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Table 1 - Results of the first neurological evaluation.

Neurological evaluation Enrich Standard  Control
Neurological Severity Score  85+14  80x11 02£047
Inclined plane test (angle)
Head-up 40.0+4.8 422:3.1 484229
Head-right 36.4+7.0 424£28 49.9:287
(mean +SD)

Enrich indicates enriched environment group; ST, standard group.
* p<0.05 vs. Enrich
" p<0.05vs. ST

have no neurological deficits before transient MCA occlusion
{t-MCAO). Evaluation of NSS was examined 72-96 h after t-
MCAO at the first evaluation. To compare rats of almost equal
neuronal damage, only the rats that scored 7-12 at the first
evaluation were used for the subsequent examinations
(Table 1). After the first evaluation, rats were housed in an
enriched environment (enriched group; n=10) or standard
cages (standard group; n==8). The normal control group
(control group; n=10) was housed in standard cages. The
second evaluation was done at day 14 and the third was done
at day 28 after divided into groups. The enriched group was
housed in larger cages (610 x460x460 mm), and 4-6 rats were
housed together. The enriched cage contained various toys,
for example, a running wheel, tunnel, etc., and the location of
objects in cage including toys, food, and water were rear-
ranged twice a week. The size of the standard cage was
320x210x 130 mm, and the standard and control groups were
separately housed in each cage. All groups were housed under
a 12-h light/dark cycle.

To evaluate the motor deficits, we performed the inclined
plane test at the same time of measuring NSS. All rats were
confirmed not to have any motor deficits before t-MCAO.
Each rat was initially placed on a stainless steel plane
inclined at a 30° angle. The angle of the inclined plane was
thenincreased at arate of 2°/s, and we measured the angle at
which the rat’s limbs slipped. The inclined plane test was
performed with the head in two different orientations: head-
up and head-right. For the presentation of the NSS and
inclined plane test results, we calculated the mean value of
the recovery ratio of the condition at 2 and 4 weeks after
t-MCAO to that of the first evaluation for each group. There
were no significant differences of neurological function
between the enriched environment and standard groups in
the first evaluation (Table 1).

5.3.  Brain preparation and histological examinations

Four weeks after the rats were divided into the three groups,
brain tissues were perfused with cold saline, and the animals
were sacrificed by exsanguination under chloral hydrate
anesthesia. Brains were then cut into 3 coronal sections at
3 mm intervals from the frontal pole. The first blocks (peri-
infarct area) and the third blocks (peri-infarct and infarct core
areas) were frozen in isopentane-dry ice and stored at -80 °C
for gene analysis, and the second blocks (peri-infarct and
infarct core areas) were embedded in paraffin for histological
analysis. We used the first and second blocks in the present
study.

The second blocks were stained by immunohistochemistry
using an anti-microtubule-associated protein 2 (MAP-2), a
neuronal skeletal protein, antibody. Deparaffinized cortical
sections (5 pm) were preincubated with 10% normal pig serum
(Kohjin Bio Co., Ltd.). The sections were incubated with the
monoclonal anti-MAP-2 antibody (1:400; Pharmingen) over-
night at 4 °C. The following day, the sections were rinsed and
incubated with biotin-conjugated pig 1gG (1:500; Dako) and
peroxidase-conjugated streptavidin (1:500; Dako) for 30 min
and visualized with diaminobenzidine (DAB) and counter-
stained with hematoxylin. Immunoreactivities to MAP-2 were
measured using VHX-100 (KEYENCE). The infarct area was
calculated as follows: infarct area (%) =(MAP-2 staining area in
intact side-MAP-2 staining area in ischemic side)/ MAP-2
staining area in the intact side x 100.

5.4.  Gene analysis

cDNA array analysis was conducted using the Rat Genome
230.2.0 Array and GeneChip Instrument System (Affymetrix)
containing approximately 28,000 genes. Poly(A)'-RNA
extracted from the first blocks in the ischemic side from the
enriched group (n=3) were pooled and those from 3 animals in
the standard group were also pooled. The normalized gene
expression signals were compared between the 2 groups. We
performed cDNA array analysis for 2 times in this study. For
cDNA array analysis, we selected those genes with increases
in their normalized gene expression signals above 1.1-fold or
decreases below 0.9-fold both 2 times and whose function was
known.

5.5. Real-time quantitative reverse
transcriptase-polymerase chain reaction (real-time RT-PCR)

Real-time quantitative reverse transcriptase-polymerase
chain reaction (real-time RT-PCR) was used to confirm the
changes in gene expression identified using cDNA array
analysis. Eighteen samples were obtained from the bilateral
cortices of the first blocks in nine animals (enriched group,
n=3; standard group, n=3; and normal group, n=3). Total
RNA from the samples was isolated using the acid guanidi-
nium thiocyanate procedure and analyzed for the expres-
sion of the 4 identified genes (BDNF, nectin-3, Egr-1, and -2)
using real-time RT-PCR (Mx3005; Stratagene). After convert-
ing total RNA (5pg) to cDNA using SuperScript III reverse

Table 2 -Oligonucleotide primers used in real-time

quantitative RT-PCR.

