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StAR (steroidogenic acute regulatory protein) mediates the
transport of cholesterol from the outer to the inner mitochondrial
membrane, the process of which is the rate-limiting step for steroi-
dogenesis. Transcriptional regulation of the proximal promoter of
the human StAR gene has been well characterized, whereas analysis
of its distal control region has not. Recently, we found that SF-1
(steroidogenic factor 1) induced the differentiation of mesenchy-
mal stem cells (MSCs) into steroidogenic cells with the concomi-
tant strong induction of StAR expression. Here, we show, using
differentiated MSCs, that StAR expression is regulated by a novel
distal control region. Using electrophoretic mobility shift (EMSA)
and chromatin immunoprecipitation (ChIP) assays, we identified
novel SF-1 binding sites between 3,000 and 3,400 bp upstream of
StAR. A luciferase reporter assay revealed that the region worked as
a strong regulator to exert maximal transcription of SZAR. ChIP
analysis of histone H3 revealed that upon SF-1 expression, nucleo-
some eviction took place at the SF-1 binding sites, not only in the
promoter but also in the distal SF-1 binding sites. Chromosome
conformation capture analysis revealed that the region upstream of
StAR formed a chromatin loop both in the differentiated MSCs and
in KGN cells, a human granulosa cell tumor cell line, where SF-1 is
endogenously expressed. Finally, SF-1 knockdown resulted in dis-
rupted formation of this chromatin loop in KGN cells. These
results indicate that the novel distal control region participate in
StAR activation through SF-1 dependent alterations of chromatin
structure, including histone eviction and chromatin loop
formation.

StAR (steroidogenic acute regulatory protein) mediates the
transport of cholesterol from the outer to the inner mitochon-
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drial membrane, the process of which is the rate-limiting step
for steroidogenesis. In humans, mutations in StAR are associ-
ated with lipoid congenital adrenal hyperplasia, which is char-
acterized by impaired adrenal and gonadal steroid synthesis (1).
Targeted disruption of Star in the mouse results in a phenocopy
of human lipoid congenital adrenal hyperplasia (2, 3).
Transcriptional regulation of StAR expression is controlled
by many transcription factors, including steroidogenic factor 1
(SF-1, NR5A1 also known as Ad4BP), C/EBPB, GATA-4, and
cAMP response element modulator (4). SF-1 plays a pivotal role
in the regulation of reproductive endocrine functions at multi-
ple levels during adrenal and gonadal development and differ-
entiation, including regulating the expression of steroidogenic
genes (5-7). SE-1-null mice show a complete loss of adrenal
glands and gonads, emphasizing the critical role of SF-1 as a key
regulator for adrenal and gonadal development (8). SE-1 plays a
crucial role in regulating StAR expression (9 —14). Several SF-1
binding motifs have been shown to be present in the StAR pro-
moters of various species, and SF-1 can efficiently activate StAR
transcription, as demonstrated in transfection assays (10-18).
The —1.3 kb human StAR promoter has at least three SF-1
binding sites that are functionally important for basal as well as
for cAMP-stimulated transcription (13). However, it has been
unclear whether regions further upstream and downstream of
the gene participate in its transcriptional regulation.
Chromatin structure plays a critical role in eukaryotic gene
transcriptional regulation. Transcription factors bind to their
target DNA elements and recruit chromatin remodeling or
modifying proteins to alter chromatin structure. The dynamics
of chromatin structure are tightly regulated through multi-
ple mechanisms, including histone modification, chromatin
remodeling, histone variant incorporation, and histone evic-
tion (19). Several studies have shown a relationship between
chromatin structure and StAR expression. In the Leydig tumor
cell line, MA-10, histone modifications (i.e. H3 acetylation and
H3K9 methylation) occurred at the proximal StAR promoter
and in the coding region, but not distal to the StAR promoter
(20). StAR mRNA accumulation induced by cyclic AMP (or
tropic hormone) stimulation was associated with increased
acetylation of histone H3 within the proximal StAR promoter in
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human, monkey, cow, and pig (21-23) However, there is no
report regarding histone eviction or changes of chromatin
architecture upon induction of StAR expression.

Adult stem cells from bone marrow, referred to as mesenchy-
mal stem cells or marrow stromal cells (MSCs),? are defined as
multipotent cells that have the ability to differentiate into mul-
tiple mesodermal cell types (24). Recently, we found that intro-
duction of SF-1 into MSCs resulted in the differentiation of the
cells into a steroidogenic cell lineage in which StAR was mark-
edly induced.

In this study, in the differentiated MSCs, as well as in KGN
cells, a human granulosa cell tumor cell line, we used EMSA and
ChIP assays to identify novel SF-1 binding sites between 3,000
and 3,400 bp upstream from the transcription start site (TSS) of
human StAR. We characterized the novel distal SF-1 binding
sites and analyzed changes of chromatin structure, including
histone eviction and chromatin loop formation within the
region upstream of StAR that is associated with the activation of
transcription.

EXPERIMENTAL PROCEDURES

Reagents—8-Br-cAMP was purchased from Sigma. TNT-cou-
pled reticulocyte lysate systems, Dual-Luciferase reporter assay
system, the pGL4.11-basic, pGL4.24 containing minimal pro-
moter, pRL-TK and pGL4.74 (hRluc/TK) vectors were purchased
from Promega. [y->*P]ATP (111 TBq/mmol) was purchased from
PerkinElmer Life Science. TRIzol reagent, SuperScript III reverse
transcriptase, Lipofectamine RNAiMAX, Lipofectamine and
Lipofectamine Plus regents were purchased from Invitrogen.
The Adeno-X expression system 1, Adeno-X rapid titer kits, Ex
Taq Hot start version, and Advantage2 polymerase mix were
purchased from Takara Bio (Otsu, Japan). Power SYBR Green
PCR master mix was purchased from Applied Biosystems (Fos-
ter City, CA). Control siRNA-A (catalog no. sc-37007) and SE-1
siRNA (catalog no. sc-37901) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). pCMV-Tag-2 and -3 vectors
and the QuikChange site-directed mutagenesis kit were pur-
chased from Agilent Technologies (Santa Clara, CA). KOD-
Plus, KOD-Fx, and pTA2 vectors were purchased from Toyobo
(Osaka, Japan). A bacterial artificial chromosome clone con-
taining the human StAR gene in vector RP11-90P-5 was pur-
chased from Advanced GenoTechs (Tsukuba, Japan). All other
reagents were obtained from commonly used suppliers.

