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Steroids are synthesized in adrenal glands and gonads under the control of pituitary peptides. These
peptides bind to cell surface receptors to activate the cyclic AMP (cAMP) signaling pathway leading to an
increase of steroidogenic gene expression. Exactly how cAMP activates steroidogenic gene expression is
not clear, except for the knowledge that transcription factor SF-1 plays a key role. Investigating the factors
participating in SF-1 action, we found that c-Jun and homeodomain-interacting protein kinase 3 (HIPK3)
were required for basal and cAMP-stimulated expression of one major steroidogenic gene, CYPI1A41.
HIPK3 enhanced SF-1 activity, and c-Jun was required for the functional interaction of HIPK3 with SF-1.
Furthermore, after cAMP stimulation, both c-Jun and Jun N-terminal kinase (JNK) were phosphorylated
through HIPK3. These phosphorylations were important for SF-1 activity and CYP11A41 expression. Thus,
we have defined HIPK3-mediated JNK activity and c-Jun phosphorylation as important events that
increase SF-1 activity for CYP1141 transcription in response to cAMP. This finding has linked three
common factors, HIPK3, JNK, and c-Jun, to the cAMP signaling pathway leading to increased steroido-

genic gene expression.

Steroidogenic factor 1 (SF-1) (also called Ad4BP or
NR5A1) is a member of the nuclear receptor superfamily,
which consists of DNA binding transcription factors (39). In
contrast to other nuclear receptors, which are activated by
ligands (51), nuclear receptors SA are orphan receptors be-
cause the existence of their ligands is still under debate (31,
53). One characteristic of the nuclear receptor SA family is the
presence in all family members of a conserved region called the
Ftz-F1 box that functions in the recognition of a DNA se-
quence (52). In addition to this domain and the activation
domain 2 present in all nuclear receptors (51), SF-1 also con-
tains a Pro-rich domain located at amino acids (aa) 110 to 172
that functions as an activation domain (11, 32).

SF-1 is a key regulator for steroid biosynthesis. Steroid hor-
mones are synthesized in steroidogenic tissues such as adrenal
gland, gonad, placenta, and brain. SF-1 is involved in the reg-
ulation of adrenal and testicular steroidogenic genes such as
StAR, hydroxysteroid dehydrogenase genes (HSD3B and
HSDI11B), MC2R, and those in the CYP family encoding cyto-
chrome P450 enzymes (CYP11Al, CYP11BI, CYPI7, and
CYP21) (41). SF-1 does not, however, control the regulation of
steroidogenic genes in brain, placenta, and gut (26). In pla-
centa, LBP-1b and LBP-9 can control the expression of
CYP11A1 (23, 24), and TreP-132 has been shown to regulate
steroidogenesis in placenta and brain (13, 16).

In the adrenal gland, steroids are synthesized from three
cortical zones. Zona glomerulosa is involved in the synthesis of
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mineralocorticoids under the regulation of salt and angiotensin
II through the calcium/calmodulin/protein kinase C pathway
and by interleukin 6 (15). Zona fasciculata and zona reticu-
laris are involved in the synthesis of glucocorticoids and
precursors for sex hormone under the control of the pitu-
itary peptide hormone adrenocorticotropic hormone. Adre-
nocorticotropic hormone binds to cell surface receptors,
causing the accumulation of intracellular cyclic AMP
(cAMP) (46). cAMP activates protein kinase A (PKA),
which triggers a series of signaling cascades leading to an
ultimate increase in SF-1 activity and expression of steroi-
dogenic genes. The precise mechanism connecting cAMP
elevation to increased SF-1 activity and stimulation of ste-
roidogenic gene transcription is still not clear.

The cis regulatory elements in the promoters of steroido-
genic genes that participate in cAMP-dependent gene expres-
sion have been extensively studied. In addition to SF-1, pro-
teins such as CREB, c-Jun, ATF, and C/EBP that bind to
cAMP-responsive sequences can regulate steroidogenic gene
expression (5, 34, 35, 43, 54). Among them, c-Jun interacts with
SF-1 physically and functionally to activate the CYPI1A1 pro-
moter (32).

Usually c-Jun is activated by growth factors through the
mitogen-activated protein kinase (MAPK) signal transduction
pathway (10). Upon stimulation, Jun N-terminal kinase (JNK),
a MAPK, phosphorylates N-terminal Ser-58, -63, and -73 and
Thr-89, -91, and -93 of c-Jun, resulting in its activation (2, 10,
51). Replacement of these Ser/Thr by Ala ablates N-terminal
phosphorylation, forming dominant negative Ala-c-Jun. On
the other hand, replacement of these Ser/Thr residues with
Asp results in the formation of constitutively active Asp-c-Jun
(49). Although regulated mainly by the MAPK pathway, c-Jun
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can also be regulated by PKA (8). However, the mechanism
connecting PKA to c-Jun activation has not been character-
ized.