Gene Sequences (forward primer)
(Reverse primer)

Nectin 3 TGGTTTATTGGCGTCAGACA (f958)
GATCCTGGACGTCAGCAGTT (r1119)

BDNF AGGACGCGGACTTGTACACT (f930)
GCTGTGACCCACTCGCTAAT (r1115)

Egr-1 AACAACCCTACGAGCACCTG (f549)
AGGCCACTGACTAGGCTGAA (r750)

Egr-2 AGCTGCCTGACAGCCTCTAGC (f402)

GTTTCTAGGCGCAGAGATGG (r604)
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transcriptase (Invitrogen), quantitative PCR was performed
using SYBR Green Realtime PCR Master Mix Plus (Toyobo,
Japan). The sequence of the primer pairs for each of the
genes and their cycling number (N) are described in Table 2.
The cycling conditions were 3 min at 95 °C, followed by 40
cycles of 95°C for 15s and 67 °C for 30s. The expression
levels of each mRNA were normalized to those of GAPDH
mRNA.

5.6.  Data analysis

A Student’s t test was used to analyze differences in the infarct
areas between the enriched and standard groups and gene
expression between the hemispheres in each group. A Tukey-
Kramer test was used to evaluate the recovery ratio of neurolog-
ical functions. A one-way analysis of variance (ANOVA) followed
by Fisher’s post-hoc test was used to assess the differences in
hemispheric gene expression among the 3 groups. A two-tailed p-
value of <0.05 was considered to be significant. Data are expressed
as the meanzstandard deviation.
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Pregnant women show a low level of protein S (PS) in plasma,
which is known to be a risk for deep venous thrombosis. 17 -
Estradiol (E,), an estrogen that increases in concentration in the
late stages of pregnancy, regulates the expression of various
genes via the estrogen receptor (ER). Here, we investigated the
molecular mechanisms behind the reduction in PS levels caused
by E, in HepG2-ERa cells, which stably express ERa, and also
the genomic ER signaling pathway, which modulates the ligand-
dependent repression of the PSa gene (PROSI). We observed
that E, repressed the production of mRNA and antigen of PS. A
luciferase reporter assay revealed that E, down-regulated
PROSI promoter activity and that this E,-dependent repression
disappeared upon the deletion or mutation of two adjacent GC-
rich motifs in the promoter. An electrophoretic mobility shift
assay and DNA pulldown assay revealed that the GC-rich motifs
were associated with Sp1, Sp3, and ERa. In a chromatin immu-
noprecipitation assay, we found ERa-Sp protein-promoter
interaction involved in the E,-dependent repression of PROSI
transcription. Furthermore, we demonstrated that E, treatment
recruited RIP140 and the NCoR-SMRT-HDAC3 complex to the
PROSI1 promoter, which hypoacetylated chromatin. Taken
together, this suggested that E, might repress PROSI transcrip-
tion depending upon ERa-Spl recruiting transcriptional
repressors in HepG2-ERa cells and, consequently, that high lev-
els of E, leading to reduced levels of plasma PS would be a risk
for deep venous thrombosis in pregnant women.

Protein S (PS)? is a vitamin K-dependent plasma protein that
functions as a nonenzymatic cofactor for activated protein C in
the down-regulation of the blood coagulation cascade via pro-
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teolytic inactivation of coagulant factors Va and VIIIa (1). PS
has been also shown to display activated protein C-indepen-
dent anticoagulant activity in purified systems as well as in
plasma (2, 3).

Over the past 2 decades, low levels of plasma PS have become
a well established risk factor for the development of deep
venous thrombosis (4—6). Hereditary PS deficiency has been
shown to be an autosomal dominant trait, and many causative
genetic mutations have been described in the PSa gene
(PROS1I) (7). However, PS deficiency can also occur throughout
life under acquired conditions such as oral anticoagulant use
and liver disease (8). Furthermore, acquired PS deficiency has
been reported in individuals with high levels of estrogen during
pregnancy and in those taking oral contraception (9—11).

The major source of circulating plasma PS is the hepatocyte
(12), but PS is also produced constitutively at low levels by a
variety of other cell types throughout the body (13—17). PS cir-
culates in human plasma at a concentration of 0.35 M in a free
form (40%) and a C4b-binding protein-bound form (60%) (18,
19). Two copies of the PS gene located on chromosome 3, the
active PSe gene (PROSI) and the inactive PS8 pseudogene
(PROS2), share 96% homology in their coding sequences (20—
22). The promoter and first exon are absent from the PROS2
gene, and the promoter region of PROSI has been poorly inves-
tigated in contrast to the coding regions. It has been reported
that transcription from the PROSI promoter is directed from
multiple start sites and that the PROS1 5'-flanking region lacks
the characteristic “CAAT” and “TATA” boxes (23).