Antibodies—Dynabeads protein G and M-280 sheep anti-
mouse IgG were purchased from Invitrogen. Anti-FLAG M2
(F1804) antibody was purchased from Sigma. Anti-Myc tag
(antibody 9132), anti-RNA polymerase II carboxy-terminal
domain repeat YSPTSPS (8W@G16; antibody 817), and anti-histone
H3 (antibody 1791) antibodies were purchased from Abcam (Cam-
bridge, MA).

Cell Culture, Transient Transfection, and Luciferase Assay—
human MSC (hMSC) lines, hAMSC-hTERT-E6/E7 cells (kindly
provided by Dr. Junya Toguchida, Kyoto University, Kyoto,
Japan (25)), UE7T-13 cells (26), HEK293, and Phoenix cells

2 The abbreviations used are: MSC, mesenchymal stem cell; hMSC, human
MSGC; 3C, chromosome conformation capture; RNAPII, RNA polymerase II;
TSS, transcription start site; BAC, bacterial artificial chromosome.
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were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS) and gentamycin. KGN cells (kindly pro-
vided by Dr. Toshihiko Yanase, Fukuoka University, Fukuoka,
Japan (27)) were maintained in DMEM/F-12 supplemented
with 10% FBS and gentamycin. HEK293 and KGN cells were
transfected using Lipofectamine and Lipofectamine Plus re-
agents according to the manufacturer’s instructions (Invitro-
gen). Luciferase assays were performed as described previously
(28). Each data point represents the mean of at least four inde-
pendent experiments.

For siRNA experiments, an SF-1-targeting siRNA or a con-
trol scrambled siRNA was transfected into KGN cells that
had been preseeded in a 60-mm dish with Lipofectamine
RNAIMAX according to the manufacturer’s instructions. The
final siRNA concentration in the medium was 20 nm. Four days
after transfection, RT-PCR or chromosome conformation cap-
ture (3C) assays were performed. For the combined luciferase
assay, the reporter vectors and the siRNA were co-transfected
using Lipofectamine Plus reagent, and luciferase assays were
performed 48 h after transfection.

Plasmids—The pCMV/FLAG- or pCMV/Myc-tagged SF-1
expression vectors (pCMV/FLAGSE-1 or pCMV/MycSF-1)
and the retroviral plasmid for expressing FLAG-tagged SF-1
(pQCXIP/FLAGSF-1) vector have been described previously
(29).

Human StAR upstream regions consisting of various 5’ ends
cloned into the pGL4.11 luciferase basic vector were generated
as follows. The 5'-flanking regions (—5,979/—95 and —2,459/
+45) were amplified by PCR using KOD-Fx and genomic
DNA from KGN cells as a template, and PCR products were
ligated into pTA2 and pBlueScript. Kpnl/HindIII (—2,292/
—1,278) and HindIIl (—1283/+33) fragments from pBS/
hStAR(—2,459/+45) were ligated into pGL4.11, which was des-
ignated as pGL4/hStAR(—2292/+33). Subsequently a Kpnl
fragment (—5,979/—2287) from pTA2/hStAR(—5,979/—90)
was ligated into KpnlI-digested pGL4/hStAR(—2,292/+33),
which was designated as pGL4/hStAR(—5,979/+33). HindIII
(—1,283/+33) and BamH I (—4,925/+33) fragments from
pGL4/hStAR(—5979/+33) were ligated into pGL4.11, which
were designated as pGL4/hStAR(—1,283/+33) and pGL4/
hStAR(—4,925/+33), respectively. Other deletion constructs
were generated by PCR with KOD-Plus using pGL4/
hStAR(—5,979/+33) as a template. Transcriptional activities
were measured using constructs in which each SF-1 binding
region, i.e. —15kb, —5.5 ~ —5.9 kb, and —3.0 ~ —3.5 kb frag-
ments upstream of StAR, was inserted into pGL4.24, a reporter
vector with minimal promoter activity.

The —15 kb region was amplified by PCR with KOD-Fx using
genomic DNA from KGN cells as a template. The other regions
(—5,966/—5,521 and —3,494/—3,009) were amplified by PCR
with KOD-Plus using pGL4/hStAR(—5,979/+33) as a tem-
plate. Nucleotide numbering is relative to the TSS of human
StAR. Each PCR product was ligated into pTA2 and then
digested with Spel and HindIIl. Each Spel/HindIII fragment
was inserted into Nhel/HindIII digested pGL4.24, Mutations of
SE-1 binding sites in the StAR promoter (—3,402/+33) were
created by PCR using either primers with nucleotide substitu-
tions or by using the QuikChange site-directed mutagenesis
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kit. Primers used for PCR are shown in supplemental Table 1.
The nucleotide sequences of all PCR products were confirmed
by DNA sequencing.

Preparation and Infection of Adenovirus and Retrovirus—
For adenovirus preparation, the pCMV/MycSF-1 vector and
pCMV/MycLRH-1 vector (29) were subcloned into the
pShuttle vector to generate pShuttle/MycSF-1 and pShuttle/
MycLRH-1, respectively. These shuttle plasmids were used to
generate a recombinant adenoviral vector.

The production of adenovirus expressing MycSF-1 (Adx-
MycSF-1) and MycLRH-1 (Adx-MycLRH-1) were performed
according to the manufacturer’s recommended protocol
(Takara Bio). The titration of the adenovirus was carried out
using Adeno-X rapid titer kits.

