
teraction. The association between SF-1 and TIF2 dif-
fered from that of SF-1 and p/CIP with respect to the
role of specific residues within the AF-2 core domain.
Moreover, whereas p/CIP (and SRC-1) increase SF-1-
stimulated transcription in cells that overexpress the
catalytic subunit of PKA (PKA-Ca), the TIF2-mediated
potentiation of SF-1 activity is repressed by activation
of PKA. We also report that activation of PKA inhibits
the TIF2 coactivation through selective down-regula-
tion of TIF2 protein. Our findings may suggest a new
mechanism for selection of specific coactivators in
response to extracellular signals that activate the
cAMP-signaling pathway.

RESULTS

SF-1 Interacts Directly with the Coactivator p/CIP
in an AF-2-Dependent Manner

The interaction between p/CIP and SF-1 was investi-
gated using a yeast two-hybrid assay. We employed
the yeast strain EGY191 and the reporter plasmid
pJK103 with only two LexA operons in the promoters
of the reporter genes to lower the basal transcriptional
activity. The cofactor p/CIP was fused to the B42
transcriptional activation domain (B42/p/CIP), and
SF-1 was fused to the LexA DNA binding domain
(LexA/SF-1). The bait plasmid encoding LexA/SF-1
was transformed into the yeast strain L40 (MATa),
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whereas the prey plasmid encoding B42/p/CIP was
transformed into the EGY191 strain (MATw). Mating of
the two strains with different MAT loci brought the bait
and prey proteins together in the diploid. A liquid semi-
quantitative B-galactosidase assay was performed to
measure the two-hybrid interaction in mating colonies
as relative B-galactosidase units related to the density
of the yeast culture [relative light units (RLU)/ODgqq
(Fig. 1, A and B)]. Mating of the yeast strains express-
ing the B42/p/CIP- and the LexA/SF-1-fusion proteins
resulted in a significant increase (74-fold) of the re-
porter gene activity as compared with yeast express-
ing LexA/SF-1-fusion protein and the B42 transcrip-
tional activation domain alone (B42/—). No detectable
activity was observed when B42/p/CIP was expressed
together with the negative controls LexA/Lamin or
LexA/—. As SRC-1 has been reported to interact with
SF-1 (12, 13), B42/SRC-1 was used as positive control
in the two-hybrid system.

Nuclear receptors contain a transactivation domain,
AF-2, within the carboxyl-terminal region that is re-
quired for ligand-induced transactivation (8, 25-27).
This domain appears to be of fundamental importance
for the interaction with certain coactivators, as dem-
onstrated for the SF-1 interaction with SRC-1 (12, 13).
To get further insight into the significance of the AF-2
domain for the interaction between SF-1 and p/CIP,
we analyzed whether deletion of the AF-2 domain of
SF-1 affected its ability to interact with p/CIP. No
interaction was observed between LexA/SF-1AAF-2
[amino acids (aa) 107-436] and B42/p/CIP (Fig. 1A),
suggesting that a functional AF-2 domain is required
for SF-1 to interact with p/CIP. To eliminate that the
lack of interaction was due to lower expression levels
of LexA/SF-1AAF-2, we performed Western blot anal-
ysis of protein extracts prepared from transformed
yeast using an anti-LexA antibody. As shown in Fig.
1C, the LexA/SF-1AAF-2 mutants were at least ex-
pressed at the same levels as the LexA/SF-1 protein.

A number of coactivators, including p/CIP, have
been shown to contain leucine-rich (LXXLL) helices
termed NR boxes that are necessary for interaction
with nuclear receptors (28-30). However, different nu-
clear receptors have specific LXXLL motif require-
ments for the interaction with coactivators (17, 29). To
gain further insight into the SF-1-p/CIP interaction, we
introduced mutations into each of the three LXXLL
motifs (L1-3) in the central receptor interaction domain
of p/CIP (Table 1). The mutated p/CIP variants were
analyzed in the yeast two-hybrid assay (Fig. 1B). All
three variants containing mutations in single LXXLL
motifs (L1, L2, and L3) showed a significant decrease
in the binding of SF-1 (~40-70% of wild type), sug-
gesting that all motifs must be intact to obtain full
interaction with SF-1. Mutation of NR box 1 (L1) af-
fected the interaction most strongly, suggesting that
this motif is the most important for interaction with
SF-1 followed by NR box 2. It was noted that p/CIP
mutated in NR box 1 and 2 (L1/L2) showed very slight
interaction with SF-1, and mutations of all three NR
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Fig. 1. Interactions Between SF-1 and p/CIP in the Yeast
Two-Hybrid System

A, A liquid, semiquantitative B-galactosidase assay of the
two-hybrid interactions between bait (LexA/SF-1, LexA/SF-
1AAF-2, LexA/Lamin, or LexA/—) and prey proteins (B42/p/
CIP, B42/SRC-1, or B42/—) in yeast. The different combina-
tions of bait and prey are as indicated in the figure. Bait (LexA)
and prey (B42) vectors are included as negative controls and
are marked (—). The bait plasmids were transformed into the
yeast strain L40 (MATa), whereas the prey plasmids were
transformed into the EGY191 strain (MATw). Mating of the
two strains with different MAT loci brought the bait and prey
proteins together in the diploid. Measuring the p-galactosi-
dase activity in the transformants identified the strength of
the interaction between bait and prey. The relative p-galac-
tosidase activity is given per unit of ODggo (RLU/ODgq) in the
yeast cultures. The figure shows the mean value of at least
four independent colonies. B, Yeast two-hybrid interactions
between LexA/SF-1 and B42/p/CIP with various mutations in
the central receptor interaction (LXXLL) domains of p/CIP (L1,
L2, L3, L1/2, and L1/2/3 as shown in Table 1). The relative
B-galactosidase activities (RLU/ODgq) shown are the mean
values of at least four independent mating colonies. C, West-
ern blot with anti-LexA antibody showing the expression of
LexA/SF-1 (one colony) and LexA/SF-1AAF-2 (three indepen-
dent colonies) in the L40 strain.
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Table 1. Amino Acids of the p/CIP Mutants

aa no. Wild-Type Mutations
L1 614-618 LLQLL LAAAA
L2 677-682 ILHKLL ILAAAA
L3 729-734 LLRYLL LLAAAA

Amino acids of the different p/CIP mutants in the three pu-
tative NR box motives 1, 2, and 3 (L1, L2, L3, and the
combinations L1/2 and L1/2/3) used in the transfection stud-
ies and in the yeast two-hybrid interaction assays.

Ni-NTA 6xHis SF-1AAF-2
Ni-NTA 6xHis SF-1

50% input
Ni-NTA

p/CIP >

Ad|

TIF2 > ———

35S-labeled coactivator

Fig. 2. Interaction Between SF-1 and the Coactivators in
Vitro

[®°S]Methionine-labeled in vitro translated p/CIP and TIF2
(8 uml) were incubated with (His)s-SF-1 (5 ng) or (His)g-SF-
1AAF-2 (5 ng). (His)s-SF-1AAF-2 contains the AF-2 core (LLI-
EML) deletion mutation of SF-1. These protein mixtures or the
[®°S]methionine-labeled coactivators (3 ul) alone were then
incubated with Ni-NTA agarose. After extensive washing, the
proteins were analyzed by SDS-PAGE (6% polyacrylamide).
Fifty percent of the input radiolabeled p/CIP and TIF2 are
shown on the /eft.

boxes (L1/L2/L3) nearly abolished the binding of p/CIP
to SF-1.