Estrogens are important regulators of mammalian growth
and metabolism, accomplishing these functions by controlling
the expression of specific genes via estrogen receptors (24). The
estrogen receptor (ER) is a member of the steroid/nuclear
receptor superfamily of transcription factors and is required for
the mediation of 17B-estradiol (E,)-induced responses in mul-
tiple tissues and organs (25). The classical ER mechanism of

serum; HDAC, histone deacetylase; LCoR, ligand-dependent corepressor;
NCoR, nuclear receptor corepressor; re-IP, resimmunoprecipitation;
RIP140, receptor-interacting protein 140; RT, reverse transcription; siRNA,
small interfering RNA; iNS, nonspecific siRNA; SMRT, silencing mediator of
retinoid and thyroid hormone receptors; Sp, specificity protein; TSA, tri-
chostatin A; WT, wild type.
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action involves ligand-induced formation of an ER homodimer
that interacts with estrogen-responsive elements (EREs) in tar-
get gene promoters and recruits cofactors necessary for trans-
activation (25). There is increasing evidence that the formation
of a classical genomic ER-ERE complex is only one of several
genomic and non-genomic pathways of estrogen actions (26—
28). Genomic ER associates with other transcription factors
such as the activating protein-1 (AP-1) complex, nuclear factor
kB (NFxB), and specificity proteins (Sp) to modulate ligand-de-
pendent gene expression (26, 27, 29). In this study, we investi-
gated the molecular mechanisms of the reduction in PS produc-
tion caused by E, as well as the genomic ER signaling pathway
that modulates ligand-dependent PROSI gene repression in
HepG2-ERa cells stably expressing human ERe.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Human hepatoma cell line
HepG2 and human breast cancer cell line MCF7 were pur-
chased from American Type Culture Collection (ATCC, Man-
assas, VA). The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Wako, Tokyo) supplemented with 5
or 10% fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS)
and 100 X antibiotic-antimycotic mixed stock solution (Nacalai
Tesque, Kyoto, Japan). Human normal hepatocytes (hNhep®)
were purchased from Lonza (Walkersville, MD) and cultured in
collagen I-coated dishes using the HCM™ BulletKit® accord-
ing to the manufacturer’s protocols. For estrogen assays, cells
were cultured in phenol red-free DMEM (Invitrogen) supple-
mented with 10% charcoal-stripped FBS (CS-FBS) for 3 days.
Next day, the cells were cultured in phenol red-free DMEM
supplemented with 1% CS-FBS and treated with ethanol (vehi-
cle) or 100 nm E, for 48 h. E, and trichostatin A (TSA) were
purchased from Sigma-Aldrich, and ICI 182,780 was from Toc-
ris Bioscience (Ellisville, MO).

Luciferase Constructs of PROSI Promoter—First, we isolated
a 14-kb BamHI fragment containing the PROS1 promoter from
a human genomic library (Clontech, Mountain View, CA). We
used a PCR-amplified DNA probe (—582 to +173 with A of the
ATG translation initiation codon as +1), which is the 5'-flank-
ing region of human PROSI including a part of exon 1, prevent-
ing PROS2 detection. The library was screened with a DIG-
High Prime DNA labeling and detection kit (Roche Applied
Science) according to the manufacturer’s directions. An Xbal/
Sall fragment (—4229 to +117) from the isolated PROSI gene
was subcloned into pBluescript 1T KS+ (Stratagene, La Jolla,
CA) and removed from —3 to +117 by BstBI/Sall digestion and
self-ligation. Subsequently, the PROSI —4229/—4 fragment
was cloned into a pGL3 Basic-derived vector (gift from Dr.
Kokame (30)) (pPROS1/—4229). A series of deletion constructs
(pPROS1/—1826, pPROS1/—1119, pPROS1/—582, pPROS1/
—338, pPROS1/—236, and pPROS1/—175) were obtained by
digestion with the respective restriction enzymes and self-liga-
tion or by PCR amplification. Mutated constructs (pPROS1/
—175Mutl, pPROS1/—175Mut2, and pPROS1/—175Mut3)
were prepared by mismatch PCR as described elsewhere (31)
using the following forward primers (mutated bases are under-
lined): 5'-CCGAGCTCTTACGCGTGGGAGCGAACGGTC-
TCCTC-3' (Mutl), 5'-CCGAGCTCTTACGCGTGGGAGC-
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GGGCGGTCTCCTCCGAACCCGGC-3" (Mut2), and 5'-
CCGAGCTCTTACGCGTGGGAGCGAACGGTCTCCTCC-
GAACCCGGC-3" (Mut3). pPROS1/—4229Mut was constru-
cted from pPROS1/—4229 by the QuikChange Lightning
site-directed mutagenesis kit (Stratagene) according to the
manufacture’s instructions using the following primers: 5'-
GGAGCGAACGGTCTCCTCCGAACCCGGCTG-3" and 5'-
GCCGGGTTCGGAGGAGACCGTTCGCTCCCA-3'.

ERa Expression Plasmid and Stable Transfectants—Human
ERe ¢cDNA was obtained by reverse transcription (RT)-PCR
from MCF7 mRNA. We amplified the ¢cDNA as two frag-
ments using as primers 5'-GGGAATTCTTTCTGAGCCTTC-
TGCCCTG-3'/5"-CATGTCGAAGATCTCCACCATG-3' for
upstream fragments (1347 bp) and 5'-ACCGAAGAGGAGG-
GAGAATGT-3'/5'-GGCTCGAGCTTGGAATCCCTTTGG-
CTGT-3' for downstream fragments (1232 bp). The upstream
and downstream PCR products were digested with EcoRI/
HindIIl and HindIIl/Xhol, respectively, and ligated as a full-
length human ERa ¢cDNA into the pcDNA3.1 vector (Invitro-
gen) (pERa).

pERa was transfected by a calcium precipitation method as
described previously (32), and stable transfectants were estab-
lished from HepG2 cells through selection with G418. All
clones were checked by Western blot analysis as described
below, and the subclone showing the highest level of ERa
(HepG2-ERa) was used for further study.