One day after plating, cells were infected with adenovirus
expressing LacZ (Adx-LacZ), MycSF-1 (Adx-MycSF-1) or
MycLRH-1 (Adx-MycLRH-1) at a multiplicity of infection of 40
and incubated for 1 to 4 days. Retrovirus preparation and infec-
tion was performed as described previously (29).

In Vitro Translation and EMSAs—EMSAs using in vitro-syn-
thesized proteins were performed as described previously (30).
Briefly, 1 ug of the pCMV-FLAGSEF-1 plasmid was incubated at
30 °C for 60 min with the TNT-coupled reticulocyte lysate sys-
tem using T3 RNA polymerase. Oligonucleotides used for
EMSA studies are listed in supplemental Table 2. One micro-
liter of in vitro-translated product was added to the binding mix-
ture with a y->’P-labeled probe (10 fmol). For competition
analysis, a 200-fold molar excess of competitor DNA was added
to the binding mixture. After completion of binding, the mix-
ture was subjected to 6% PAGE, and the gel was then dried and
autoradiographed.

RT-PCR and Real-time RT-PCR—Total RNA from cultured
cells was extracted using TRIzol reagent. RT-PCR (31) and
real-time RT-PCR (24) was performed as described previously.
The primers used for PCR have been described previously
(24). Primers used for real-time PCR are shown in
supplemental Table 3.

ChIP Assay—For ChIP assays, cells (1-2 X 10°) were cross-
linked with 1% formaldehyde in PBS for 10 min at room tem-
perature, and then glycine was added to a final concentration of
0.125 M to quench reactive aldehydes. After washing cells with
cold PBS, cells were harvested in nuclear extract buffer (50 mm
Tris-HCI (pH 8.0), 2 mm EDTA, 0.1% Nonidet P-40, 10 mm
NacCl, 1.5 mm MgCl,, 10% glycerol, and 1 mm PMSF). Nuclear
pellets were collected by centrifugation (1,500 X g for 5 min)
and resuspended in SDS lysis buffer (50 mm Tris-HCI (pH 8.0),
10 mm EDTA, and 1% SDS). Samples were sonicated using a
Biorupter (Cosmo Bio Co., Tokyo, Japan). After centrifugation
(20,000 X g for 5 min) to remove debris, the supernatants were
diluted 10-fold in dilution buffer (16.7 mm Tris (pH 8.0), 1.2 mm
EDTA, 167 mm NaCl, 1.1% Triton X-100, 0.01% SDS, and pro-
tease inhibitor mixture). An aliquot of the diluted supernatants
was used as input, and the remaining supernatants were sub-
jected to ChIP.

Protein G or M-280 sheep anti-mouse IgG-coated paramag-
netic beads were incubated with antibodies of interest in 0.1%
BSA-PBS for 6 h at 4 °C with rotation and washed with low salt
washing buffer (20 mm Tris (pH 8.0), 2 mm EDTA, 150 mm
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NaCl, 1% Triton X-100, 0.1% SDS, and 1 mmM PMSF). The ChIP
samples (1-2 mg protein) were incubated with the antibody-
bound Dynabeads overnight at 4 °C with rotation. Beads were
washed sequentially with low salt washing buffer, high salt
washing buffer (20 mm Tris (pH 8.0), 2 mm EDTA, 500 mm
NaCl, 1% Triton X-100, 0.1% SDS, and 1 mm PMSEF), three
times with LiCl wash buffer (10 mm Tris (pH 8.0), 1 mm EDTA,
250 mM LiCl, 1% Nonidet P-40, 1% deoxycholate, and 1 mm
PMSF) and with TE buffer (10 mm Tris (pH 8.0) and 1 mMm
EDTA). After removing TE, beads were mixed with elution
buffer (1% SDS, 100 mm NaHCO,, 200 mm NaCl, and RNase A)
and incubated overnight at 60 °C to reverse cross-linking. Sam-
ples were then treated with proteinase K. DNA was recovered
after phenol/chloroform treatment and precipitated with etha-
nol, using glycogen as a carrier.

Each sample was analyzed by real-time PCR (Power SYBR
Green PCR master mix) using an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems). Results are presented
as percentages of input DNA. Each data point represents the
mean of at least three independent experiments. Primer
sequences are shown in supplemental Table 3.

3C Assays—Cells were treated as described for ChIP assays,
up to the precipitation of nuclei. The nuclei were harvested and
suspended in the restriction enzyme buffer (33 mm Tris acetate
(pH 7.9), 10 mM magnesium acetate, 0.5 mm DTT, and 66 mm
potassium acetate) containing 0.1% SDS and incubated at 37 °C
for 1 h with shaking. Triton X-100 was added to 2% to sequester
SDS, and samples were incubated at 37 °C for another 1 h with
shaking. Samples were then digested with Mspl overnight at
37 °C with shaking. SDS was added to 1.6%, and the samples
were heated at 65 °C for 20 min to inactivate the restriction
enzyme. Samples were then diluted with T4 DNA ligase buffer
to ~2.5 ug of DNA/ml. Triton X-100 was added to 1%, and
samples were incubated at 37 °C for 1 h with shaking. T4 DNA
ligase was added, and samples were incubated at 16 °C for 2 h.
Thereafter, reverse cross-linking, protein digestion, and DNA
purification were performed as described for ChIP assays. A
portion (one-thirtieth) of each DNA sample was used in the
PCR reaction. Primer sequences are shown in supplemental
Table 4. For amplification from the ligation product, the reac-
tion conditions were 38 cycles (94 °C for 20 s and 68 °C for 1
min) with Advantage 2. For amplification from genomic DNA,
the reaction conditions were 27 cycles (94 °C for 20 s, 58 °C for
30 s, and 72 °C for 30 s) with Advantage 2. The products were
subjected to electrophoresis in a 1.5% agarose gel, and the
resulting bands were visualized by staining with ethidium bro-
mide. At least three independent experiments were performed.
As a template for the positive control, a bacterial artificial chro-
mosome (BAC) clone (RP11-90P-5) was used. The Mspl-di-
gested DNA fragments of the bacterial artificial chromosome
clone were ligated with T4 DNA ligase at a DNA concentration
of 300 ng/ul. After purification of DNA, the samples were sub-
jected to the PCR reaction.