Another protein regulated by JNK is homeodomain-inter-
acting protein kinase (HIPK), which is a nuclear Ser/Thr pro-
tein kinase functioning in transcriptional corepression, cell dif-
ferentiation, growth suppression, and apoptosis (9, 42, 56).
Three family members, HIPK1, -2, and -3, have been identified
(28), and HIPK2 and -3 have been shown to increase c-Jun
phosphorylation (20, 36).

Through our interest in steroidogenic gene expression, we
have previously examined the activation of steroidogenic gene
CYP11A1 by SF-1 (17, 18). In this report we demonstrate that
HIPK3 and c-Jun interact with and activate SF-1 in basal and
cAMP-dependent CYPI1A1 transcription. Activation of the
cAMP pathway leads to increased HIPK3-mediated JNK and
c-Jun phosphorylation, resulting in increased CYPI1A1 expres-
sion. Our finding points to a novel regulatory mechanism by
which JNK, c-Jun, and HIPK3 participate in SF-1 action to
increase cAMP-dependent CYP11A1 expression.

MATERIALS AND METHODS

Cell culture and reagents. Y1 mouse adrenocortical tumor cells (44) and
human placental JEG3 cells (29) were maintained in Dulbecco’s modified
Eagle’s medium/F12 supplemented with 10% fetal calf serum. The human lung
adenocarcinoma cell line H1299 was maintained in RPMI 1640 medium supple-
mented with 10% fetal calf serum. 8-Br-cAMP (1 mM) was added to Y1 cells for
24 h for stimulation experiments.

Plasmids and small interfering RNA (siRNA). Plasmids for pPCDNA3.1-SF-
1-HA (37), phscc2.3kb (21), pVP16-HIPK3, HIPK3, K226R, full-length HIPK3,
N-HIPK3 (36), pCDNA3-Flag-JNK1, pPCDNA3-Flag-JNK1 (APF) (48), INK1-HA
(57), and c-Jun derivatives wild-type (WT) c-Jun, Ala-c-Jun, and Asp-c-Jun (50)
have been described previously. The mammalian two-hybrid expression vector Gal4-
SF-1 was created by fusing the SF-1 fragments aa 80 to 461 and 120 to 461 with a
Gal4 DNA binding domain (DBD). Double-stranded RNA oligonucleotides against
exon 1 of mouse HIPK3 (7) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were purchased from Ambion, Austin, TX.

Transient transfection and reporter assay. JEG3 cells and H1299 cells were
transfected using Lipofectamine 2000 (Invitrogen, San Diego, California). Y1
cells were transfected using Lipofectamine Plus reagent for DNA and Oligo-
fectamine for siRNA (Invitrogen). Cells were harvested at 48 h after transfection
and subjected to luciferase or B-galactosidase assays. Reporter activities were
normalized with internal control RSV-B-gal. At least three independent exper-
iments were performed, and the standard deviations from the means are repre-
sented as error bars.

Immunoblotting and antibodies. Cells were harvested and lysed in lysis buffer
(100 mM potassium phosphate [pH 7.8], 0.2% Triton X-100, 0.5 mM dithiothre-
itol, 0.2 mM phenylmethylsulfonyl fluoride) or sodium dodecyl sulfate gel load-
ing buffer 48 h after DNA transfection or 3 days after siRNA transfection. Equal
amounts of total proteins were separated by gel electrophoresis and then trans-
ferred to Immobilon P membranes (Millipore, Billerica). Membranes were in-
cubated with anti-c-Jun (sc-45; Santa Cruz Biotechnology Inc., Santa Cruz,
California), anti-phospho-c-Jun (sc-822; Santa Cruz Biotechnology Inc.), anti-
JNK, anti-phospho-JNK (Cell Signaling Technology, Inc.), anti-SF-1 (32), anti-
hemagglutinin (anti-HA), anti-CYP11A1 (22), anti-HIPK3 (Abgent Co., San
Diego, California), anti-Flag, or anti-Hsp70 antibodies overnight at 4°C and then
with horseradish peroxidase-conjugated secondary antibody for 45 min. Signals
were detected by chemiluminescence assays. SF-1 antibody (32) was used for
coimmunoprecipitation in Y1 cells and then with light-chain-specific secondary
antibody.

Protein binding assay. In glutathione S-transferase (GST) pull-down assays,
c-Jun was in vitro transcribed and translated using the TNT reticulocyte lysate
system (Promega, Madison, Wisconsin) and simultaneously labeled with
[>°S]Met. These proteins were incubated with recombinant GST-SF-1-FP and
glutathione beads in NENT buffer (100 mM NaCl, 20 mM Tris-HCI [pH 8.0], 1
mM EDTA, and 0.5% NP-40) for 2 h at 4°C, precipitated, and analyzed by gel
electrophoresis and autoradiography. In coimmunoprecipitation experiments,
after transfection with SF-1-HA, Flag-sHIPK3 (aa 159 to 1191), or c-Jun-HA,
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H1299 lysate in IPH buffer (150 mM NaCl, 50 mM Tris-HCI [pH 8.0], 5 mM
EDTA, 0.5% NP-40) plus 1X complete protease inhibitor mixture (Roche,
Basel, Switzerland) was incubated with 1 pg of mouse anti-HA antibody or
normal mouse immunoglobulin G and 30 wl of 50% protein A-Sepharose beads
for 2 h. Proteins bound to Sepharose beads were precipitated, eluted with HA or
Flag peptides, and then examined by immunoblotting.