The interaction between SF-1 and p/CIP was also
demonstrated by a protein-protein interaction assay
performed with a baculovirus-expressed (His)s-SF-1-
fusion protein. The cofactors p/CIP and TIF2 were
radiolabeled with [**S]methionine during in vitro trans-
lation. p/CIP bound to the (His)g-SF-1-fusion protein
linked to Ni-nitrilotriacetic acid (NTA) agarose, but not
to the (His)s-SF-1AAF-2-fusion (AF-2 core deletion)
protein or to the Ni-NTA agarose beads alone (Fig. 2).
The coactivator TIF2, which has been reported previ-
ously to interact with SF-1 (14), also interacted with the
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(His)g-SF-1 protein in a similar fashion, but not with the
(His)g-SF-AAF-2 protein. Taken together, these results
confirm that SF-1 interacts directly with p/CIP (Figs. 1
and 2) and TIF2 (Fig. 2) (14), and the nondetectable
bindings to the (His)s-SF-AAF-2-fusion protein show
that the AF-2 domain is required for the SF-1-p/CIP
and SF-1-TIF2 interactions.

p/CIP Potentiates the Transcriptional Activity
of SF-1

To assess the functional importance of the SF-1-p/CIP
interaction, COS-1 cells were transfected with expres-
sion vectors encoding SF-1 and p/CIP together with
the reporter construct pT81-4CRS2-luc, which con-
tains a minimal thymidine kinase promoter and four
copies of the SF-1 response element from the bovine
CYP17 gene (9). As also previously reported (9), acti-
vation of the cAMP pathway stimulated SF-1-depen-
dent transcription from the CRS2 element (Fig. 3). It
should be noted that PKA-Ca did not stimulate this
target gene in the absence of SF-1, indicating that the
response is SF-1 dependent. p/CIP potentiated SF-1-
mediated transactivation in a dose-dependent manner
both in the presence and the absence of PKA-Ca
overexpression (Fig. 3A and data not shown). A max-
imal increase (15-fold) in luciferase activity was ob-
served after coexpression of p/CIP with PKA. In con-
trast, expression of p/CIP and PKA-Ca had no effect
on CRS2-dependent transcription in the absence of
SF-1 (Fig. 3A), indicating that the stimulatory effects of
PKA and p/CIP are mediated through SF-1.

The functional significance of the SF-1 interaction
with p/CIP in cells that naturally express SF-1 was
investigated by transfection studies in the steroido-
genic cell line Y1 (mouse adrenocortical cell line). Y1
cells endogenously express SF-1 in sufficient amounts
to activate the reporter plasmid 4CRS2-luc (9). As
shown in Fig. 3B, coexpression of p/CIP and PKA-Ca
in Y1 cells increased the reporter gene activity signif-
icantly, whereas no such increase in CRS2-mediated
transcription was observed in the absence of PKA.
Next we tested the ability of p/CIP to modulate SF-1-
stimulated transcription via an element from another
SF-1 target gene. The SCC-luc reporter gene contains
the region between —186 and +12 of the bovine
CYP11A gene that includes a SF-1 binding site (28). As
shown in Fig. 3C, p/CIP potentiated SF-1-induced
stimulation of the SCC-luc activity in COS-1 cells, and
similar to the data on 4CRS2-luc, coexpression of
PKA-Ca further stimulated the SCC-luc activity. Thus,
these findings strengthen the above results, suggest-
ing that p/CIP acts as a coactivator of SF-1.

To examine the functional importance of the three
central LXXLL motifs in p/CIP, COS-1 cells were tran-
siently transfected with expression vectors encoding
SF-1 and p/CIP with mutations in the LXXLL motifs
(L1, L2, and L3; Table 1) along with the CRS2-reporter
construct. A 10-fold increase in SF-1-induced trans-
activation was detected with the expression of SF-1
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alone, as compared with the basal reporter gene ac-
tivity, whereas an approximately 90-fold increase in
SF-1-transcriptional activity was observed in cells co-
expressing SF-1 and PKA-Ca. p/CIP-L1 exhibited an
inhibitory effect when coexpressed with SF-1 alone,
reducing the SF-1-induced transactivation to 5-fold,
and a comparable reduction was observed in pres-
ence of PKA-Ca overexpression (Fig. 3D). Expression
of p/CIP-L3 also decreased the SF-1 transcriptional
activity (to ~4-fold) compared with the basal reporter
gene activity, whereas expression of p/CIP-L2 gave a
small but significant increase in the SF-1-induced
transactivation. Thus, it appears the L1 and L3 mu-
tants had a dominant negative effect on the SF-1-
mediated transactivation. Moreover, it was noted that
mutations in NR box 1 and 2 (L1/L2) or all three NR
boxes (L1/L2/L3) nearly eliminated the transcriptional
activity of SF-1. Taken together, these results suggest
that all three NR boxes are required for the complete
function of p/CIP as a coactivator of SF-1 transcrip-
tional activity.

TIF2-Mediated Coactivation of SF-1 Is Inhibited
by PKA

Data from Northern blot analysis suggest that SRC-1,
p/CIP, and TIF2 are equally expressed in COS-1 and
Y1 cells, and the expression levels were not affected
by activation of the cAMP pathway (data not shown).
Furthermore, we noted that p/CIP and SRC-1 both
potentiated SF-1-stimulated CRS2-reporter gene ac-
tivity in the presence of overexpressed PKA-Cua (Fig. 3)
(29). An expression construct encoding TIF2 was
transfected into both COS-1 cells and Y1 cells to study
the effect of TIF2 on SF-1-induced stimulation of the
CRS2 and SCC constructs. As shown in Fig. 4, TIF2
strongly potentiated SF-1-dependent transcriptional
activation, indicating that TIF2 also acted as a coac-
tivator of SF-1. In COS-1 cells overexpression of TIF2
stimulated the SF-1-induced transcription from the
CRS2 construct 290-fold (Fig. 4A), whereas the effect
on SCC-luc was 70-fold greater (Fig. 4C). Transcrip-
tion from the CRS2-reporter gene was also signifi-
cantly stimulated (54-fold) by TIF2 in Y1 cells (Fig. 4B).
In contrast to the effects of p/CIP and SRC-1 on
SF-1-dependent transcriptional activity, PKA-Ca
overexpression markedly impaired the potentiation by
TIF2 on both reporter gene constructs tested. These
results suggest that PKA represses TIF2 coactivation,
and that the different members of the SRC coactivator
family act differently in the presence of increased PKA
activity.

To assess further whether the effects of TIF2 and
p/CIP on CRS2-mediated transcription are dependent
on DNA-binding of SF-1, we used a reporter construct
carrying a mutation in the SF-1 binding site (9). This
mutation (M4) interferes with SF-1 binding as demon-
strated by EMSA, and the M4 reporter has lost the
ability to mediate SF-1-dependent transcription (9). As
shown in Fig. 5, the reporter construct M4 did not
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Fig. 3. p/CIP Enhances SF-1-Dependent Transcription in
Mammalian Cells

A, COS-1 cells were transfected with expression vectors
encoding SF-1 (0.1 ug), p/CIP (0.1-1.5 ng), and PKA-Ca (0.1
ng) along with the 4CRS2-luc reporter construct (1.5 ug) as
indicated in the figure. Forty-eight hours after transfection the
cells were harvested and luciferase assays were performed.
B, Y1 adrenocortical cells that express SF-1 endogenously
were cotransfected with the reporter 4CRS2-luc (1.5 png),
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mediate any transcriptional activity in response to
SF-1 alone or in combination with PKA-Ca. Further-
more, neither TIF2 nor p/CIP affected the luciferase
activity from this construct. Thus, these results con-
firm that SF-1 is required for the coactivation by TIF2
and p/CIP.