Enzyme-linked Immunosorbent Assay for Measurement of PS—
HepG2-ERa cells were treated with E, or vehicle (ethanol only)
for 48 h, and the culture medium was harvested. A rabbit IgG
against human PS (Dako, Carpinteria, CA) was biotinylated
with an ECL™ protein biotinylation module (Amersham Bio-
sciences). An unlabeled anti-PS polyclonal antibody (2.4 ng/100
wl) in bicarbonate buffer (15 mm Na,COj, 35 mm NaHCO,, and
3 mm NaNj;) was coated onto each well of a microtiter plate
(Nunc, Roskilde, Denmark). After three washes with 150 ul of
Tris-buffered saline (TBS; 50 mm Tris, pH 7.4, 150 mM NaCl),
the wells were blocked with 1% bovine serum albumin in TBS
and then incubated with the plasma standards or culture
medium samples. After three more washes with TBS, the bio-
tinylated anti-PS antibody (0.1 pug/100 ul) was added followed
by diluted (1:1000) streptavidin-horseradish peroxidase conju-
gate (Amersham Biosciences). After incubation, the substrate
buffer (0.65 mg/ml o-phenylenediamine (Wako) and 0.06%
H,O, in 0.1 M citrate, 0.2 M sodium phosphate buffer, pH 5.0)
was added to each well. After further incubation at room tem-
perature for 20 min, the peroxidase reaction was stopped by the
addition of 50 pl of 2 M H,SO,, and absorbance was measured at
490 nm.

Quantitative RT-PCR for Measurement of PS mRNA—T otal
RNA of the cells was extracted using an RNeasy mini kit (Qia-
gen, GmbH, Germany). The first-strand cDNA was prepared
with 5 ug of total RNA using the SuperScript III first strand
system (Invitrogen). Quantitative RT-PCR was performed with
a Power SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA), and ABI PRISM 7000 sequence detection
systems (Applied Biosystems) were used for measurement.
Relative PS mRNA was calculated as the respective PS
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mRNA/GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
mRNA as described previously (33).

Western Blot Analysis—Proteins were extracted from the
cultured cells by harvesting in SDS sample buffer (50 mum Tris-
HCI, pH 6.8, 2% SDS, 850 mm 2-mercaptoethanol, 5% glycerol,
and 0.001% bromphenol blue). Samples were resolved by 10%
SDS-PAGE and transferred to Immonilon-P membranes (Mil-
lipore, Bedford, MA). Membranes were blocked with excess
protein (2% skim milk) and probed with primary antibody
(1:1000) against ERc, Spl, Sp3 (Santa Cruz Biotechnology,
Santa Cruz, CA), or B-actin (Cytoskeleton Inc., Denver, CO).
After being washed with phosphate-buffered saline containing
0.05% Tween 20, membranes were probed with a horseradish
peroxidase-conjugated secondary antibody (1:1000; Cell Sig-
naling Technology, Danvers, MA) for 1 h. Signals were visual-
ized with a chemiluminescent substrate (ECL Plus Western
blotting detection system, Amersham Biosciences).

Luciferase Reporter Assay—Cells were seeded in 35-mm
dishes at a concentration of 1.0 X 10° cells in phenol red-free
DMEM supplemented with 10% CS-FBS. After 18 h, the appro-
priate PROSI luciferase reporter plasmids (3 pg) and pSV-B-
galactosidase plasmid (0.2 pg; Promega, Madison, WI) were
transiently co-transfected using Lipofectin® reagent (Invitro-
gen) according to the manufacturer’s protocol.

Aftera 6-htransfection, the cells were washed and treated for
48 h with fresh phenol red-free DMEM supplemented with 1%
CS-FBS containing 100 nm E,, 100 nM E, /1. mm ICI 182, 780 1
mu ICI 182,780 only dissolved in ethanol, or “ethanol alone as a
vehicle control. The cells were harvested, and subsequently
luciferase activity was determined with a luciferase assay sys-
tem (Promega) according to the manufacturer’s directions.
Luciferase activity was normalized to the activity of co-trans-
fected B-galactosidase as an internal control for transfection
efficiency.

Transient Transfection of siRNA—HepG2-ERa cells were
cultured in phenol red-free DMEM with 10% CS-FBS and
transfected with siRNA against Spl or Sp3 (Ambion, Austin,
TX) or nonspecific siRNA using Oligofectamine reagent
(Invitrogen) according to the manufacturer’s directions.