RESULTS

c-Jun and HIPK3 interact with SF-1 physically and func-
tionally. We previously showed that SF-1 interacts with c-Jun
in vitro (25, 32). To further investigate the functional signifi-
cance of this interaction, we confirmed this interaction in cells
by carrying out a coimmunoprecipitation experiment. SF-1-HA
and c-Jun were cotransfected into H1299 cells, which were
chosen because of their high transfection efficiency. The SF-
1-HA complex was immunoprecipitated with anti-HA antibod-
ies, and c-Jun was found to be present in this complex by
immunoblotting (Fig. 1A, upper panel). This indicates that
SF-1 and c-Jun interact with each other in vivo. We also de-
tected the interaction of SF-1 and c-Jun by a GST pull-down
experiment. Full-length c-Jun was synthesized in vitro using
reticulocyte lysate. Both phosphorylated (p-c-Jun) and un-
phosphorylated forms of c-Jun, with sizes of 45 kDa and 40
kDa, respectively, were obtained (Fig. 1A, lower panel) (38).
33S-labeled c-Jun was directly associated with SF-1-FP (Ftz-F1
box and Pro-rich region of SF-1, aa 78 to 172) linked to GST.
These results prove that c-Jun interacts with SF-1 in vivo and
in vitro.

In a search for SF-1-interacting proteins by yeast two-hybrid
analysis, we identified HIPK3 as one of the proteins that in-
teract with SF-1-FP (data not shown). To confirm this inter-
action, we performed mammalian two-hybrid analysis in
H1299 cells. The Gal4 DBD was fused with SF-1 fragments of
various lengths, which were then coexpressed with a reporter
gene and HIPK3 (aa 159 to 1191) fused with the transactiva-
tion domain VP16. The amount of SF-1/HIPK3 interaction was
reflected by the level of reporter activity. When VP16-HIPK3
was cotransfected with the Gal4 DBD fused with aa 80 to 461
of SF-1 (A80), but not Gal4-DBD fused to a shorter (A120, aa
120 to 461) or a control vector, the reporter activity was in-
creased (Fig. 1B). This result indicates that the region in aa 80
to 120 of SF-1 is required for interaction with HIPK3. More-
over, the coimmunoprecipitation experiment also detected in-
teraction between Flag-sHIPK3 (aa 159 to 1191) and SF-1-HA
that were overexpressed in H1299 cells (Fig. 1C). Further-
more, endogenous SF-1-associated proteins were coimmuno-
precipitated with anti-SF-1 antibody, and HIPK3 was detected
in the precipitated pellet (Fig. 1D). These data indicate that
HIPK3 and SF-1 form a complex in Y1 cells.

Having established physical interactions of SF-1 with HIPK3
as well as with c-Jun, we examined the function of these
interactions by testing their effects on the promoter activity
of CYP11A1, a well-known SF-1 target gene. We confirmed
our previous data that c-Jun potentiates SF-1 activity by
using a B-galactosidase reporter gene in JEG-3 cells (Fig.
1E) (32). The ability of HIPK3 to synergize with SF-1 func-
tion was also tested in a reporter assay. CYPI1AI-Luc re-
porters were used to monitor the transcriptional activity of
cotransfected SF-1 and HIPK3 in H1299 cells. The results
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FIG. 1. HIPK3 and c-Jun interact with SF-1 and enhance its transcriptional activity. A. Detection of c-Jun and SF-1 interaction by coimmu-
noprecipitation (upper panel) and GST pull-down assay (lower panel). After expression of SF-1-HA and c-Jun in H1299 cells, the SF-1-HA
complex was immunoprecipitated (IP) by anti-HA antibody, and SF-1 and c-Jun were detected by Western blotting (upper panel). Ten percent
of input proteins were also directly immunoblotted. Full-length **S-labeled c-Jun was in vitro translated, pulled down with beads containing GST
or GST fused with the FP domain of SF-1 (GST-SF1-FP), and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (lower
panel). B. Interaction of SF-1 and HIPK3 by mammalian two-hybrid analysis. The top diagram shows the structure of SF-1 and its deletion mutants.
The Gal4 DBD fused with SF-1 aa 80 to 461 (A80) or aa 120 to 461 (A120) was coexpressed with the activation domain of VP16 fused with HIPK3
(aa 159 to 1191) (VP16-HIPK3) into H1299 cells. The level of B-galactosidase activity was detected and normalized with control luciferase activity
of pGL2. Control experiments included lysates from transfections with vectors only (—). C. Detection of interaction between HIPK3 and SF-1 by
coimmunoprecipitation. After expression of SF-1-HA and Flag-sHIPK3 (aa 159 to 1191) in H1299 cells, the HIPK3 protein complex was
immunoprecipitated with anti-Flag antibody or by direct loading to the gel (input). Western blotting was then performed to detect SF-1-HA and
Flag-sHIPK3. D. Endogenous HIPK3 and SF-1 form a complex in Y1 cells. Total Y1 cell lysate was immunoprecipitated with anti-SF-1 antibody
or an immunoglobulin G (IgG) control. The proteins in the immunoprecipitate were then detected with antibodies against HIPK3 or SF-1 by
Western blotting. Input represents 1/40 of the lysate before immunoprecipitation. E. c-Jun promotes the transcriptional activity of SF-1. The
expression vectors of SF-1-HA, c-Jun, or both were transfected with CYP11A41-B-gal reporter into JEG3 cells. Relative B-galactosidase activities
are shown. F. HIPK3 facilitates the transcriptional ability of SF-1. HIPK3 expression plasmids were transfected into H1299 cells with CYP11A41-
B-gal reporter in the presence or absence of SF-1-HA. Relative 3-galactosidase activities are shown. The results were obtained from at least three
independent experiments. Error bars indicate standard deviations.