Divergent Effects of AF-2 Mutations on the p/
CIP- and TIF2-Mediated Potentiation of SF-1
Activity

The helix H12 at the carboxy terminus of the ligand-
binding domains of the different receptors is required
for AF-2 transcriptional activation function, and some
mutations within this helix eliminate AF-2 activity com-
pletely, whereas others do not lead to reduced inter-
actions with cofactors (30-32). Based on the findings
that potentiation of SF-1 activity by p/CIP and TIF2 are
differently modulated by PKA, we found it interesting
to examine whether differential requirements of amino
acids in the AF-2 domain of SF-1 could be detected.
The ability of p/CIP and TIF2 to modulate the tran-
scriptional activity of the different SF-1 mutants (Table
2) was analyzed in transfected COS-1 cells. Previ-
ously, it has been demonstrated that these mutants
are expressed at approximately the same level as wild-
type SF-1 in transfected COS-1 cells, and that they
retain the ability to bind to DNA (8). The LL mutation
represents a change of the AF-2 sequence LLIEML
(wild type) to AAIEML at amino acids Leu451 and
Leud52, whereas the ALL deletion mutation lacks
these 2 aa. The E mutant carries a single amino acid
substitution at Glu454 (LLIAML), and the AAF-2 core
deletion mutant lacks the six carboxyl-terminal amino
acids (451-456). A significant reduction in transcrip-
tional activity of SF-1 was observed as a result of
different mutations and deletions in the AF-2 domain
(Fig. 6). Even though the mutants stimulated CRS2-
mediated transcription after expression of PKA-Ca
and p/CIP, their abilities to activate transcription were
reduced significantly compared with wild-type SF-1.
We observed a comparable relative stimulation of the
CRS2-mediated transcription by the mutants after co-
expression of PKA-Ca and p/CIP (Fig. 6A). These re-

increasing amounts of expression vectors encoding p/CIP
(0.1-1.0 png), and PKA-Ca (0.1 png) as indicated. Luciferase
assays were performed 24 h after transfection. C, Expression
vectors encoding SF-1 (0.1 ng), p/CIP (1.0 and 1.5 ng), and
PKA-Ca (0.1 ng) were cotransfected into COS-1 cells along
with the SCC-luc reporter construct (1.5 pg) as indicated in
the figure. Luciferase assays were performed 48 h after trans-
fection. D, The 4CRS2-luc reporter construct (1.5 ng) and
expression vectors encoding SF-1 (0.1 ng), PKA-Ca (0.1 pg),
and p/CIP (1.0 pg) or different p/CIP LXXLL mutants (L1, L2,
L3, L1/2, and L1/2/3; Table 1) were cotransfected into COS-1
cells as indicated in the figure. Luciferase assays were per-
formed 48 h after transfection. For all experiments, the lucif-
erase activities (mean * sp) are based on triplicate transfec-
tions from representative experiments.
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Fig. 4. PKA Affects the Ability of TIF2 to Potentiate SF-1-
Dependent Transcription

A, COS-1 cells were transfected with expression vectors
encoding SF-1 (0.1 ug), TIF2 (0.2-1.5 ng), and PKA-Ca (0.1
ng) along with the luciferase reporter plasmid 4CRS2-luc (1.5
rg) as indicated in the figure. Luciferase assays were per-
formed 48 h after transfection. B, Y1 adrenocortical cells
were transfected with expression vectors encoding TIF2 (0.2—
2.1 pg) and PKA-Ca (0.1 ung) together with the luciferase
reporter plasmid 4CRS2-luc (1.5 ug), as indicated in the
figure. Luciferase assays were performed 24 h after transfec-
tion. C, COS-1 cells were transfected with expression vectors
encoding SF-1 (0.1 ug), TIF2 (2.0 ng), and PKA-Ca (0.1 ug)
along with the luciferase reporter plasmid SCC-luc (1.5 ng),
as indicated in the figure. Luciferase assays were performed
48 h after transfection. Results are expressed as luciferase
activities (mean = sp) of triplicate transfections from repre-
sentative experiments.

sults indicate that a functional AF-2 domain is required
for optimal SF-1-activated transcription and for the
further potentiation by p/CIP. The SF-1 mutants were
also coexpressed with TIF2 in COS-1 cells. As shown
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Fig. 5. Binding of SF-1 to the CRS2 Element Is Necessary
for p/CIP and TIF2 Coactivation

COS-1 cells were transfected with expression vector en-
coding SF-1 (0.1 ng), PKA-Ca (0.1 ng), TIF2 (2.0 ng), or p/CIP
(1.0 ng) together with wild-type 4CRS2-luc-reporter (wt) (1.5
ng) or 4CRS2-M4-luc (M4) (1.5 ng) containing a mutation in
the SF-1 binding site. Luciferase assays were performed 48 h
after transfection. The figure shows the mean value * sp of
triplicate transfections from a representative experiment.

Table 2. Amino Acids of the SF-1 Mutants
Wild-Type AF-2 activation

domain (aa 451-456) LLIEML
LLmut AAIEML
ALL —IEML
Emut LLIAML
AAF-2 (6-aa core deletion)
AAF-2 (25-aa deletion)? P

Amino acids of SF-1 mutants in the AF-2 domain used for
transfection studies and in the yeast two-hybrid interaction
assays (). ——, Amino acid deletions. <, Indicate that ad-
ditional 19 amino acids prior to the 6-aa core deletion are
deleted.

in Fig. 6B, all mutants had a significantly compromised
transcriptional activity when coexpressed with TIF2,
except for the E mutant. Surprisingly, this mutant, with
a substitution of amino acid Glu454 to Ala, had almost
similar transcriptional activity as wild-type SF-1. These
data suggest that the E mutation does not significantly
affect the binding of overexpressed TIF2 to SF-1 in our
system. Moreover, it suggests that the mechanisms of
TIF2-SF-1 interactions involve different parts of the
AF-2 domain than the p/CIP-SF-1 interactions.
Whereas p/CIP requires an intact AF-2 core domain of
SF-1 for maximal effect on transcription, TIF2 coacti-
vation is not dependent on the glutamic acid residue in
the AF-2 core domain.

Effects of the MAPK Signaling Pathway on TIF2-
Mediated Coactivation of SF-1

It has been reported that SF-1 is phosphorylated at
Serine 203 by the MAPK signaling pathway, and that
the interaction with TIF2 is enhanced by MAPK-stim-
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Fig. 6. Mutations in the AF-2 Core Domain of SF-1 Differ-
ently Affect Coactivation by p/CIP and TIF2

COS-1 cells were transfected with plasmids encoding dif-
ferent SF-1 AF-2 mutants (LL- and E-mutation or ALL- and
AAF-2 deletions) (0.1 ng), PKA-Ca expression vector (0.1
1g), and the 4CRS2-luc-reporter construct (1.5 ng) and p/CIP
(1.0 ng) (panel A) or TIF2 (1.5 ug) (panel B). Luciferase assays
were performed 48 h after transfection. The figure shows the
mean value = sp of triplicate transfections from representa-
tive experiments.

ulated phosphorylation of SF-1 (14). In some cell types
elevation of cAMP and activation of PKA inhibits the
MAPK pathway through phosphorylation and subse-
quent inhibition of Raf-1 kinase (33-36), whereas in
other cell types stimulation of PKA can result in an
activation of the MAPK pathway (37-41). Therefore,
we asked whether PKA acted to modulate the MAPK-
stimulated phosphorylation of SF-1 and subsequently
the association between SF-1 and TIF2. To examine
this issue, an expression plasmid encoding SF-1 car-
rying a mutation in the MAPK phosphorylation site
(Ser203Ala) (14) was coexpressed with TIF2 in COS-1
cells in the presence or absence of PKA-Ca overex-
pression. SF-1529%A gctivated the CRS2 reporter ac-
tivity by approximately 80% as compared with wild-
type SF-1, and coexpression of TIF2 stimulated the
SF-15203A.mediated transcription similarly to wild type
(73-fold). Activation of PKA inhibited the TIF2-medi-
ated coactivation of SF-152%%A.induced transcription
to the same extent as the wild-type SF-1-induced
transcriptional activity (Fig. 7A), suggesting that the
inhibitory effect of PKA was not attributed to dephos-
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Fig. 7. The Raf-1/MAPK/ERK Signaling Pathway Does Not
Affect the Ability of PKA to Inhibit TIF2-Mediated Coactiva-
tion of SF-1

A, COS-1 cells were transfected with expression vectors
encoding SF-1 (0.1 ug), SF-152%%A(0.1 ug), TIF2 (1.0 ug), and
PKA-Ca (0.1 pg) together with the 4CRS2-luc reporter con-
struct (1.5 pg), as indicated in the figure. B and C, COS-1
cells were transfected with expression vectors encoding
SF-1 (0.1 pg), TIF2 (1.3 ug), PKA-Ca (0.1 pg), and the
4CRS2-luc reporter construct (1.3 ug) and increasing
amounts of either Raf-22W [pZip-Neo-Raf-22W expression
plasmid encoding the activated Raf-W22 protein (0-25-75-
200 ng)] (panel B) or aMEK1 [R4F-MKK1AN3S218E/S222D,
encoding constitutively active MEK1 (0-25-75-200 ng)] (pan-
el C). Luciferase assays were performed 48 h after transfec-
tion. Results are expressed as luciferase activity (mean = sp)
of triplicate transfections from representative experiments.