Statistical Analysis—Values are given as means *= S.E. Data
were analyzed by Student’s ¢ test. Statistical significance was
accepted as p < 0.05.
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L sequences, we examined whether
SF-1 binds to each putative binding
site by EMSA using in vitro-trans-
T lated SF-1 (Fig. 2B). The translated

SF-1 bound to radiolabeled probes
that contained sequences of the

three novel SF-1 binding sites
(—3,383/—3,375, —3,200/—3,193
and —3,046/—3,039). Probes con-

taining —113/—86 (SF-1 site in the
promoter) and the —924/—896 SF-1

®LacZ

% Input

sites were used as positive controls.
SF-1 binding was prevented by the
addition of an excess of the unla-
beled probe but not by the addition
of mutated probes. Consistent with
previous reports, the band intensity

Flag SF-1
® Flag SF-1(8Br-cAMP)

i 2 3 4 5 € 1 8§ 9 1 1 12 of the —924/—896 site was much
Primer S5k -5,966/ -3,673/ -3,495/ -3,237/ -3,099/ -2,459/ -1987/ 902/ -118/ 263/ 6,691/ stronger than that of the —113/—86
Position 5904 3,619 -3437 -3,186 -3,032 2411 -1,929 -851  -68 313 6,751

FIGURE 1. ChIP analysis of the upstream region of the human StAR gene. The upper panel depicts the StAR
gene locus. (Arrows indicate positions where quantitative PCR was performed.) The numbers correspond to the
amplification products in the lower panel. DNA preparations from MSCs expressing LacZ (control), or FLAG-
tagged SF-1 under unstimulated (FLAG SF-1) and stimulated (FLAG SF-1(8-Br-cAMP)) conditions were used as
template. SF-1 strongly bound to the proximal promoter (bar 10) as well as to the —3.0 kb (bar 6), —3.5 kb (bar
5), and —15 kb (bar 1) regions under both stimulated and unstimulated conditions. Primer positions using
real-time PCR were indicated at the bottom. The numbers refer to the transcription start site (+1).

RESULTS

We reported previously that MSCs could be differentiated
into steroidogenic cell-lineages, such as Leydig cells and adre-
nocortical cells, by the expression of SF-1 and treatment with
8-Br-cAMP (24). Such treatments induced expression of ste-
roidogenesis-related genes, including StAR. In this study, we
examined the recruitment of SF-1 over a wide region surround-
ing the human StAR gene. ChIP-on-Chip analysis revealed
three SF-1 binding sites near the StAR locus (Chr 8pll) in
human MSCs (hMSC-hTERT-E6/E7) stably transfected with
FLAG-tagged SF-1 (SF-1-hMSC) (supplemental Fig. 1). The
three SF-1 binding sites detected by ChIP-on-Chip along with
an additional nine possible sites (Fig. 1) were further analyzed
by the conventional ChIP assay using real-time PCR (ChIP-
qPCR). Among the 12 sites examined, the sites, 1 (—15 kb), 5
(—3.5kb), 6 (—3 kb), and 10 (TSS) were positive for SF-1 bind-
ing. Treatment of 8-Br-cAMP increased the binding of SF-1 to
each of these binding sites. These results suggest that novel
distal control regions may exist within the 15 kb region
upstream of the TSS.

To determine whether these SF-1 binding sites function as
transcriptional activator, we examined luciferase reporter
activities using various constructs of the StAR upstream region.
HEK293 cells were transiently co-transfected with luciferase
reporter plasmids and an SF-1 expression vector, and the
reporter activities were determined. As shown in Fig. 24 and
supplemental Fig. 2, co-transfection of SF-1 strongly enhanced
the luciferase activity of a reporter construct containing the
fragment —3,494 to —3,009 bp, but not that of reporters con-
taining the fragments —5,966 to —5,521 bp or —15 kb, either
with or without 8-Br-cAMP treatment. Because the —3,494 to
—3,009 bp region contains several consensus SF-1 binding
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site as well as those of other sites.
The band intensity of each novel
SE-1 site was similar to that of the
—113/—286 site. These results sug-
gest that each novel SF-1 site binds
SF-1 with a similar affinity to the
promoter SF-1 binding site (—113/
—86). The complex was not detected when each probe was
incubated with reticulocyte lysate without SF-1. There are
seven more sites with possible SF-1 binding sequences (i.e.
AGGCCA, AGGGCA, and AGGTCT) within the —3,494/
—3,009 bp region. However, no SF-1 binding was detected
when using radiolabeled probes for each of these sequences
(data not shown). These results indicate that SF-1 binds to three
sites within the —3,494/—3,009 bp region, at —3,383/—3,375,
—3,200/—3,193 and —3,046/—3,039.

To examine transcriptional activity of the distal SF-1 binding
sites, sequential 5’-deletion constructs (—5,979 to —235 bp)
from the SZAR upstream region were prepared. As shown in Fig.
2C, co-transfection of SF-1 increased the luciferase activities of
all reporters. The —3,402/+33 construct showed the highest
luciferase activity in HEK293 cells co-transfected with SF-1.
Fig. 2C also shows that luciferase activity was dramatically
reduced by deletion of the —3,402/—2,958 bp region. Treat-
ment with 8-Br-cAMP augmented luciferase activities of all
reporters (supplemental Fig. 3). The 8-Br-cAMP-induced
activities also were dramatically reduced by deletion to —2,958
bp. These results strongly suggest that the region from —3,402
to —2,958 bp, which includes the three novel SF-1 binding sites,
is essential for maximal transcriptional activity in both basal
and cAMP-stimulated cells.