Electrophoretic Mobility Shift Assay (EMSA)—Nuclear
extracts were prepared from HepG2-ERa cells using NE-PER®
nuclear and cytoplasmic extraction reagents (Pierce) and
stored in aliquots at —80 °C until further use. The protein con-
centration of the nuclear extracts was measured with the Bio-
Rad protein assay kit (Bio-Rad). DNA probes containing the
PROSI promoter fragment (from —176 to —147) were synthe-
sized, biotinylated, and annealed. EMSA was performed
according to a method described previously (32). Briefly,
nuclear extract (5 pg) and a biotin-labeled double-stranded
DNA probe (600 fmol), with or without an unlabeled competi-
tor, were treated with a LightShift™ chemiluminescent EMSA
kit (Pierce) according to the manufacturer’s instructions. In
supershift experiments, the nuclear extract was incubated on
ice for 10 min with the biotin-labeled double-stranded DNA
probe after which an anti-Sp1, anti-Sp3, or anti-ER« antibody
was added, and the incubation was continued for another 20
min. Samples were loaded on a 6% nondenaturing polyacryl-
amide gel in 0.5X TBE buffer (0.089 m Tris borate, pH 8.0,
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0.089 M boric acid, and 10 mm EDTA) and electrophoresed
for 3.5 h at 100 V. Biotin-labeled DNA probes were trans-
ferred to Hybond™-N+ membranes (Amersham Bio-
sciences) and then integrated with streptoavidin-horserad-
ish peroxidase conjugate.

DNA Pulldown Assay—The DNA pulldown assay (DNA
affinity precipitation; DNAP assay) was carried out with biotin-
labeled DNA probes as described previously (34). The nuclear
extracts (100 ug) were prepared from HepG2-ERa cells and
incubated with biotin-labeled DNA probes (100 pmol) and 15
ug of polydI-dC in DNAP buffer (20 mm HEPES-KOH, pH 7.9,
80 mm KCI, 1 mm MgCl,, 0.2 mm EDTA, 0.5 mum dithiothreitol,
10% glycerol, and 0.1% Triton X-100) on ice for 45 min. Subse-
quently, 500 ug of Dynabeads® M-280 streptavidin (Invitrogen)
was added and incubated further at 4 °C for 1 h. The beads were
washed three times with DNAP buffer, and the bound proteins
were eluted in SDS sample buffer, separated by 10% SDS-PAGE,
and characterized by Western blot analysis with the respective
specific antibodies.

Chromatin Immunoprecipitation (ChIP) and ChIP Reimmu-
noprecipitation (Re-IP) Assays—HepG2-ERa cells were treated
with E, or vehicle and fixed with 2% formaldehyde. The cross-
linking reaction was stopped by the addition of 0.125 m glycine.
After two washes with phosphate-buffered saline, the cells were
resuspended in a swelling buffer (10 mm Tris-HCI, pH 7.6, 3 mum
CaCl,, 0.1% Nonidet P-40, and 1 X protease inhibitor mixture
(Nakalai Tesque)). After incubation on ice for 10 min, the sam-
ples were mixed by vortex, and the nuclei were collected. Iso-
lated nuclei were resuspended in SDS lysis buffer (50 mm Tris-
HCIL, pH 8.0, 1% SDS, 10 mM EDTA, and 1 X protease inhibitor
mixture) and sonicated to the desired chromatin length (0.5
kb). After centrifugation, the supernatant was diluted with dilu-
tion buffer (16.7 mm Tris-HCI, pH 8.0, 167 mm NaCl, and 1.1%
Triton X-100) containing 1X protease inhibitor mixture,
divided into aliquots, and precleared by the addition of protein
A-agarose or protein G PLUS-agarose (Santa Cruz Biotechnol-
ogy). In the ChIP assay, the precleared chromatin supernatants
were immunoprecipitated with the respective antibodies spe-
cific to ERa, Spl, Sp3, nuclear receptor corepressor (NCoR),
silencing mediator of retinoid and thyroid hormone receptors
(SMRT), histone deacetylase 1 (HDAC1), HDAC3, HDACA4,
HDACS, receptor-interacting protein 140 (RIP140), ligand-de-
pendent corepressor (LCoR) (Santa Cruz Biotechnology), and
AcH4 (Millipore) or nonspecific IgG at 4 °C overnight. The pro-
tein-antibody complexes were incubated with protein A-aga-
rose or protein G PLUS-agarose at 4 °C overnight. The beads
were washed extensively in the following buffers: low salt wash
buffer (50 mm Tris-HCl, pH 8.0, 150 mm NaCl, 1 mm EDTA, 1%
Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate, and 1X
protease inhibitor mixture); high salt wash buffer (50 mm Tris-
HCI, pH 8.0, 500 mm NaCl, 1 mm EDTA, 1% Triton X-100,0.1%
SDS, 0.1% sodium deoxycholate, and 1X protease inhibitor);
and TE buffer (10 mm Tris-HCL, pH 8.0, 1 mm EDTA). The
immunocomplexes were extracted from the beads with elution
buffer (0.1 M NaOH; and 1% SDS) and reversed by heating at
65 °C overnight. Bound DNA was purified with a High Pure
PCR cleanup micro kit (Roche Applied Science) and used as a
template for subsequent amplification. The primers were 5'-
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FIGURE 1. Down-regulation of PS mRNA and antigen in HepG2-ER« cells and human normal hepatocytes
by17B-estradiol. A, analysis of whole cell extract from MCF7 cells used as a positive control (lane 1), the
original HepG2 cells (lane 2), mock-transfected HepG2 cells (lane 3), and HepG2-ERa cells (lane 4) by Western
blotting using anti-ERa antibody. Anti-B-actin antibody was used as a loading control. B and , results of
quantitative RT-PCR and an enzyme-linked immunosorbent assay to evaluate the effects of E, on the levels of
PS mRNA in HepG2-ERa cells and its derived cells (B) and on the levels of PS antigen secreted from HepG2-ERa
cells (). After treatment of HepG2-ERa cells with E, for 48 h, total RNA and the culture medium were harvested
and analyzed by quantitative RT-PCRand an enzyme-linked immunosorbent assay, respectively. Values are the
mean + S.D. for at least three independent experiments. *, p < 0.05 versus vehicle control. D, analysis of whole
cell extract from MCF7 cells used as positive control (lane 1), the original HepG2 cells used as negative control
(lane 2), and hNHep cells (lane 3) by Western blotting using anti-ERa antibody.
as a loading control. £, results of quantitative RT-PCR to evaluate the effects of E, in hNHep.