phorylation of SF-1 at Serine 203 and thereby reduced
association with TIF2. To further examine the possi-
bility that PKA acted through modulation of the MAPK
signaling pathway to inhibit TIF2 coactivation of SF-1,
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we performed transient transfection experiments with
expression plasmids encoding the activated Raf-W22
protein and a constitutively active MEK1, both of
which are upstream activators of the MAPK signaling
pathway. Overexpression of activated Raf-W22 or the
active MEK1 augmented the SF-1-mediated transcrip-
tion in a dose-dependent manner, especially in the
presence of coexpressed TIF2 (Fig. 7B). These results
are consistent with previous observations by others
(14). It was noted, however, that the PKA-mediated
inhibition of the TIF2 coactivation was not reduced by
overexpression of Raf-W22 or active MEK1 (Fig. 7, B
and C). Taken together, these results suggest that the
mechanisms underlying the ability of PKA to alter the
interaction between SF-1 and TIF2 do not involve de-
phosphorylation of SF-1 at S203 through modulation
of the Raf-1/MAPK/ERK signaling pathway.

TIF2-Mediated Coactivation of PPAR«, PPARY,
LXRa, and RXRa Is Inhibited by PKA

The finding that stimulation of the PKA pathway inhib-
ited the TIF2-mediated coactivation of SF-1 prompted
us to question whether PKA could inhibit the ability of
TIF2 to coactivate other members of the nuclear hor-
mone receptor superfamily. To address this question,
we determined whether PKA could inhibit the TIF2-
mediated coactivation of the PPAR« and PPARYy, the
LXRa, and the RXRa. TIF2 has been reported to inter-
act with and coactivate these nuclear receptors (16—
18). First, we performed transient transfections of
COS-1 cells with PPAR« and PPARy expression vec-
tors along with the 3PPRE-luc reporter construct,
which contains three copies of the peroxisome prolif-
erator response element from the acyl-CoA promoter.
Coexpression of p/CIP enhanced the activity of
PPARa and PPARYy in the absence or presence of
ligands (Wy 14,643 and BRL 49653, respectively), and
PKA-Ca overexpression led to a further enhancement
of the reporter gene activity (Fig. 8, A and B). As
expected, TIF2 also enhanced the PPAR«a and PPARYy
transcriptional activity. However, in contrast to the
effects on p/CIP-mediated coactivation of PPARa/-vy
activity, PKA-Ca overexpression markedly impaired
the potentiation by TIF2, consistent with the above
findings for SF-1. Comparable results were also ob-
tained with the 3PPRE-luc-reporter construct and ex-
pression plasmids encoding PPARy and the hetero-
dimerization partner RXR« in the absence or presence
of the RXR ligand 9-cis-retinoic acid [9-cis-RA (data
not shown)]. Next, we examined whether the TIF2-
mediated coactivation of LXRa was modulated by
PKA using a reporter construct containing part of the
5’-flanking region of LXRa upstream of the luciferase
gene (42) and expression vectors encoding LXR«a and
RXRa. Interestingly, we observed that PKA-Ca over-
expression inhibited the LXRa-luc reporter gene activity
in transfected COS-1 cells. However, TIF2 enhanced
the LXRa transcriptional activity markedly in the
absence or presence of the LXRa ligand (22)-OH-
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cholesterol and/or the RXRa ligand 9-cis-RA (Fig. 8C;
data not shown). Moreover, PKA-Ca overexpression
nearly abolished the potentiation of LXRa activity by
TIF2. It should be noted that p/CIP overexpression did
not stimulate the LXRa transcriptional activity in
COS-1 cells transfected with the LXRa-luc reporter
gene (data not shown). Taken together, the present
results suggest that stimulation of the PKA pathway
inhibits the TIF2-mediated coactivation of several
other nuclear hormone receptors.

Activation of PKA Leads to a Selective Decrease
of TIF2 Protein

To evaluate whether stimulation of the PKA pathway
could modulate the association between SF-1 and
TIF2, we performed transient transfections of COS-1
cells with expression vectors encoding SF-1 and HA-
GRIP1/TIF2 in the presence or absence of the PKA-Ca
expression plasmid. The CRS2 reporter construct was
included to ensure that the transcriptional activities of
the expression constructs in these experiments were
comparable to the above results. SF-1 was immuno-
precipitated from the COS-1 cells using a polyclonal
anti-SF-1 antibody, and the amount of coimmunopre-
cipitated HA-GRIP1/TIF2 was then detected by West-
ern blot analysis using an anti-HA antibody. Surpris-
ingly, coexpression of PKA-Ca markedly decreased
the level of TIF2 protein (Fig. 9; input), and we could
not detect a significant decrease in the association
between TIF2 and SF-1 in cells cotransfected with
PKA-Ca expression plasmid (Fig. 9). These results
were corroborated by Western blot analyses of protein
extracts prepared from COS-1 cells transfected with
expression vector encoding TIF2 in the presence and
absence of PKA-Ca expression plasmid (Fig. 11B),
which indicate that the protein level of TIF2 is down-
regulated after PKA-Ca coexpression. To determine
whether PKA affected the expression of TIF2 we per-
formed real-time quantitative RT-PCR using a stan-
dard curve generated with a pSG5-HA-GRIP1/TIF2
plasmid. The mRNA levels were normalized against
the content of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA in the same extracts. Agarose
gel electrophoresis and melting point analysis demon-
strated the presence of single PCR products (Fig. 10,
A and B). As shown in Fig. 10C, no difference in the
mRNA level of TIF2 was found in transfected COS-1
cells in the presence or absence of the PKA-Ca over-
expression, indicating that activation of PKA did not
decrease the level of TIF2 mRNA. These data indicate
that the effect of PKA occurs at the posttranscriptional
level, and it appears that activation of PKA leads to a
selective decrease of TIF2 protein.

Deletion of the TIF2 Activation Domains (ADs)
Impaired the Inhibitory Effect of PKA

The p160 coactivators generate their activation signals
via two C-terminal ADs, AD1 and AD2, which act by
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Fig. 8. PKA Inhibits the Ability of TIF2 to Potentiate Tran-
scription Mediated by PPAR«

A, Expression vectors encoding PPAR« (150 ng), PKA-Ca
(75 ng), p/CIP (1.5 ng), and TIF2 (1.5 pg) were transfected
into COS-1 cells as indicated in the figure together with the
reporter construct 3PPRE-luc (0.9 ng); 24 h post transfection
the cells were treated with 30 um Wy14,643. B, The expres-
sion vectors encoding PPARy (150 ng), PKA-Ca (75 ng),
p/CIP (1.5 ug), and TIF2 (1.5 ng) were transfected into COS-1
cells as indicated in the figure together with the reporter
construct 3PPRE-luc (0.9 ng); 24 h post transfection the cells
were treated with 1 um BRL 49653. C, The expression vectors
encoding LXRa (150 ng), RXR« (150 ng), PKA-Ca (75 ng), and
TIF2 (1.5 pg) were transfected into COS-1 cells as indicated
in the figure together with the reporter construct LXRa-luc
(1.0 ng); 24 h post transfection the cells were treated with 20