showed that HIPK3 and SF-1 synergistically up-regulated SF-1 to activate CYPI1AI-Luc in H1299 cells, but a kinase-
reporter activity (Fig. 1F). deficient HIPK3 mutant (K226R) and a mutant HIPK3 with a

The domain of HIPK3 that is required for SF-1 coactivation C-terminal truncation (N-HIPK3) had no effect (Fig. 2A).
was tested. S-HIPK3 (aa 159 to 1191) enhanced the activity of Full-length HIPK3 (aa 2 to 1191) appeared to have activity
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FIG. 2. HIPK3 is essential for basal and cAMP-stimulated CYP11A1 expression, and its kinase activity is important. A. Kinase activity and the
C-terminal interaction domain are essential for HIPK3 coactivation function. The top diagram shows full-length (FL) HIPK3 (aa 2 to 1191) and
its derivatives S-HIPK3 (aa 159 to 1191), K226R (aa 159 to 1191) with a point mutation (depicted by a triangle) and deficient in kinase activity,
and the N-terminal part of HIPK3 (aa 159 to 789) lacking the nuclear receptor (NR) interaction domain. The relative activities of the
CYPI11A1-Luc reporter in H1299 cells are shown in the lower panel. Error bars indicate standard deviations. B. Reduction of CYP11A1 expression
upon HIPK3 blockage by siRNA. After double-stranded siRNA against mouse HIPK3 (si-HIPK3) was transfected into Y1 cells, HIPK3 and
CYP11A1 were detected by immunoblotting. C. HIPK3 is required for cAMP-stimulated CYP11A1 expression. Different amounts of si-HIPK3 or
negative control si-GAPDH were transfected into Y1 cells, and 1 mM of 8-Br-cAMP was added and left for 24 h. Amounts of HIPK3 and
CYP11A1 were detected by immunoblotting. Hsp70 was used as an internal control.

similar to that of S-HIPK3 (aa 159 to 1191). These results show
that HIPK3 enhanced SF-1 activity and that both the kinase
and the C-terminal nuclear receptor interaction domains of
HIPK3 were required for this interaction.

HIPK3 siRNA reduces the amount of CYP11Al. Besides
reporter gene assays, we also checked the expression of the
SF-1 target CYP11A1 after blocking HIPK3 with a double-
stranded siRNA (si-HIPK3) in Y1 cells. The CYP11A1 level
was decreased in a dose-dependent manner after transfection
of si-HIPK3 (Fig. 2B). Furthermore, si-HIPK3 also reduced
8-Br-cAMP-stimulated CYP11A1 levels (Fig. 2C). The siRNA
against a housekeeping gene, the GAPDH gene, used as a
negative control, did not interfere with CYP11A1 expression.
From these results, we conclude that HIPK3 participates in
basal and cAMP-stimulated CYP11A1 expression.

Phosphorylation of c-Jun is important for CYP11A1 expres-
sion. N-terminal phosphorylation of c-Jun is known to activate
c-Jun (10). Whether this phosphorylation is involved in cAMP
stimulation and CYPIIAI transcription was further investi-
gated in this study. The effect of cAMP on c-Jun phosphory-
lation was first examined. 8-Br-cAMP treatment dramatically
enhanced the level of phosphorylated c-Jun in a delayed fash-
ion, with an initial observation of phosphorylation at 3 h, and
later peaked at 12 h, while the amount of total c-Jun was
unaffected (Fig. 3A). This pattern of delayed c-Jun phosphor-
ylation parallels the previously published time course of
cAMP-stimulated CYP11A1 expression (22), indicating a pos-
sible role of c-Jun phosphorylation in cAMP-stimulated
CYP11A1 expression.