GCTCCGAAAAGCTTCCTGGAA-3' (—236/—217, forward)
and 5-CGCCTCGGTCTGAGCCGT-3' (—88/—105, reverse),
which amplified a 149-bp region of the PROSI promoter con-
taining target GC-rich motifs. The primers amplifying a
159-bp region of the PROSI promoter that contained no GC-
rich motif were 5'-GGAGAATGAGGGGCAAGA-3’ (—4033/
—4016, forward) and 5'-CATTTCATCACCTTAGCAA-
CCT-3" (—3875/—3896, reverse), and those amplifying a
175-bp region of the PROSI promoter containing a non-target
GC-rich motif were 5'-AGGAGAGCAGGGCAGGATAA-3’
(—3748/—3729, forward) and 5'-GGACAGAAGCCCAATCA-
TAGTAAAT-3' (—3574/—3598, reverse). PCR products were
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resolved on a 2% agarose gel in the
presence of 1 pug/ml ethidium

bromide.
In the ChIP re-IP assay, the pre-
cleared chromatin supernatants

were immunoprecipitated with the
first antibody, anti-ERa or anti-
RIP140, at 4°C for overnight. The
protein-antibody complexes were
incubated with protein G PLUS-
agarose at 4 °C for 2—4 h, eluted by
incubation with 10 mM dithiothre-
itol at 37 °C for 30 min, and diluted
1:50 in dilution buffer. After centri-
fugation, the supernatants were
divided in aliquots and reimmuno-
precipitated with their respective
second antibodies individually. The

= Vehicle
o E2 100nM

%*

second immunocomplexes were

HepG2-ERa. extracted from the beads followed

by PCR amplifications of a 149-bp

region of the PROSI promoter con-

X o Vehicle taining target GC-rich motifs from
o B2 TN bound DNA as described above.

Statistical Analysis—Dataarepre-
sented as the mean * S.D. and are
representative of at least three inde-
pendent experiments. Significant
differences between experimental
groups in the quantitative RT-PCR,
enzyme-linked immunosorbent as-
say, and luciferase assay were ana-
lyzed using Student’s ¢ test. Dif-
ferences were considered to be
significant when p was less than 0.05.

hNHeps

RESULTS

Down-regulation of PROSI Ex-
pression by E, in HepG2-ERa Cells
and Human Normal Heptocytes—Be-
cause ERer was undetectable in the
original HepG2 cells by Western
blotting (Fig. 14), we established a
HepG2-derived cell line stably
expressing human ERa (HepG2-
ERa) as described under “Experi-
mental Procedures.” We confirmed that the HepG2-ERe cells
expressed large amounts of ERa protein equivalent to breast
cancer-derived MCF7 cells as determined by Western blot
analysis (Fig. 14). The HepG2-ERa cells treated with E, showed
significantly decreased levels of PS mRNA, but the original
HepG2 cells and HepG2-Mock cells did not (Fig. 1B). Also, E,
treatment down-regulated PS antigen significantly in the
HepG2-ERa cells (Fig. 1C). In addition, we also demonstrated
that E, treatment down-regulated PS mRNA by 60% in hNHep,
which expressed a high level of ER« protein (Fig. 1, D and E).

Luciferase Reporter Assay—We next examined PROSI pro-
moter activity by conducting a luciferase reporter assay and

Anti-B-actin antibody was used
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FIGURE 2. Transient expression of PROS 1 promoter-reporter gene constructs in HepG2-ER« cells with
orwithout E, treatment. Luciferase activity of the HepG2-ERa cells transiently transfected with pPROS 1/
—4229 or its 5'-deleted constructs (A and B) and pPROS1/—175 or its mutant (C), with or without E,
treatment, was measured. WT (pPROS1/—4229) or the full-length promoter construct with mutation
(pPROS1/—4229Mut) was transiently transfected into HepG2-ERa cells or original HepG2 cells treated
with or without E, and luciferase activities were measured (D). The luciferase activity levels of the respec-
tive constructs were expressed as relative values to that of the pGL3 Basic-derived empty vector without
E, treatment. A, results for the constructs pPROS1/—4229 to pPROS1/—236. B, results for the constructs
pPROS1/—236 to pPROS1/—137 with putative transcription factor binding sites. C, analysis of mutations
in the GC-rich motifs in pPROS1/—175. Results for constructs pPROS1/—175 WT, Mut1 (—170A/—169A),
Mut2 (—156A/—155A), and Mut3 (—170A/—169A/—156A/— 155A) are shown. D, analysis of mutations in
the GC-rich motifs in pPROS1/—4229. Results for WT (pPROS1/—4229) and mutated (pPROS1/—4229Mut)
constructs are shown. Values are the mean * S.D. for at least three independent experiments. *, p < 0.05
versus vehicle control.

was gradually reduced (Fig. 24).
Meanwhile, a computer search for
putative nuclear factor binding sites
between —338 and —236 revealed
AP-1 and GC-rich sites at —281 and
—244 that might play a role in the
basal expression of PROSI in
HepG2-ERa cells, respectively.