Mol Endoctrinol, April 2002, 16(4):757-773 765

recruiting different secondary coactivator proteins.
AD1 binds the related proteins p300 and CBP that
serve as coactivators for several transcriptional fac-
tors, including nuclear receptors (24, 43, 44). The more
C-terminal AD2 domain is independent from AD1 and
can bind the coactivator-associated arginine methyl-
transferase 1 (CARM1) and protein arginine methyl-
transferase 1 (PRMT1) that act as secondary coacti-
vators for nuclear receptors (23, 45). To examine the
roles of these activation domains with respect to the
TIF2-mediated potentiation of SF-1 activity and regu-
lation by the PKA pathway, COS-1 cells were trans-
fected with expression plasmids encoding SF-1 and
HA-GRIP1/TIF2 with deletions of the activation do-
mains (AD1 and AD2) together with the 4CRS2-luc-
reporter plasmid (Fig. 11A). The TIF2 mutants lacking
AD1 and AD2 potentiated the SF-1-mediated tran-
scription 6- to 7-fold, as compared with SF-1 alone,
whereas wild-type TIF2 (1.0 ng) potentiated SF-1 tran-
scriptional activity 133-fold. Interestingly, PKA-Ca
overexpression inhibited the coactivator function of
wild-type TIF2, but not the positive effects of the AD1
and AD2 deletion mutants. Moreover, coexpression of
PKA-Ca with the AD2 deletion mutant even enhanced
the transcriptional activity of SF-1 18-fold, whereas no
changes in transcriptional activity were detected when
PKA-Ca was coexpressed with the AD1 mutant. De-
letion of both activation domains (AD1/AD2) abolished
the coactivator function of TIF2. Because the AD1
domain binds CBP, it should be noted that coexpres-
sion of CBP together with TIF2 further stimulated SF-1
activity in transfected COS-1 cells. However, CBP
overexpression did not affect the PKA-mediated inhi-
bition of TIF2 (data not shown). These results suggest
that the inhibitory effect of PKA on the TIF2 coactivator
function is dependent on an intact C-terminal part of
TIF2 and that the AD2 domain is essential.
Activation of PKA did not modulate the mRNA levels
of wild-type TIF2 or the AD1 and AD2 deletion mutants
in transfected COS-1 cells (Fig. 10). Although the
amount of TIF2 AAD2 amplification product seemed to
be lower than the amount of wild-type TIF2 and the
TIF2 AAD1 mutant, no significant effects of PKA-Ca
overexpression on the expression of TIF2 AAD2 were
detected. It should also be noted that the protein
expression levels of wild-type TIF2 and the TIF2 AD
deletion mutants were comparably high (lanes 1-4,
Fig. 11B). Interestingly, Western blot analysis clearly
indicates that activation of PKA leads to a reduction in
the protein levels of wild-type TIF2 and TIF2 AD1 de-
letion mutant, whereas the amounts of TIF2 AD2 and
TIF2 AD1/AD2 deletion mutant remain unchanged af-
ter PKA activation (lanes 5-8, Fig. 11B). These results
are consistent with the above effects on the SF-1

uMm 22(R)-OH-cholesterol and 20 um 9-cis-RA. Luciferase
assays were performed 48 h after transfection. The figure
shows the mean value = sp of triplicate transfections from
representative experiments.
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COS-1 cells were transfected with the 4CRS2-luc-reporter construct (3.25 ng) and the expression vectors encoding SF-1 (0.22
ng), PKA-Ca (0.22 ng), and HA-GRIP1/TIF2 (4.3 pg) as indicated in the figure; 48 h after transfection the cells were harvested.
Immunoprecipitation was performed on the cell lysates using an anti-SF-1 antibody. Five percent of the cell lysates (input) were
saved before immunoprecipitation. Input and coimmunoprecipitated HA-GRIP1/TIF2 was detected by Western blotting using
anti-HA antibodies. The results presented are representative of three independent experiments.

transcriptional activity and indicate that the PKA-
mediated down-regulation of TIF2 protein is depen-
dent on an intact AD2 domain.

DISCUSSION

Transcriptional activation by nuclear receptors in-
volves interaction with the general transcription ma-
chinery and with proteins acting as coactivators or
corepressors of transcription (10, 46). Most studies
have focused on cofactor association with ligand-
activated nuclear receptors. In these cases binding of
ligands or hormones to the nuclear receptor induce
conformational changes that allow the receptors to
associate with cofactors, leading to increased or de-
creased transcription. Less is known about the role of
cofactors in transcriptional activation of orphan nu-
clear receptors. Interestingly, the orphan receptors es-
trogen-related receptors (ERR1, ERR2, and ERRS) are
shown to be activated by the coactivators GRIP1/TIF2,
p/CIP, and SRC-1 in a ligand-independent manner,
suggesting a mechanism differing from that previously
shown for most ligand-dependent steroid hormone
receptors (47, 48). SF-1 has been classified as a mem-
ber of the orphan nuclear receptor family (1, 2), even
though oxysterols can activate SF-1 under certain set-
tings in some cell types (49, 50). In this paper we have
examined how members of the SRC family affects
transcriptional activation by SF-1. Previously it has
been shown that SRC-1 (13) and TIF2 (14) interact with
SF-1, and a key role for SRC-1 in regulation of SF-1
activity has been proposed (13). We now report that
p/CIP also acts as a coactivator of SF-1. The expres-
sion of SF-1 was required for p/CIP to coactivate
transcription from the CRS2 and SCC reporter con-
structs in COS-1 cells. Surprisingly, we found that
endogenous SF-1 in Y1 cells must be stimulated by
PKA to be potentiated by p/CIP. Thus, one interesting

possibility might be that the cAMP pathway increases
the synthesis or the availability of an unknown ligand in
Y1 cells. The mechanisms behind the differential
choice of cofactor recruitment by different nuclear re-
ceptors are not known, although different expression
profiles of the cofactors in different cell types has been
suggested as essential in cofactor recruitment prefer-
ences (21). p/CIP and SRC-1 were shown to have
similar expression patterns in several tissues and cell
lines (15), but a recent study suggest a more tissue-
specific expression of p/CIP and, interestingly, this
report shows that disruption of the SRC-3 (p/CIP) gene
delays puberty and leads to an abnormal reproductive
function (21). However, in our study Northern blot
analyses of the Y1 and COS-1 cells revealed similar
expression for p/CIP and SRC-1in Y1 and COS-1 cells
(data not shown), suggesting that different expression
cannot explain our findings. Here we have shown that
p/CIP interacts directly with SF-1. As expected, the
LXXLL motifs of the central interaction domain of
p/CIP are of major importance for this interaction, as
well as for the coactivator function of p/CIP. It is clear
from previous work that there are different require-
ments for LXXLL-containing helices used by different
nuclear receptors (17, 25, 44, 51, 52). Our results
suggest that, in the case of SF-1, the NR box 1 is the
most important, followed by NR box 2, whereas the
NR box 3 in p/CIP appears to have a low capacity for
interaction. However, sequences surrounding the
LXXLL core motifs may also be important for the SF-
1-p/CIP interaction because residues on both sides of
the LXXLL motifs have been suggested to contribute in
the cofactor interaction with other nuclear receptors
(17, 51). Interestingly, the yeast-two-hybrid interaction
data and the results in transfected COS-1 cells re-
vealed a different relative importance of NR box 3 in
p/CIP. Whereas the mutation of NR box 3 in p/CIP only
led to a 40% reduction in the interaction with SF-1,
overexpression of p/CIP-L3 in COS-1 cells repressed
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Fig. 10. PKA Activation Does Not Affect the mRNA Levels of
TIF2 in Transfected Cells

Real-time RT-PCR using SYBR Green | fluorescence was
used to measure product accumulation. A, Melting point
analysis demonstrated single peaks and specific products for
GAPDH (upper panel) and TIF2 (lower panel). COS-1 cDNA
and the GAPDH cDNA standards were compared which
show that there are no melting point differences (upper pan-
el). cDNA from COS-1 cells transfected with expression vec-
tors encoding HA-GRIP1/TIF2 wild-type or activation domain
mutants (AAD1 and AAD2) were also compared with stan-
dard curves obtained from pSG5-HA-GRIP/TIF2 plasmid
(lower panel). B, Product analysis. Each of the primer pairs
amplified a single product of the appropriate predicted length
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Fig. 11. Repression of TIF2 by PKA Is Dependent on the
TIF2 Activation Domain 2

A, COS-1 cells were transfected with the 4CRS2-luc re-
porter construct (1.5 ng) and the expression vectors encod-
ing SF-1 (0.1 ng), PKA-Ca (0.1 ng), and wild-type HA-GRIP1/
TIF2 (1.0 ng) or HA-GRIP1/TIF2 activation domain mutants
(AAD1, AAD2, or AAD1/2) (1.0 ng) as indicated in the figure;
48 h after transfection, luciferase assays were performed.
The figure shows the mean value = sD of triplicate transfec-
tions from a representative experiment. B, Western blot of
cell lysates from COS-1 cells cotransfected with plasmids
encoding wild-type HA-GRIP1/TIF2 or HA-GRIP1/TIF2 acti-
vation domain mutants (AAD1, AAD2, and AAD1/2) in the
presence or absence of coexpressed PKA-Ca.

the transcriptional activity and appeared to have a
dominant negative effect on the SF-1-mediated trans-
activation. Our results suggest that although NR box 3
is not essential for the physical interaction between
p/CIP and SF-1, this p/CIP LXXLL motif seems to be of

as assessed by agarose gel electrophoresis and ethidium
bromide staining. C, mRNA quantification. Expression of
TIF2-, TIF2 AAD1-, and TIF2 AAD2 mRNA were not affected
by PKA-Ca overexpression in transfected COS-1 cells. The
figure shows the mean value = sp of three separate experi-
ments.
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functional importance in the stimulation of SF-1 activ-
ity. Thus, it would be interesting to examine in more
detail whether there is a functional synergy among the
different LXXLL motifs in p/CIP that is involved in the
stimulation of SF-1 transcriptional activity.