To assess which SF-1 binding sites are important for the
reporter activity, constructs harboring mutations in each or in
combinations of SF-1 binding sites were prepared. As shown in
Fig. 2D and supplemental Fig. 4, a mutant construct designated
Mut2, which has mutations in the —3,200/—3,193 site, showed
marked reduction of luciferase activity in both basal and 8-Br-
cAMP-stimulated cells. Mutations in other sites and in combi-
nations of sites also showed reductions of reporter activities.
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These results suggest that the SF-1 binding site at —3,200/
—3,193 bp may be the most important site for the transcrip-
tional activation of StAR and that the other two sites also may
involved in the activation of the gene.

As shown in Fig. 34, infection of UE7T-13 cells (a human
MSC cell line) with adenovirus containing Myc-tagged SF-1
(Adx-MycSF-1) caused induction of StAR expression. The
induction of StAR expression was apparent from 1 day after
infection and continued to increase for up to 4 days. At the same
time, other genes related to steroidogenesis also were induced
in the MSCs by the infection of Adx-MycSF-1 (supple-
mental Fig. 5).

Next, various ChIP-qPCRs were performed using UE7T-13
cells, 2 days after Adx-SF-1 infection, to examine changes in
chromatin structure during the initial induction of StAR
expression by SF-1. One of the important mechanisms for alter-
ing chromatin structure involves covalent modifications of the
histone tails. The “histone code” hypothesis (32) predicts that
different modifications at specific amino acid residues in his-
tones or combinations of these modifications are translated
into functionally distinct nuclear processes. For example, his-
tone acetylation, which is a positive mark of transcription, neu-
tralizes the charge on the basic histone proteins leading to
relaxation of the protein/DNA interactions. H3K9 and H3K27
methylations have been linked to transcriptional repression
because of their recognition by heterochromatin protein 1 and
polycomb proteins, respectively. In contrast, H3K4 methyla-
tion recruits chromatin-remodeling enzymes that lead to a
relaxed chromatin structure permissive for transcription (33).
Therefore, analysis of these modifications is quite important for
the understanding of mechanisms of StAR gene transcription.
Recruitment of RNA polymerase II (RNAPII), SF-1, and un-
modified histone H3 (Fig. 3B), along with acetylated histone
H3 (H3Ac) and methylated H3K4, H3K27, and H3K9 (sup-
plemental Fig. 6), were surveyed within the region from —5
kb to the TSS of StAR by ChIP-qPCR. As shown in Fig. 3B,
RNAPII and SF-1 were recruited to the proximal StAR pro-
moter site near the TSS, as expected. It is interesting that
marked reduction of histone H3 binding to the promoter region
was observed after the introduction of SF-1. Similar results
were obtained when using anti-histone H2B antibody (data not
shown). In agreement with this, reduction of binding was
observed for most of the modified histones in SF-1 expressing
cells (supplemental Fig. 6). These observations suggest that

nucleosome eviction might occur at the S.AR proximal pro-
moter site in association with SF-1 binding to the site.

With respect to the distal control region between —3,500 and
3,000 bp from the TSS, nucleosome eviction (reduction of H3
binding) also was observed in association with SF-1 binding to
this region (Fig. 3B). Similar results were obtained using anti-
histone H2B antibody (data not shown). These results suggest
that histone eviction occurred at both the —3 kb and the prox-
imal promoter regions in the presence of SF-1.

In the case of LRH-1 (liver receptor homologue-1), which
belong to same NR5A family as SF-1, infection of UE7T-13 cells
with adenovirus containing Myc-tagged LRH-1 (Adx-MycLRH-
1) also caused induction of StAR expression (Fig. 3C). At the
same time, LRH-1 bound to the same distal control region and
promoter of SZAR and induced recruitment of RNAP II to the
promoter site and histone eviction at these sites (Fig. 3D). These
results suggest that LRH-1 and SF-1 have similar functions in
the induction of StAR transcription. Therefore, we hypothesize
that both regions might be occupied by the same SF-1 mole-
cules to form a DNA loop with a protein-DNA complex, which
may promote histone eviction at both sites.

To demonstrate close proximity of the two sites on the chro-
mosomal architecture, 3C assays were performed. As shown in
Fig. 3E, a ligation product was detected in the SF-1 expressing
cells (Adx-MycSF-1) only when the cells were cross-linked and
ligated, whereas no ligation product was detected in control
cells (Adx-LacZ). No PCR product was observed between the
proximal promoter site and the —10 to —8 kb site or the —16 to
—12 kb site. Taken together, we propose that SF-1 simulta-
neously binds to the proximal promoter site and the —3 kb
distal control region to form a DNA loop and a protein-DNA
complex, which then promotes histone eviction from these
sites as well as transcription of StAR.

To confirm the importance of the —3 kb distal control region
in cells expressing endogenous StAR and SF-1, we examined
KGN cells, a human cell line derived from a granulosa cell
tumor. Fig. 44 and supplemental Fig. 7 show that the —3,494/
—3,009 bp region, but not the —5,966/—5,521 bp and —15 kb
regions, showed a strong transcriptional activity in KGN cells
with or without 8-Br-cAMP treatment. Consistent with these
results, reporter activities of various deletion constructs
showed the importance of the distal control region (—3,402/
—2,958 bp) for StAR expression in KGN cells (Fig. 4B). The
8-Br-cAMP treatment also augmented the reporter activities of