In a luciferase assay of further
truncated forms, pPROS1/—175
showed E,-dependent repression,
but pPROS1/—137 did not, indicat-
ing that the —175 to —137 region of
the PROSI promoter, containing
two adjacent GC-rich motifs at
—172 to —163 and —162 to —153,
was critical for E,-induced down-
regulation (Fig. 2B). To clarify the
importance of those GC-rich
motifs, we transfected a series of
constructs containing mutations of
a single GC-rich site (pPROS1/
—175Mutl or pPROS1/—175Mut2)
or of both sites (pPROS1/
—175Mut3). We observed that the
luciferase reporter activity of the
HepG2-ERa cells transfected with
pPROS1/—175Mut2 was reduced
by E, treatment, but that of the
cells transfected with pPROS1/
—175Mutl or pPROS1/—175Mut3
was not (Fig. 2C).

To further investigate the impor-
tance of the two GC-rich motifs in
a full-length promoter, we pre-
pared a luciferase reporter vector
with two mutated GC-rich motifs
(pPROS1/—4229Mut) derived from
pPROS1/—4229. In comparison
with  pPROS1/-4229, pPROS1/
—4229Mut  showed a reduced
luciferase activity and loss of its
E,-dependent repression in HepG2-
ERe cells (Fig. 2D). In the original
HepG2 cells, which lack ERa expres-
sion, pPROS1/—4229 also did not
show apparent E,-dependent repres-
sion of the luciferase activity.

Requirement of ER for E ,-depen-
dent Down-regulation of PROSI in
HepG2 Cells—We also examined
the ERa requirement for E,-in-
duced inhibition of PROSI pro-

observed that E, decreased the luciferase activity of pPROS1/  moter activity in HepG2 cells transfected with pPROS1/—175.
—4229 in HepG2-ERa cells (Fig. 24). In a series of 5'-truncated  The HepG2-ERa cells stably expressing human ERa showed
constructs obtained by restriction enzyme digestion and self- E,-induced repression of luciferase activity, whereas the
ligation of pPROS1/—4229, we also observed E,-dependent HepG2 mock-transfected cells with no ERa expression did not
repression of the luciferase activity, although the basal activity ~ (Fig. 34). Consistent with these observations, ICI 182,780 (a
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FIGURE 3. E,-dependent PROST down-regulation mediated by ERa. A, luciferase (LUC) activity levels of cells
transfected with pPROS1/—175, with or without E, treatment, expressed relative to that of the pGL3 Basic-
derived empty vector without E, treatment. B, HepG2-ERa cells transfected with pPROS1/—175 and treated
with 100 nm E,, 10 um ICl 182,780, or both. After 48 h, luciferase activities were measured, and results were
expressed as relative values to that of the vehicle-treated cells. Values are the mean =+ S.D. for at least three
independent experiments. *, p < 0.05 versus vehicle control.
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FIGURE 4. Interaction of Sp and ERa proteins with the PROS7 promoter in vitro and importance of the
GC-rich motifs. A, oligonucleotides used in EMSA and DNA pulldown analyses. GC-Mut contains muta-
tions in both the distal and proximal GC-rich motifs. B, EMSA was performed with nuclear extracts from
HepG2-ERa cells in the presence of the biotin-labeled DNA oligonucleotides GC-WT or GC-Mut. The
biotin-labeled oligonucleotides were incubated alone orin combination with 5 ug of nuclear extract (N.E.)
from E,-treated HepG2-ERa cells in the presence of a 100-fold molar excess of specific unlabeled oligo-
nucleotide (100X) or antibodies. Arrows indicate retarded (g, b, and ¢) and supershifted (SS) complexes. FP,
free probe. C, DNA pulldown assays carried out by incubating biotin-labeled oligonucleotides containing
WT or mutated GC-rich motifs with nuclear extract from HepG2-ERa cells with or without E, treatment.
Specifically bound proteins were eluted and subjected to Western blotting using specific antibodies
against Sp1, Sp3, and ERa, respectively. Similar results were obtained in multiple independent experi-
ments. Veh, vehicle.
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pure antagonist of ER) reversed the
effects of E, on luciferase activity
in HepG2-ERa cells transfected
with pPROS1/—175, whereas ICI
182,780 alone had no effect
(Fig. 3B).