The AF-2 domain within the carboxyl-terminal li-
gand-binding domain is essential for the interaction of
nuclear receptors with certain cofactors (53), and the
interaction between SF-1 and the coactivators SRC-1
and TIF2 is dependent on the AF-2 domain (12-14).
Here we demonstrate that an intact AF-2 domain is
also required for SF-1 interaction with p/CIP, and that
different mutations in the AF-2 domain significantly
impair PKA-stimulated SF-1 transactivation, as well as
the further potentiation by p/CIP. In contrast, the sub-
stitution of Glu454 to Ala did not impair the TIF2-
mediated potentiation of SF-1 activity significantly.
This finding reveals differences in the SF-1-p/CIP and
the SF-1-TIF2 interactions with regard to residue
Glu454 that is a highly conserved amino acid in the
AF-2 domain of nuclear receptors (54). Also in other
nuclear receptors differential responses on transcrip-
tional activity and cofactor interactions due to muta-
tion of the glutamic acid residue in the AF-2 domain
has been observed. Mutations at this residue have
been reported to decrease the transcriptional activity
of T3Ra and T3Rp (55, 56), whereas no negative ef-
fects were observed for ERa and GR (54). Interest-
ingly, a natural T;RB AF-2 domain mutant (E457D)
bound T5 with normal affinity and had normal interac-
tion with the corepressor N-CoR, but did not bind
SRC-1 (57). In a recent report, the substitution of
Glu897 with Ala diminished androgen-dependent ac-
tivation by AR (58). However, similar to our observa-
tions on the SF-1 E mutant, it was also shown that TIF2
overexpression significantly stimulated the AR mutant.
TIF2 appeared to rescue the ligand-stimulated trans-
activation function of this AR mutant (58), as well as
the loss of ligand-dependent transactivation of a sim-
ilar T;Ra E mutant (59). Although this seems to be
consistent with our data, it should be noted that in our
system, TIF2 activates both the wild-type SF-1 and the
E mutant in the apparent absence of ligand. Thus, it
appears that E mutations in various nuclear receptors
differentially affect the conformation and function of
the receptors and thereby the interaction with
cofactors.

Steroid hormone biosynthesis is under the control of
ACTH, LH, and FSH from the pituitary (60). These
hormones regulate steroidogenesis via increased in-
tracellular cAMP levels and activation of PKA. Analysis
of the promoter regions of the genes encoding the
steroidogenic enzymes have led to identification of
cAMP-responsive elements (60, 61), but so far little is
known about the exact mechanisms behind the PKA-
stimulated transcription of these genes. There are sev-
eral possible explanations for the cAMP-dependent
enhancement of SF-1-mediated transcriptional activa-
tion. SF-1 binding sites in the promoter regions of
target genes are often within cAMP-responsive re-
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gions, e.g. in the promoters of CYP17 (62), CYP11A
(63), CYP19 (64), CYP1B1 (65), the steroidogenic
acute regulatory gene (66), and the human ACTH-
receptor gene (67). One possibility, which has been
considered (68-70), is that the cAMP pathway leads to
phosphorylation of SF-1. It has, however, been difficult
to show that elevation of cCAMP stimulates the phos-
phorylation of SF-1 in vivo (71). Recently, we have
observed that increased PKA activity leads to elevated
levels of SF-1 protein without affecting the SF-1
mRNA level, indicating that PKA stimulates SF-1 ac-
tivity through increased amounts of SF-1 protein (71a).
Moreover, phosphorylation of SF-1 by the MAPK path-
way, but not by the cAMP pathway, has been reported
(14). Another possible mechanism for the cAMP-stim-
ulated activation of SF-1 is that PKA phosphorylates,
and thereby activates, another protein that interacts
with SF-1. This protein may be a coactivator or an-
other transcription factor. Interestingly, it was previ-
ously shown that SF-1 interacts with cAMP response
element-binding protein, leading to recruitment of
CBP and increased histone acetylation, thereby sug-
gesting a mechanism for the synergism between the
SF-1 and cAMP pathways (72). We did not, however,
observe any stimulation by PKA on CRS2/reporter
gene activity in the absence of SF-1, confirming the
importance of SF-1 in the cAMP response. An alter-
native possibility is that the cAMP pathway leads to
increased expression of transcription factors or cofac-
tors interacting with SF-1. However, no changes in the
expression levels of SRC-1, p/CIP, or TIF2 were de-
tected in COS-1 or Y1 cells treated with forskolin or
transfected with PKA-Ca (data not shown).
Unexpectedly, we found that PKA represses the
stimulatory effect of TIF2 on SF-1-induced transcrip-
tion, whereas no such effect was observed with p/CIP
and SRC-1 (29). Our data indicate that this is not
caused by modulation of SF-1 through inhibition of
MAPK-induced phosphorylation at S203, but rather on
a PKA-mediated regulation of TIF2. This is supported
by the fact that PKA activation also inhibited the TIF2
coactivation of PPARa, PPARYy, and LXRa/RXRa. A
previous report has shown that expression of GRIP1/
TIF2 in HepG2 cells enhances ER-mediated transcrip-
tional activity, but not in the presence of a cAMP
analog (73). Thus, it seems that the transcriptional
activity of several nuclear receptors can be repressed
through PKA-mediated inhibition of TIF2. Interestingly,
we observed that activation of PKA represses TIF2
function through selective down-regulation of TIF2
protein, and that this is dependent on an intact acti-
vation domain 2 (AD2) in TIF2. The mechanisms for
coregulator down-regulation is not well understood,
and there are several possible mechanisms behind
this kind of regulation. PKA may act through direct
phosphorylation of a residue in AD2 or by phosphor-
ylation through indirect pathways inducing the activity
of another kinase, and phosphorylation may serve as a
signal for selective degradation (74). A second possi-
ble mechanism involves recruitment of another co-
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regulator protein that interacts with TIF2. Recently, it
was reported that SRC-1 is phosphorylated at two
MAPK sites (T1179 and S1185) after elevation of
cAMP in COS-1 cells (75). However, in contrast to the
PKA-induced negative action on TIF2 that we observe,
activation of PKA was found to increase the intrinsic
transactivation function of SRC-1 (75). A detailed anal-
ysis of the phosphorylation sites in TIF2 will be nec-
essary to determine whether phosphorylation regu-
lates the interaction between TIF2 and nuclear
hormone receptors. Recently, it has been reported
that although TIF2 is essentially localized to the nu-
cleus of proliferating myoblasts, weak expression can
be observed in the cytoplasm (76). Thus, it would be
interesting to perform localization studies of endoge-
nous and overexpressed TIF2 in the presence and
absence of PKA overexpression to determine whether
changes in subcellular localization are coupled with
the PKA-mediated down-regulation of TIF2. It is also
of interest to examine whether PKA regulates the pro-
teins that interact with TIF2. AD2 can bind CARM1 and
PRMT1 (23, 45), and PKA might modulate the associ-
ation between TIF2 and CARM1 or PRMT1.