N-terminal phosphorylation is important for the transacti-

vation function of c-Jun. To test whether this N-terminal phos-
phorylation is also involved in CYPI1AI activation, mutant
plasmids of c-Jun encoding unphosphorylatable Ala-c-Jun or
constitutively active Asp-c-Jun were transfected into Y1 cells
(Fig. 3B). Ala-c-Jun repressed both basal and cAMP-stimu-
lated CYP11A1-Luc activities. In contrast, Asp-c-Jun resulted
in a higher level of CYPI1A4I-Luc expression, which was fur-
ther enhanced by 8-Br-cAMP (Fig. 3B, lower panel).

In addition to checking promoter activity, we also examined
the effect of c-Jun on cAMP-stimulated CYP11A1 protein
expression in Y1 cells by immunoblotting followed by quanti-
tation of the results after densitometric scanning. Ala-c-Jun
decreased the amount of cAMP-stimulated CYP11Al in a
dose-dependent manner, while the amounts of internal con-
trols (SF-1 and Hsp70) were not affected (Fig. 3C).

To further test the effects of c-Jun modifications on
CYP11A1 expression, we transfected different c-Jun deriva-
tives into Y1 cells (Fig. 3D). Ala-c-Jun transfection resulted in
a 50% reduction of CYP11A1 levels compared to WT c-Jun
transfection (compare lane 1 with lane 3). Asp-c-Jun-trans-
fected cells exhibited higher basal CYP11A1 levels, which were
further increased after cAMP stimulation (Fig. 3D). A similar
pattern of CYPI11A1 mRNA levels induced by c-Jun derivatives
was also detected using quantitative PCR (data not shown).
This indicates the participation of c-Jun N-terminal phosphor-
ylation in the stimulation of CYP11A1 expression, resulting in
increased promoter activity and accumulation of its RNA and
protein in Y1 cells.

HIPK3 and cAMP influence c-Jun phosphorylation. Since
HIPK3 kinase activity and c-Jun phosphorylation are both im-
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FIG. 3. CYP11A1 expression is regulated by c-Jun through its N-terminal phosphorylation. A. The c-Jun phosphorylation level was increased
after cCAMP treatment. The amounts of phospho-c-Jun (p-c-Jun), c-Jun, and Hsp70 were detected by immunoblotting and are shown after
treatment with 1 mM 8-Br-cAMP in Y1 cells for the time indicated above each lane. The numbers below the top gel represent the quantitative
amounts of p-c-Jun after densitometric scanning. B. Effect of c-Jun phosphorylation on SF-1 mediated transcription. The diagram at the top shows
the modification of c-Jun. The transactivation domain of c-Jun is located at the N terminus, which contains Ser/Thr residues at amino acids 58,
63, 73, 89, 91, and 93 that were mutated to Ala or Asp to form dominant negative Ala-c-Jun and constitutively active Asp-c-Jun, respectively. An
HA epitope tag was also included. The effects of WT c-Jun-HA, Ala-c-Jun-HA, and Asp-c-Jun-HA on CYP11A1-Luc expression in Y1 cells in the
presence ([J) or absence (m) of 8-Br-cAMP are shown. Error bars indicate standard deviations. C. Ala-c-Jun reduces the expression of c-AMP
stimulated CYP11A1. Increasing doses (0.5, 1, 3, 5 and pg) of expression plasmids for Ala-c-Jun-HA were transfected into Y1 cells, followed by
incubation with 8-Br-cAMP for 24 h. The levels of endogenous CYP11A1, SF-1, Hsp70, and exogenous Ala-c-Jun-HA as detected by immuno-
blotting are shown. The quantitation of the amounts of CYP11A1 versus Hsp70 is shown in the lower panel. D. Effects of c-Jun phosphorylation
mutants on CYP11A1 expression. Plasmids (2 pg) encoding c-Jun derivatives were transfected into Y1 cells, and treated with or without
8-Br-cAMP. The expression levels of CYP11A1, Hsp70, and HA-c-Jun are shown. The numbers below the top gel represent amounts of CYP11A1

quantitated from three independent immunoblotting experiments.

portant for CYP11A1 expression, the relationship and signal
transduction of c-Jun and HIPK3 was further investigated. The
physical interaction between Flag-sHIPK3 and c-Jun-HA was
detected using coimmunoprecipitation after transfection into
H1299 cells (Fig. 4A). The HIPK3 protein complex was pre-
cipitated by anti-Flag antibody, and the c-Jun-HA protein was
also detected by immunoblotting only after cotransfection with
Flag-sHIPK3 (Fig. 4A, lane 3). This indicates that HIPK3 and
c-Jun could form a complex.

Since HIPK3 physically interacted with c-Jun, its ability to
activate c-Jun was measured by supplying exogenous HIPK3
(Fig. 4B). Overexpression of Flag-sHIPK3 increased the level
of p-c-Jun in H1299 cells, while the kinase-deficient K226R
mutant failed to enhance c-Jun phosphorylation (Fig. 4B, lane
5). Our quantification revealed more than fivefold induction of
phosphorylated c-Jun by HIPK3 transfection, but K226R had

no effect (Fig. 4B). This indicates that the kinase activity of
HIPK3 is important for c-Jun phosphorylation.