FIGURE 2. Transcriptional activity of the novel SF-1 binding sites. A, transcriptional activities of DNA fragments from the region upstream of the StAR gene.
Each DNA fragment was cloned into a luciferase vector, and the reporter constructs, along with an empty vector pGL4.24, were co-transfected with control
vector (pCMV) or an SF-1 expression vector (pCMV/MycSF-1) into 293 cells. Luciferase activities were measured 48 h after transfection. Only the —3,494/—3,009
DNA fragment showed strong transcriptional activity after expression of SF-1. Note that the —15 kb fragment showed no transcriptional activity, despite its
ability to bind SF-1. *, significantly different from pGL4.24 at p < 0.05. B, EMSA analysis of SF-1 binding to the StAR upstream region. The upper panel shows
probe sequences and the sites where mutations were introduced. The lower panel shows the results of EMSA. Probes for the proximal promoter (—113/—85),
distal SF-1 binding site (—924/—896) and SF-1 sites (—3,397/3,363, —3,204/—3,187, and —3,056/—3,031) in the novel distal control region were used.
FLAG-tagged SF-1 was prepared by in vitro translation. Unlabeled wild-type probes (W) and mutated probes (M1, M2, M3, M13, and M; see upper panel) were
used as competitors. SF-1 bound strongly to the distal SF-1 binding site (—924/—896), whereas it bound weakly to the proximal promoter (—113/—85) and
weakly to the three SF-1 sites in the distal control region. L, reticulocyte lysate. C, luciferase (luc) activities of StAR upstream region deletion constructs. Reporter
constructs containing DNA fragments of different length from the region upstream of StAR were prepared and then co-transfected with control vector (pCMV)
or a Myc-tagged SF-1 expression vector (pbCMV/MycSF-1) into HEK293 cells. Luciferase activities were measured 48 h after transfection. A marked decrease of
reporter activity was observed when the three SF-1 sites within the distal control region were deleted. *, significantly different from —2,958/+33 at p < 0.05.
D, effects of mutations in the SF-1 sites within the distal control region on luciferase activity. Single, double, or triple mutations were introduced in the SF-1 sites
present in the distal control region, and reporter activities were measured by a luciferase assay. Among the three SF-1 sites, mutation in the second SF-1 site
(Mut2) was the most effective in reducing luciferase activity. Introduction of triple mutations caused a complete loss of the transcriptional activity. *, signifi-
cantly different from —3,402/+33 at p < 0.05.
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FIGURE 3—continued

all constructs from 10- to 20-fold compared with basal activities
(supplemental Fig. 8). The —3,402/—2,958 bp region also was
required for maximal activity in cAMP-stimulated KGN cells.
Luciferase activity of the Mut2 construct was reduced markedly
in KGN cells under both stimulated and unstimulated condi-
tions, suggesting the importance of the SE-1 site at —3,200/
—3,193 bp (supplemental Fig. 9).

To determine whether the loop formation is dependent on
SE-1, we used siRNA to knockdown endogenous SF-1 expres-
sion in KGN cells. This resulted in a significant decrease of StAR
expression under both cAMP-stimulated and unstimulated
conditions (Fig. 4C). This also was confirmed by the reporter
assay where co-transfection of siRNA with luciferase reporter
constructs (—244/+33 and —3,402/+33) resulted in a dramatic
decrease of reporter activities compared with the control (Fig.
4D). As shown in Fig. 4E, depletion of SF-1 resulted in the abol-
ishment of the 3C assay PCR product, indicating that SF-1 is
essential for the loop formation between the proximal pro-
moter and the —3,400/—3,000 bp distal control region. These
results strongly suggest that endogenously expressed SF-1 plays
a critical role in the transcriptional activation of StAR through
the formation of a DNA loop between its distal control region
(—3,494/—3,009 bp) and the proximal promoter by altering
chromatin structure.

SF-II binding sites ({-3,43(])/-3].000 bp) SIAR
1 1 1 h

Common Primer

1kb To examine whether the SF-1
N I binding sites in the region up-
stream of StAR are conserved
evolutionarily, we examined and
compared the sequences of the
distal control region to different
species whose genomes have been
sequenced. As shown in Fig. 54,
there are many putative SF-1 bind-
ing sites in the region upstream of
StAR in human, rat, and mouse,
except cow. Surprisingly, the entire
distal control regions among
human, rat, and mouse were
highly conserved (Fig. 5B), sug-
gesting that the region also may be
important for achieving maximum
transcription of SAR in other mammals.

Msp I recognition site

DISCUSSION

Accumulating evidence indicates that chromatin remodeling
is linked tightly to differentiation, and it is difficult to under-
stand such chromatin remodeling during differentiation by
analyzing only the proximal promoter regions of genes. We
performed genome-wide analysis of SF-1 binding sites in
human mesenchymal stem cells during SF-1-induced differen-
tiation by a ChIP-on-Chip analysis and then focused to the
region around the StAR gene, which functions as a rate-limiting
protein for steroidogenesis. We identified novel SF-1 binding
sites in the region upstream of the human SzAR gene. However,
it was not evident whether these binding sites are simply plat-
forms or docking stations for SF-1 binding or functional sites
that have a role in SF-1 mediated transcription. We demon-
strated that the —3 kb upstream SF-1 binding sites are bona fide
transcriptional activators that are critical for achieving maxi-
mum transcriptional activation of S,EAR. On StAR activation, we
found that nucleosomes were evicted from the SF-1 binding
sites in both the proximal promoter and the —3 kb region dur-
ing SF-1-induced differentiation of hMSCs. Previous reports
describe that many promoters of actively transcribed genes are
depleted of nucleosomes (34, 35) or are associated with nucleo-