In summary, we have demonstrated that SF-1 inter-
acts with the coactivator p/CIP and that p/CIP and
TIF2 interact with different amino acids in the AF-2
domain of SF-1. Furthermore, this is the first report
demonstrating that the p160 coactivators are differen-
tially regulated by the cAMP pathway. Our study indi-
cates that PKA activation leads to selective down-
regulation of TIF2, and this may reflect an important
turn-off mechanism in response to extracellular
signals.

MATERIALS AND METHODS

Plasmid Construct

The expression plasmid pCMV5-SF-1 and the luciferase re-
porter plasmid pT81-4CRS2-luc (4CRS2-luc), containing the
SF-1 binding site from the proximal promoter region of the
bovine CYP17 gene, are described in Ref. 9. The M4 reporter
is mutated in the SF-1 binding site of pT81-4CRS2-luc (9).
The scc-wt-luc (SCC-luc) reporter contains the region be-
tween —186 and +12 of the bovine CYP11A gene that in-
cludes a SF-1 binding site (28). The pCMV5-SF-1 mutations
(LL-, E-mutations; and ALL-, AAF-2-deletions) have been
described previously (8). The pCMV5-Ca plasmid expressing
the catalytic subunit of PKA was a gift from Dr. G. S. Mc-
Knight (Seattle, WA). The pJG4-5-p/CIP prey vector and the
expression plasmid pCMX-p/CIP were generously supplied
by Dr. S. Westin (San Diego, CA) (15). Amino acid substitu-
tions in the LXXLL motives of the pYESTrp-p/CIP prey vector
and the pCMX-p/CIP expression plasmid were performed
using the QuikChange Site-directed Mutagenesis kit
from Stratagene (La Jolla, CA) (Table 1). The expres-
sion plasmids pSG5-HA-GRIP1, pSG5-HA-GRIP1AAD1,
pSG5-HA-GRIP1AAD2, and pSG5-HA-GRIP1AAD1/AD2
were kindly provided by Dr. M. R. Stallcup (Los Angeles, CA)
(45). The expression plasmid pSG5-GRIP1 is described in
(26). pCMV5-TIF2 was kindly supplied by Dr. E. Treuter
(Stockholm, Sweden). The PPREx3-tk-luc (3PPRE-luc) re-
porter construct containing three copies of the peroxisome
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proliferator response element from the acyl-CoA promoter
and the expression plasmids pcDNAS3.1-hPPAR« and
pcDNAS3.1-hPPARYy1 were kindly provided by Dr. K. Kris-
tiansen (Odense, Denmark) (77). The pGL3basic-LXRa
(—1,515/+1,822)-luc (LXRa-luc) reporter construct and the
expression plasmids pCMV-RXRa and pCMX-LXRa were
kindly provided by Dr. H. I. Nebb (Oslo, Norway) (42). The
pZip-Neo-Raf22W expression plasmid encoding the acti-
vated Raf-1 protein was kindly provided by Dr. C. J. Der
(Chapel Hill, NC) (78), and the R4F-MKK1AN3S218E/S222D
plasmid encoding constitutively active MEK1 was kindly sup-
plied by Dr. N. G. Ahn (Boulder, CO) (79). pYESTrp-SRC-1
was constructed by insertion of a PCR-amplified DNA frag-
ment encoding SRC-1 into EcoRI/Xhol-linearized pYESTrp
(Invitrogen, San Diego, CA). pHybLex/Zeo-SF-1 contains the
ligand-binding domain and hinge region of SF-1 and was
used for interaction studies. pHybLex/Zeo-SF-1 was con-
structed by insertion of a PCR-amplified DNA fragment
encoding aa 107-461 of SF-1 into Xhol/Sacl-linearized pHy-
bLex/Zeo (Invitrogen). pHybLex/Zeo-SF-1AAF-2, a carboxyl-
terminal 25 aa deletion mutation, was created by cloning of a
PCR-amplified fragment of pCMV5-SF-1AAF-2 (aa 107-436)
as described above for pHyblLex/Zeo-SF-1. pHybLex/Zeo-
Lamin (Invitrogen) was used as a negative control in the
interaction studies.

Yeast Two-Hybrid Interaction and p-Galactosidase
Assay

Yeast two-hybrid mating assay was used to examine the
interaction between the LexA-fusion bait proteins SF-1, SF-
1AAF-2, and Lamin (negative control) and the B42-fusion
prey proteins p/CIP and SRC-1. In addition to the wild-type
p/CIP prey proteins, p/CIP mutants were used with amino
acid substitutions in the LXXLL motives (L1, L2, L3) and
combinations of these mutations (L1/2, L1/2/3). The LexA-
fusion proteins were introduced into the EGY191 yeast strain
(MATa ura3 trp1 his3::2lexAop-LEU2) and selected on plates
containing zeocin (200 mg/ml), whereas the B42-fusion pro-
teins were transformed into the L40 yeast strain (MATa his3
A200 trp1-901 leu2-3112 ade2 LYS2::(4lexAop-HIS3)
URA3::(8lexAop-lacZ) GAL4) and selected on plates without
tryptophan. Selection for the presence of both bait and prey
plasmids (mating colonies) were carried out on plates with
zeocin, lacking tryptophan. The double transformants were
transferred to plates with zeocin, lacking both tryptophan and
leucine, to select clones with interaction between bait and
prey. The strength of the interaction was measured in semi-
quantitative liquid B-galactosidase assays. To examine the
B-galactosidase activities, strain EGY191 was cotransformed
with the 2lexAop-lacZ-reporter plasmid pJK103. EGY191 and
pJK103 were a gift from Dr. E. Golemis (Philadelphia, PA).
The chemiluminescent reporter gene assay system from Ga-
lacto-Star (Tropix, Bedford, MA) was used to detect pB-galac-
tosidase activity in yeast cell extracts from at least four in-
dependent mating colonies. The yeast cells were grown in
selective media with zeocin, but without tryptophan and ura-
cil, for selection of bait, prey, and reporter plasmids, respec-
tively. Galactose (2%) and raffinose (1%) were added to
induce the GAL1 promoter of the B-galactosidase reporter
gene. The activity was normalized to growth (ODgqp), and
both isolation of yeast cell extracts and luminometer assay
time were according to the formula provided by CLONTECH
Laboratories, Inc. (Palo Alto, CA).

In Vitro Protein Interaction Assay

Baculovirus was used to express the (His)g-containing wild-
type SF-1-fusion protein and the (His)s-containing SF-
1AAF-2 with an AF-2 core (LLIEML) deletion. The genes
encoding wild-type SF-1 and the SF-1AAF-2 mutant were
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cloned into pFastBac HTb donor plasmids (Life Technolo-
gies, Inc., St. Louis, MO) at the BamHI and Xhol sites. The
recombinant plasmids were transformed into DH10Bac-
competent cells that carry a baculovirus shuttle vector (bac-
mid) and a helper plasmid, resulting in a site-specific trans-
position of the expression cassettes that contain the SF-1
genes from the donor plasmids into the bacmids. The recom-
binant baculoviruses, which were used to infect Sf21 insect
cells for expression of the proteins, were generated by trans-
fection of the insect cells with their corresponding recombi-
nant bacmids. The expressed (His)s-SF-1 and (His)g-SF-
1AAF-2 proteins were purified using affinity chromatography
with Ni-NTA agarose (QIAGEN, Chatsworth, CA). [*°S]Methi-
onine-labeled TIF2 and p/CIP were prepared by using the
TNT reticulocyte lysate system (Promega Corp., Madison, WI)
in the presence of [**S]methionine.

For protein interaction assay, 3 ul of the [*®S]methionine-
labeled in vitro translated coactivators were incubated with 5
ug of purified (His)g-SF-1 or (His)s-SF-1AAF-2 proteins at 30
C for 1 h with occasional gentle mixing. These protein mix-
tures or the [**S]methionine-labeled coactivators (3 wl) alone
were then incubated with 30 ul of Ni-NTA agarose in 20 mm
Tris-HCI, pH 7.5, 50 mm KCI, 10% glycerol, 20 mm imidazole,
0.5% Nonidet P-40, 1 mm phenylmethylsulfonyl fluoride, and
5 ng/ml aprotinin to a total volume of 300 ul on a rotating
wheel at room temperature for 1 h. After incubation, the
Ni-NTA agarose beads were washed with 500 ul of the above
buffer. The Ni-NTA agarose beads were subsequently boiled
at 95 C for 5 min in the presence of 15 ul SDS-loading buffer
(100 mm Tris-HCI, pH 6.8, 100 mm dithiothreitol, 4% SDS,
0.2% bromophenol blue, 20% glycerol), and subjected to 6%
SDS-PAGE followed by autoradiography.