We further examined the role of HIPK3 in c-Jun phosphor-
ylation in the cAMP stimulation pathway by blocking HIPK3
activity in Y1 cells with si-HIPK3. Phosphorylation of c-Jun
was decreased upon increasing the concentration of si-HIPK3
(Fig. 4C). CYP11A1 expression was also decreased. This loss-
of-function result demonstrates that HIPK3 participates in
cAMP-stimulated c-Jun phosphorylation and CYP11Al ex-
pression.

c-Jun mediates HIPK3 function to activate CYP11A1 ex-
pression. Since c-Jun and HIPK3 both interact with SF-1,
functional correlation of HIPK3 and c-Jun in CYP11Al ex-
pression was examined using a reporter assay with H1299 cells.
Flag-sHIPK3 potentiated SF-1 transcriptional activity, indicat-
ing synergistic effects. While this activity was not affected by
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FIG. 4. HIPKS3 interacts with c-Jun and contributes to its N-terminal
phosphorylation. A. Detection of interaction between c-Jun and HIPK3
by coimmunoprecipitation. After expression of Flag-sHIPK3 and/or c-
Jun-HA in H1299 cells, the HIPK3 complex was immunoprecipitated (IP)
with anti-Flag antibody. Western blotting was then performed using anti-
Flag and anti-HA antibodies to detect HIPK3 and c-Jun. B. HIPK3 results
in increased c-Jun phosphorylation. Expression vectors of c-Jun and Flag-
sHIPK3 (aa 159 to 1191) or its kinase-deficient mutant K226R (aa 159 to
1191) were transfected into H1299 cells at the dosage shown above each
lane. Proteins were detected with specific antibodies. The numbers below
the top gel are the quantities of intensity of p-c-Jun after densitometric
scanning. C. HIPK3 siRNA causes reduction of cAMP-stimulated c-Jun
phosphorylation. si-HIPK3 or negative control si-GAPDH at the concen-
trations (nM) shown above each lane was transfected into Y1 cells, fol-
lowed by incubation with 1 mM 8-Br-cAMP for 24 h. Levels of p-c-Jun
and CYP11A1 were detected by immunoblotting. Hsp70 was the internal
control. All the data were confirmed in at lease three independent exper-
iments.

WT c-Jun, it was repressed by increasing amounts of dominant
negative Ala-c-Jun (Fig. 5A). This indicates that c-Jun partic-
ipates in the synergistic effects of HIPK3 and SF-1. Moreover,
the K226R mutant HIPK3 and Ala c-Jun failed to activate the
CYP11AI reporter gene, indicating that the kinase activity of
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HIPK3 and the N-terminal phosphorylation of c-Jun were both
required (Fig. 5B).

Not only promoter activity but also CYP11A1 protein levels
in Y1 cells were reduced after blocking HIPK3 with si-HIPK3
(Fig. 5C, lane 2). Cotransfection of Asp-c-Jun reversed this
inhibitory effect (Fig. 5C, lane 4). These results indicate that
c-Jun mediates HIPK3 activity to activate CYP11A1 expres-
sion.

The requirement of HIPK3 to influence c-Jun function in
CYPI11A1 expression was also investigated by use of a reporter
assay with Y1 cells (Fig. 5D). In the absence of HIPK3 siRNA,
Asp-c-Jun and WT c-Jun enhanced reporter activity three- and
twofold, respectively. The luciferase activity of the CYPI1A1
reporter was reduced by si-HIPK3 transfection to less than half
compared to that with control siRNA transfection. Overex-
pression of Asp-c-Jun in the presence of siRNA against HIPK3
could rescue reporter activity to the control level without gene
knockdown. This rescue effect of Asp-c-Jun was exactly like the
previous immunoblotting result (Fig. 5C). In contrast, WT
c-Jun failed to rescue the reporter activity when HIPK3 activity
was silenced by siRNA. This showed that only Asp-c-Jun, which
mimics the phosphorylated c-Jun, could overcome the HIPK3
deficiency for CYP11Al1 regulation. Thus, both Western blot
and reporter activity results indicate that HIPK3 function is
important for CYP11A1 expression and that the c-Jun effect is
downstream from HIPK3 for SF-1-dependent CYPIIAI ex-
pression.

HIPK3 regulates JNK and c-Jun phosphorylation for CYP11A1
expression. We detected increased N-terminal phosphorylation
of c-Jun after HIPK3 transfection (Fig. 4B), and these phos-
phorylated residues are well-known targets of JNK (10).
Therefore, the role of JNK in HIPK3-dependent CYPI11A1
regulation was investigated. We detected decreased phospho-
JNK (p-JNK) and p-c-Jun upon increasing the concentration
of si-HIPK3 in Y1 cells, although the total amounts of JNK,
c-Jun, and Hsp70 were not affected (Fig. 6A). This indicates
the participation of HIPK3 in JNK phosphorylation. To fur-
ther investigate the role of HIPK3 in JNK phosphorylation, we
transfected increasing amounts of Flag-sHIPK3 into H1299
cells and found that ectopic expression of HIPK3 enhanced the
level of p-JNK by twofold and that K226R mutant transfection
could not increase JNK phosphorylation (Fig. 6B).