FIGURE 3.SF-1-dependent histone eviction and chromatin loop formation at the StAR locus in differentiated MSCs expressing SF-1. A, induction of StAR
mRNA in MSCs by adenovirus-mediated expression of SF-1. Human MSCs were infected with adenoviruses expressing LacZ or SF-1. StAR expression was
examined by RT-PCR and real-time RT-PCR at the indicated time points after infection. Results of real-time RT-PCR (mean = S.E.) were shown as a StAR/GAPDH
ratio. StAR mRNA levels were normalized against GAPDH. A ratio at day 1 after SF-1 transfection was arbitrarily defined as 1. Pol, polymerase. B, ChIP analysis of
the region upstream of StAR. Human MSCs were infected with adenoviruses expressing LacZ (Adx-LacZ) or Myc-tagged SF-1 (Adx-MycSF-1). DNA templates for
ChlIP were extracted from cells 48 h after infection. Antibodies for RNA polymerase Il (¢RNAPII), Myc (aMyc(SF-1)) and histone H3 («H3) were used for the ChIP
assay. Histone eviction was observed both at the promoter and at the distal control regions. C, induction of StAR mRNA in MSCs by adenovirus-mediated
expression of SF-1 or LRH-1. Human MSCs were infected with adenoviruses expressing LacZ, SF-1, or LRH-1. StAR expression was examined by RT-PCR and
real-time RT-PCR at 2 days after infection. The numbers at the bottom show the results of real-time RT-PCR (mean = S.E.). StAR mRNA levels were normalized
against GAPDH. A ratio at day 1 after SF-1 transfection was arbitrarily defined as 1. D, ChIP analysis of the region upstream of StAR. Human MSCs (UE7T-13 cells)
were infected with adenoviruses expressing LacZ (Adx-LacZ) or Myc-tagged LRH-1 (Adx-MycLRH-1). DNA templates for ChIP were extracted from cells 48 h
after infection. Antibodies for RNA polymerase Il, Myc (aMyc(SF-1/LRH-1)) and histone H3 (aH3) were used for the ChIP assay. Histone eviction was observed
both at the promoter and distal control regions by the expression of LRH-1, as in the case for SF-1 expression. E, 3C analysis of the StAR promoter and distal
control region. The upper panel shows a schematic of StAR with the position and orientation of the 3C primer pairs indicated. The common primer at the TSS and
the —3 k primer were designed to amplify a novel ligation product formed between the restriction fragments from the promoter and the distal control
(—3,000/—3,400) regions. The —8 k primer and the —12 k primer were designed to detect loop formation between the promoter and the regions 8 kb and 12
kb upstream of StAR, respectively. The lower panel shows the results of 3C analysis and the presence of a specific (common primer/-3 k primer) 3C product, only
under conditions in which formaldehyde cross-linking and ligation of the samples was performed. No product was observed with the primer pairs: common
primer/—8 k primer, common primer/—12 k primer. No 3C product was observed from SF-1-expressing cells without ligation or cross-linking of DNA samples.
No 3C product was observed in DNA preparations from LacZ-expressing control cells. The loading control showed that all of the samples contained similar
amounts of DNA. Ligation products from a StAR bacterial artificial chromosome were used as positive controls for each amplification.
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FIGURE 4. SF-1 dependent transcriptional activation and chromatin loop formation through the novel distal control region in KGN cells. A, transcrip-
tional activities of DNA fragments from the upstream region of StAR in KGN cells, which express endogenous SF-1. Each DNA fragment was cloned into a
luciferase vector, and the reporter constructs, along with an empty vector pGL4.24, were transfected into KGN cells. Luciferase (luc) activities were measured
48 h after transfection. Only the DNA fragment from —3,494/—3,009 showed strong transcriptional activity in KGN cells. Note that DNA from —15 kb showed
no transcriptional activity despite its ability to bind SF-1. %, significantly different from pGL4.24 at p < 0.05. B, luciferase activities of deletion constructs of the
StAR upstream region in KGN cells. Reporter constructs containing DNA fragments of different length from the StAR upstream region were prepared and then
transfected into KGN cells. Luciferase activities were measured 48 h after transfection. A marked decrease of reporter activity was observed when the three SF-1
sites within the distal control region were deleted. *, significantly different from —2,958/+33 at p < 0.05. C, effects of siRNA on the levels of endogenous SF-1
and StAR mRNA. Synthetic siRNA for SF-1 (siSF-1) or control (siControl) was introduced into 8-Br-cAMP-stimulated or un-stimulated KGN cells. Expression of
SF-1 was almost totally suppressed by siSF-1. StAR expression also was suppressed, even in the presence of 8-Br-cAMP. D, effects of siRNA on the distal control
region and promoter activities of StAR. The reporter constructs StAR(—3,402/+33) (involves both the distal control region and the promoter) and StAR(—244/+33)
(involves only the promoter site) were used to examine effects of siRNA. Introduction of siSF-1 strongly suppressed the luciferase activities of both reporters.
Strong suppression was also observed under 8-Br-cAMP-stimulated conditions. *, significantly different from the negative control at p < 0.05. E, effects of siRNA
on chromatin loop formation. Chromatin loop formation between the distal control region and the promoter of the StAR gene was disrupted by the introduc-
tion of siSF-1 into KGN cells. No product was observed by 3Canalysis when the cells were treated with siSF-1, whereas the amplified product was detected when
cells were treated with control siRNA.
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in nucleosome eviction. Reduced
nucleosome occupancy also has
been observed at distal enhancers
controlled by specific transcription
factors (44, 45). Recently, a genome-
wide native ChIP study revealed that
histone variants H2A.Z and H3.3
are preferentially incorporated into
active promoter, enhancer, and
insulator regions (46). H2A.Z and
H3.3 double variants also have been
shown to form less stable nucleo-
somes. These unstable nucleosomes
may lead to histone eviction,
thereby facilitating the access of
transcription factors to promoters
and other regulatory sites in vivo
(46).

Nucleosome eviction also could
be regulated by histone modifica-
tion or modifier such as histone
acetylation or acetyltransferase,
respectively. Reinke and Horz (47)
showed that induction of PHOS in
the absence of remodeling resulted
in localized increases in acetylation,
demonstrating that histones at the
PHOS promoter are indeed modi-
fied by the HAT activity of SAGA in
a targeted fashion. A lack of hyper-
acetylation in the absence of Gen5
therefore might be the reason for
the observed delay in remodeling
(47). It was not clear whether the
histone at the StAR promoter was
modified or not by introduction
of SF-1 into MSCs, because the
amount of histone was reduced by
nucleosome eviction (supplemen-
tal Fig. 6). However, histone modifi-
cation or histone modifier itself
might be participating in the regula-
tion of nucleosome eviction at SF-1
binding site of the StAR upstream
region.