Cell Culture and Transfections

Y1 mouse adrenocortical tumor cells and COS-1 cells were
cultured in DMEM supplemented with 10% FCS, 100 U pen-
icillin/ml, and 100 ng streptomycin/ml. For transfection, Y1
cells were seeded at a density of 2.5 X 10° cells per well of
a six-well plate and transiently transfected the following day
by using the calcium phosphate method (62). COS-1 cells
were seeded as described for Y1 cells and transiently trans-
fected the following day by the SuperFect transfection pro-
cedure according to the manufacturer’s protocol (QIAGEN).
Both Y1 and COS-1 cells were transfected with 0.9-1.5 ug
reporter plasmid (4CRS2-luc, 4CRS2-M4-luc, SCC-luc,
3PPRE-luc, or RXRe-luc), 75-100 ng pCMV5-Ca, and 0.1-
2.0 ng pCMX-p/CIP or alternatively 0.02-2.1 ng pSG5-
GRIP1/TIF2 as indicated in the figures. The total amount of
plasmid was kept constant by compensating with pCMV5.
COS-1 cells were also cotransfected with pCMV5-SF-1 or
pCMV5-SF-1 mutants as indicated in the figure legends. In
the control experiments, plasmids encoding other nuclear
receptors, such as pcDNA3.1-hPPAR« (0.15 ng), pcDNA3.1-
hPPARy1 (0.15 png), pPCMV-RXRa (0.15 ng), and pCMX-LXRa
(0.15 ng), were transfected into COS-1 cells in the presence
of ligands as indicated. Wy14,643 (30 uMm) was added to the
transfections with PPAR«, whereas 1 um BRL 49653 was
used in the experiments with PPARYy. 22(R)-OH-cholesterol
(20 um) and 20 um 9-cis-RA acid were used as LXR and RXR
ligands, respectively. The cells were washed once with PBS
24 h (Y1) or 48 h (COS-1) after transfection and assayed for
luciferase activity. A portion (40 wl) of the cell extracts was
used for luciferase determination on a LUCY-1 luminometer
(Anthos, Austria). The luciferase assay was performed in ac-
cordance with the protocol of the Luciferase Assay Kit (BIO
Thema AB, Sweden). All experiments were performed in trip-
licate and repeated three to five times, and measured lucif-
erase activity is shown in the figures.
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Coimmunoprecipitation

Plates (60 mm) were seeded at a density of 3.3 X 10° COS-1
cells per plate and transfected with SuperFect (CLONTECH
Laboratories, Inc.) as recommended the following day. The
4CRS2-luc reporter construct (3.25 ug) and the expression
vectors encoding SF-1 (0.22 ng), PKA-Ca (0.22 ng), and TIF2
(4.31 pg) were used in the same relative amounts as in the
luciferase assays. Forty-eight hours after transfection, the
cells were washed twice with PBS and selected in 1 ml PBS
and thereby lysed by adding 200 ul ice-cold lysis buffer [50
mm Tris-HCI (pH7.5), 100 mm NaCl, 0.5% SDS, 1.0% Triton
X-100] to the pelleted cells. Four volumes of 50 mm Tris-HCI
(pH 7.5), 100 mm NaCl, and 50 ul protein A-Sepharose were
added to the supernatants. The samples were then incubated
for 2 h before the supernatant was added to 3 nl anti-SF-1
antibodies from Dr. K. Morohashi and incubated overnight,
followed by a 2-h incubation with 50 ul protein A-Sepharose
the next day, all at 4 C. The precipitated protein A-Sepharose
was washed four times with ice-cold 50 mm Tris-HCI (pH 7.5),
100 mm NaCl, 0.1% SDS, 0.5% Triton X-100. Phenylmethyl-
sulfonyl fluoride (0.2 mm) and 0.7 ug/ml of aprotinin, leupep-
tin, pepstatin, and soybean trypotinin were added to all the
solutions before use. The precipitates were subsequently
boiled with 30 ul 2X sample buffer and electrophoresed on
an 8% SDS-polyacrylamide gel. Five percent of the cell lysate
(input) was saved before coimmunoprecipitation with anti-
SF-1, and both input and coimmunoprecipitated proteins
were detected by Western blotting and with anti-HA
antibodies.

Western Blot

Yeast extract, cell lysates, or coimmunoprecipitate was elec-
trophoresed on a 6-10% SDS-polyacrylamide gel and trans-
ferred to nitrocellulose filters. The bait proteins LexA/SF-1
and LexA/SF-1AAF-2 were detected with anti-LexA (Invitro-
gen) to compare expression levels, whereas HA-GRIP1/TIF2
proteins were detected with rabbit anti-HA (Zymed Labora-
tories, Inc., South San Francisco, CA). Goat antirabbit-IgG-
horseradish peroxidase was used as a secondary antibody
(Pierce Chemical Co., Rockford, IL).

Isolation of mMRNA and Real-Time RT-PCR

COS-1 cells were cotransfected with expression plasmids
encoding SF-1 and HA-GRIP1/TIF2 wild-type or activation
domain deletion mutants (AD1 and AD2) in the presence or
absence of PKA-Ca expression plasmid. At 48 h post-trans-
fection, the cells were washed once with PBS before harvest.
Isolation of MRNA was performed using the MagNA Pure LC
mRNA Isolation Kit Il and the MagNA Pure LC according to
the manufacturer’s protocol (Roche Molecular Biochemicals,
Indianapolis, IN). Quantitative real-time RT-PCR was carried
out using a LightCycler rapid thermal cycler system (Roche
Molecular Biochemicals). Forward (F) and reverse (R) PCR
primers designed from the mouse TIF2/GRIP1 sequence
were as follows: F, 5'-AAG-CCT-TTG-CCA-GAT-TCA-G-3';
R, 5'-CAA-CGA-GAG-TGC-CAT-CAG-AC-3'. The predicted
size of the TIF2/GRIP1 PCR product was 430 bp. Please note
that the TIF2/GRIP1 primers were not optimized for the Afri-
can green monkey TIF2 sequence, and subsequently we did
not amplify TIF2 cDNA from endogenously expressed TIF2
mRNA in COS-1 cells. Forward and reverse GAPDH primers
were:, F, 5'-ACC-ACA-GTC-CAT-GCC-ATC-AC-3’; R, 5'-
TCC-ACC-ACC-CTG-TTG-CTG-TA-3'. The predicted size of
the GAPDH PCR products was 480 bp. Reactions were per-
formed using the LightCycler-RNA Master SYBR Green | Kit
(Roche Molecular Biochemicals), and the PCR products were
detected via intercalation of the fluorescent dye SYBR-
Green. TIF2 and GAPDH standards were prepared by 10-fold
serial dilutions of linearized pSG5-HA-GRIP1/TIF2 plasmid
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and DNA fragments containing the full-length GAPDH cDNA
sequence, respectively. Standards were used over the range
of 100 pg/ul to 0.01 pg/ul. The negative controls were pre-
pared by replacing the mRNA template with PCR-grade H,0.
The protocols included a 20-min reverse transcription step at
61 C, a 5-sec denaturation step, and then 45 cycles consist-
ing of denaturation at 95 C for 5 sec, annealing at 55 C (TIF2)
or 60 C (GAPDH) for 5 sec, and an extension phase at 72 C
for 18 sec (TIF2) or 20 sec (GAPDH). Fluorescence was mea-
sured at the end of the 72 C extension phase. The quality of
the RT-PCR products was controlled by melting point curve
analysis. Additionally, the amplification products were sub-
jected to agarose gel electrophoresis (1.6%) and stained with
ethidium bromide (0.5 ug/ml) to ensure specificity of
amplification.
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