We further studied the requirement of JNK for CYP11A1
expression by using a dominant negative mutant of JNKI,
called Flag-APF, in which the phosphorylation motif Thr-Pro-
Tyr was replaced by Ala-Pro-Phe (48). After transfection of
increasing amounts of Flag-APF in Y1 cells, the level of p-c-
Jun was repressed in a dose-dependent manner (Fig. 6C, third
panel). In addition, CYP11A1l expression was also decreased
(Fig. 6B, top panel). These results further confirm that the
JNK signaling pathway including JNK and c-Jun is required for
cAMP-dependent CYP11A1 expression.

DISCUSSION

In this study, we examined the mechanism underlying SF-1-
regulated CYP11A1 expression. Increased cAMP levels in ste-
roidogenic cells trigger a series of signaling events, resulting in
increased phosphorylation of JNK and c-Jun. HIPK3 plays a
key role in JNK and c-Jun phosphorylation. Phosphorylated
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FIG. 5. c-Jun is involved in the action of HIPK3 to enhance SF-1 activity. A. Ala-c-Jun impairs the ability of HIPK3 to activate SF-1. Shown
are luciferase (Luc) reporter activities after cotransfection of H1299 cells with phSCC-Luc, CYP11AI-Luc, and expression vectors for SF-1,
Flag-sHIPK3 (aa 159 to 1191), and/or Ala-c-Jun or WT c-Jun. Error bars indicate standard deviations. B. Kinase activity of HIPK3 and N-terminal
phosphorylation of c-Jun are fundamental for CYP11A1 activation. Shown are Luciferase (Luc) reporter activities after cotransfection into H1299
cells on 24-well plates with CYP1141-Luc and different combinations of expression vectors for SF-1, Flag-sHIPK3 (aal59 to 1191) or K226R, and
WT c-Jun or Ala-c-Jun. At least three independent experiments were performed. C. Asp-c-Jun rescues CYP11A1 expression that is impaired by
HIPK3 siRNA. The amounts of CYP11Al, c-Jun-HA, and Hsp70 after Y1 cells were transfected with double-stranded siRNA against mouse
HIPK3 (si-HIPK3) or GAPDH (si-GAPDH) in the presence (+) or absence (—) of Asp-c-Jun expression vector are shown. D. Functional
requirement of HIPK3 in c-Jun action to regulate the CYP11A1 promoter. The CYPI1A41-Luc reporter was transfected with vectors encoding WT
c-Jun or Asp-c-Jun in the presence of 70 uM of HIPK3 siRNA into Y1 cells, and the luciferase (Luc) reporter activities are shown. The transfection
of scrambled RNA oligonucleotides (si-control) was used as a negative control to reveal basal reporter activity. All the data were confirmed in at

lease three independent experiments. nd, no significant difference; *, P < 0.001.

c-Jun can enhance SF-1 activity for CYP11AI transcription.
Thus, we show that HIPK3, JNK, and c-Jun participate in a
cAMP-dependent pathway to enhance SF-1 activity.

We showed that N-terminal phosphorylation of c-Jun was
important for enhancing SF-1 activity and CYPI1A1I expres-
sion. The evidence comes from parallel patterns of induction
by cAMP, as well as the decreased expression of CYP11Al
when c-Jun function was blocked by a dominant negative mu-
tant. In addition, constitutively active Asp-c-Jun can increase
CYP11Al1 expression. Thus, N-terminal phosphorylation of c-
Jun is an important step in cAMP-stimulated CYP11A1 ex-
pression. Yet c-Jun is probably not the only downstream ef-
fector that regulates CYP1141 under cAMP control. Our data
show that although Asp-c-Jun has higher basal activity to ac-
tivate CYP11A1, its activity can be further stimulated by cAMP
(Fig. 3). Other partner molecules probably also participate in
gene activation by cAMP. Proteins such as CREB/ATF that
bind to the cAMP-responsive sequence can be likely candi-
dates (55).

CREB and ATF-1 can bind to similar cAMP-responsive

sequences (6, 54). Thus, CREB and ATF-1 may also be able to
potentiate SF-1 function like c-Jun, although this possibility
has not been tested. Whether c-Jun, ATF, CREB, and the like
play redundant or distinct roles in steroidogenic gene regula-
tion is not clear. One possibility is that they contribute to the
regulation of all steroidogenic genes; the other possibility is
that they select different steroidogenic promoters for function.
In brief, cAMP stimulation and HIPK3 activity can cause mul-
tiple effects to regulate CYP11A1 expression, and the identi-
ties of other effector molecules should be further studied.