FIGURE 5. The distal control region is evolutionarily conserved. A, schematic representation of the region
upstream of StAR from human, rat, mouse, and cow. Putative SF-1 binding sites are shown. Asterisks indicate
position of the functional SF-1 binding sites for transcriptional activation. Evolutionarily conserved regions are
boxed. B, comparison of sequences of the distal control region from human, rat, and mouse. The functional SF-1

binding sites for transcriptional activation are boxed.

some eviction (36). In vitro studies suggest that the binding of
transcription factors to a nucleosome-DNA complex can induce
nucleosome eviction (37-39). This model was supported by in
vivo studies demonstrating that the binding of Pho4 to the PHOS
promoter in yeast (40, 41), the binding of progesterone receptor
to the mouse mammary tumor virus promoter (42), as well as
the recruitment of nuclear factor of activated T-cells and c-Rel to
the proximal promoter of the interleukin-2 gene (43), resulted
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Recruitment of SF-1 to StAR was
observed within 24 h after adenovi-
rus-mediated introduction of SF-1
into MSCs (data not shown). At the
same time, levels of nucleosomes
bound to the StAR promoter and distal control region began to
decrease. Therefore, it is likely that recruitment of SF-1 to these
sites may induce recruitment of cofactors as well as histone
chaperones, which in turn may lead to histone replacement
and/or histone eviction. However, it should be noted that his-
tone eviction is not always observed at SF-1 binding sites;
rather, it may occur at SF-1 binding sites of very actively tran-
scribed genes. Indeed, in other SF-1 target genes, histone evic-
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tion was not observed when the introduction of SF-1 resulted in
weak induction of gene transcription (data not shown).

SF-1 transcripts first appear on embryonic day 9 in the
murine urogenital ridge, the probable source of steroidogenic
cells of both adrenals and gonads (48). Consistent with its pro-
posed role in regulating StAR, SF-1 is expressed before StAR,
which its transcripts first appear at embryonic day 10.5 (49).
SF-1 is expressed highly in the adrenal and gonads (50) where
StAR gene is exclusively expressed. These observations also
support the concept that SF-1 is a major transcriptional regu-
lator for StAR expression.

Transcriptional regulation of StAR has been well character-
ized in various species. Mapping of the StAR promoter in vari-
ous species demonstrated the importance of the first 150 nucle-
otides from the transcription start site in the regulation of StAR
(12-15, 51-53). The proximal region of the human StAR pro-
moter also is believed to be sufficient for activation of StAR (12,
13, 18, 54, 55). Herein, we provide the first evidence that the
distal control region participates in the activation of the human
StAR gene by chromatin loop formation. In other species, the
putative SF-1 binding sites also exist in the region upstream of
StAR, and the distal control region is evolutionarily conserved
at least in human, rat, and mouse (Fig. 5). Chromatin loop for-
mation at the StAR locus could, therefore, be necessary for
achieving maximum transcription of StAR in different species.

It is likely that various transcription-regulatory factors that
interact with SF-1 also play important roles in the chromatin
loop formation. However, results of knockdown experiments
indicate that SF-1 plays a central role in the loop formation (Fig.
4, Cand E). As in the case of StAR, SF-1 binding sites are present
in the promoters of most, if not all, steroidogenesis-related
genes. Therefore, it is possible that there are unidentified SF-1
binding sites in the upstream regions of other steroidogenesis
related genes and that SF-1 interacts with these sites and with
promoter SF-1 sites to form chromatin loops that exert maxi-
mal transcription of the genes.

EMSA experiments revealed that SF-1 binding to the sites in
the enhancer region (—3,402 to —2,958 bp) was relatively weak.
Consistent with previous reports, SF-1 binding to the site in the
promoter region (—113/—85) also was weak, whereas SF-1
binding to —924/—896 site was very strong (Fig. 2B). Previous
reports also indicated that the contribution of the —924/—896
site to SF-1-dependent transcription of StAR was small,
whereas the SF-1 site in the promoter was essential for SF-1-
dependent transcriptional activation. Therefore, despite low
binding affinity of the SF-1 sites in the enhancer, as well as in the
promoter region, all of these sites may play critical roles for
StAR transcription.

It is well known that cAMP plays a critical role in steroido-
genesis. This may be partly due to increased SF-1 protein levels
(56, 57) and modification(s) of SF-1 itself (58) or modifications
of co-activators interacting with SF-1 (59, 60). Actually, our
data indicate the importance of cAMP stimulation for the
induction of StAR transcription. On the other hand, knock-
down of endogenous SF-1 resulted in the abolishment of StAR
expression, even under cAMP stimulated conditions, suggest-
ing that cAMP may play a role for steroidogenesis secondary to
SE-1.
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The nuclear receptor family in mammals, NR5A, consists of
two major members, SF-1 and LRH-1. LRH-1 is known as a
transcription factor that mainly participates in the homeostasis
of bile acid production in the liver (61, 62). Recently, LRH-1 was
found to be another regulator of steroidogenesis in the ovary
(63). Conditional knock-out of LRH-1 in the ovary resulted in
infertility due to ovulation failure (64). We also have demon-
strated that introducing LRH-1 into MSCs caused differentia-
tion into a steroidogenic cell lineage (29) (supplemental Fig. 5).
At the same time, LRH-1 bound to the distal control region and
promoter of StAR and induced recruitment of RNAPII to the
promoter site and histone eviction at these sites (Fig. 3D). This
indicates that both members of the NR5A family can similarly
induce changes to chromatin structure at the StAR gene pro-
moter and the distal control region and suggests that SF-1 and
LRH-1 work together in steroidogenic tissues, especially in the
ovary, to regulate steroid hormone production.

In this study, we found novel SF-1 binding sites upstream of
the StAR gene (—3,402 to —2,958 bp) that function as a strong
transcriptional activator. Upon binding of SF-1 to these sites
and to the promoter site, we found, for the first time, that his-
tone eviction and chromatin loop formation took place and that
transcription of StAR was activated in an SF-1-dependent man-
ner. Identification of the novel StAR gene control region might
inform future studies to identify gene mutations in this
enhancer region in lipoid congenital adrenal hyperplasia
patients. Analysis of a mouse with mutations at the upstream
sites of StAR gene would be the ultimate proof in the future.
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