The involvement of HIPK3 and c-Jun in the cAMP signaling
pathway has not been carefully investigated before, since our
knowledge of c-Jun and HIPK3 is mostly about their partici-
pation in the regulation of cell proliferation and apoptosis (2,
42). However, the cAMP-PKA pathway does cross talk to the
growth factor signaling pathway (3). PKA is known to activate
MAPK signaling and c-Jun in the regulation of cell prolifera-
tion (8, 47). Here we provide evidence showing that HIPK3 is
involved in the cAMP signaling pathway for c-Jun phosphory-
lation and activation.
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FIG. 6. HIPK3 regulates JNK activity which participates in
CYP11A1 expression. A. HIPK3 siRNA causes reduction of cAMP-
stimulated JNK phosphorylation. si-HIPK3 or negative control si-
GAPDH at the concentrations (nM) shown above each lane was trans-
fected into Y1 cells, followed by incubation with 1 mM 8-Br-cAMP for
24 h. Levels of p-JNK and p-c-Jun were detected by immunoblotting.
The numbers below the top gel represent the quantitative amounts of
p-JNK after densitometric scanning. The amounts of total c-Jun and
JNK were controls. B. HIPK3 causes increased JNK1 phosphorylation.
Expression vectors of JNK1-HA and Flag-sHIPK3 (aa 159 to 1191) or
its kinase deficient mutant K226R (aa 159 to 1191) were transfected
into H1299 cells at the dosage shown above each lane. Proteins were
detected with specific antibodies. The numbers below the top gel are
the intensities of p-JNK after densitometric scanning. C. Overexpres-
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JNK and c-Jun phosphorylation can be regulated by HIPKs,
but they are probably not the direct substrates of HIPKs. The
direct targets of HIPKs include FADD (42), p53 (12), Daxx
(14, 20), Groucho (4), AML-1 (1), and Pax6 (27). HIPK1 and
HIPK2 activate the JNK pathway through ASK1 (33) and Daxx
(20), respectively. Likewise HIPK3 can probably also activate
the JNK pathway through proteins like ASK1 and Daxx.

Increased cAMP and PKA activity is the first step in the
stimulation of steroidogenic gene expression (46). Two kinase
proteins to date have been shown to mediate a cAMP effect on
the regulation of steroidogenic gene transcription. One is mi-
togen-activated protein kinase phophatase 1, which mediates
PKA activity to enhance CYPI7 transcription (45). The other is
salt-inducible kinase, which regulates CYP1141, CYP11B, and
StAR expression in response to cAMP (40). We have now
shown HIPK3 as another kinase which functions in cAMP-
induced CYPI11A1 expression. The mechanism of the action of
all these kinases in steroidogenic gene expression is unclear.
However, both mitogen-activated protein kinase phophatase-1
and salt-inducible kinase are induced within 1 h after cAMP
stimulation, while HIPK3 activity as assessed by c-Jun phos-
phorylation was enhanced only many hours after cAMP treat-
ment. Therefore, these proteins appear to play different roles
in early and late phases of gene activation, respectively.

HIPK proteins were originally identified for their roles in
apoptosis (19, 30, 42). Previous data and our current data show
that all three HIPKs participate in JNK and c-Jun phosphory-
lation (20, 33). The pathways that control the activities of
HIPKSs, however, are not completely understood. HIPK1 and
HIPK2 activities can be induced by tumor necrosis factor alpha
and transforming growth factor B, respectively (20, 33). Here
we show that HIPK3 activity is under the control of cAMP
signaling in adrenal Y1 cells. Thus, HIPK3 can function in JNK
and c-Jun phosphorylation not only for the control of apoptosis
but also for steroidogenesis. Since HIPK1 and -2 are very
similar in structure and functions to HIPK3, it will be interest-
ing to test whether HIPK1 and -2 also play a role in steroido-
genesis. Although HIPK1 and HIPK?2 are generally considered
to be present in every cell type, their existence in steroidogenic
cells has not been examined.

HIPK3 interacts with another nuclear receptor, androgen
receptor (AR), in addition to SF-1 (36). Similar to the case for
SF-1, the kinase activity of HIPK3 is important for AR func-
tion. It will be interesting to find out whether HIPK3 enhances
AR function through c-Jun phosphorylation just like SF-1 and
whether this HIPK3-enhanced activity can be generalized to
other nuclear receptors.

sion of dominant negative JNK reduces the expression of cAMP-
stimulated CYP11A1. Increasing doses (0.5, 1, 2 ug) of expression
plasmids for dominant negative JNK (Flag-APF) were transfected into
Y1 cells on six-well plates, followed by incubation with 8-Br-cAMP for
24 h. The levels of endogenous CYP11Al, p-c-Jun, total c-Jun, and
exogenous Flag-APF as detected by immunoblotting are shown. Hsp70
was the internal control. The amounts of CYP11A1 and p-c-Jun versus
Hsp70 after quantitation are shown below the panel. At least three
independent experiments were performed.
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