Spl and Sp3 Bind to GC-rich
Motifs of the PROSI Promoter in
Vitro—To identify the transcription
factors binding to the GC-rich
motifs at —173 and —162 of the
PROSI promoter in HepG2-ERa
cells treated with E,, EMSAs and
DNA pulldown assays were carried
out. The oligonucleotides used in
the EMSAs and DNA pulldown
assays are shown in Fig. 44. In the
EMSAs, three shifted bands (a-c)
were detected using wild-type
probes (GC-WT), two (a and b) of
which were not detected using
mutated oligonucleotides (GC-
Mut) that destroyed both GC-rich
motifs (Fig. 4B). Furthermore,
co-incubation with a 100-fold
excess of nonlabeled GC-WT oligo-
nucleotides reduced the intensity of
each of these two bands, but the
third shifted band (c) was still pres-
ent. These results indicate that the
first two bands (a and b) were spe-
cific shifted bands, and the third (c)
was nonspecific. In the supershift
experiment, co-incubation with
antibody against either Spl (a) or
Sp3 (b) gave reduced shifted bands
and additional supershifted bands
(SS). Antibodies against ERa and
nonspecific IgG, however, did not
affect the intensity of the shifted
bands. DNA pulldown assays gave
results consistent with the EMSAs,
indicating that Spl and Sp3 were
apparently co-purified with the
wild-type oligonucleotides but not
with the mutated oligonucleotides
(Fig. 4C). The Sp proteins were
detected in the nuclear extracts
regardless of E, treatment. In con-
trast, we detected more ERa signals
in the nuclear extracts from
E,-treated cells than in those from
untreated cells, probably because of
the increase in ERe proteins in the
nucleus due to E, stimulation.

Knockdown Experiments with
siRNA for Sp Proteins—T o verify the
function of Spl and Sp3 in the
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FIGURE 5.Knockdown of Sp1 or Sp3 by RNA interference and its effects on
E,-dependent PROST repression. A, knockdown of Sp was determined by
Western blotting. HepG2-ERa cells were transfected with iNS, iSp1, or iSp3,
and whole cell lysate was analyzed by Western blotting as described under
“Experimental Procedures.” The experiments were repeated at least three
times, and similar results were obtained. B-Actin was used as a loading con-
trol (Cont.). B, RNA interference-luciferase reporter analysis of HepG2-ERa
cells. siRNAs (50 nm) were transfected, and the next day pPROS1/—175 was
transfected with or without E, treatment. Luciferase activity was expressed
relative to that of the cells without E, treatment. C, quantitative RT-PCR anal-
ysis after siRNA transfection in HepG2-ERa cells. Cells were transfected with
respective siRNAs for 4 h and treated with E, for 48 h. Values are the mean =+
SD. for at least three independent experiments. *, p < 0.05 versus vehicle
control.

repression of PROSI by E,, we carried out RNA interference
experiments. A Western blot analysis of whole lysate from
HepG2-ERa cells transfected with nonspecific siRNA (iNS)
showed that Spl and Sp3 were almost equally expressed com-
pared with levels in untransfected control cells (Fig. 54). How-
ever, in the cells transfected with siRNAs for Sp1 (iSp1) and Sp3
(iSp3), a decreased expression of Spl and Sp3 proteins was
observed, respectively. We next investigated the effects of Sp1l
or Sp3 knockdown by conducting luciferase reporter experi-
ments. After the co-transfection of both siRNA and the lucifer-
ase reporter construct (pPROS1/—175), HepG2-ERa cells were
treated with E,, and luciferase activity was determined (Fig. 5B).
Basal luciferase activity was decreased in the cells transfected
with iSpl or iSp3 compared with the cells transfected with iNS.
E,-dependent repression of luciferase activity occurred in the
cells transfected with iNS or iSp3 but not in the cells transfected
with iSpl. We also observed consistent results for PS mRNA
levels in the cells transfected with siRNAs (Fig. 5C). These
results indicate that Spl and Sp3 are important for basal PROSI
transcription and that Spl also has a crucial role in E,-depen-
dent repression.

ChIP and ChIP Re-IP Assays—The interactions of ERe, Sp
proteins, corepressors, and HDACs with the proximal region of
the PROSI promoter were further investigated in ChIP and
ChIP re-IP assays. In the ChIP assay, the chromatin superna-
tants from HepG2-ERe cells treated with E, or vehicle were
immunoprecipitated with specific antibodies against nuclear
proteins (ERe, Spl, Sp3, NCoR, SMRT, HDAC1, HDACS3,
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HDAC4, HDACS5, and AcH4) or nonspecific IgG, and the
eluted DNA fragments were used as subsequent PCR templates
for amplification of the region containing target GC-rich motifs
in the PROSI promoter (Fig. 64). We also used 5'-upstream
regions containing non-target GC-rich motifs or no GC-rich
motif for control PCR amplifications. As shown in Fig. 6B, ER«
was recruited to the PROSI promoter region containing target
GC-rich motifs in an E,-dependent manner, although little was
recruited to the control regions. Sp1 was also detected without
E, treatment, but its expression was clearly enhanced by E,,
whereas Sp3 was recruited in an E,-independent manner. We
further investigated the possible commitment of other core-
pressors and found that NCoR and SMRT were also recruited
to the region containing target GC-rich motifs in an E,-depen-
dent manner (Fig. 6B, left).

Because liganded ERa is not known to recruit NCoR-SMRT
corepressors directly, we tried ChIP assays for RIP140, which is
known to interact with liganded ER and modulate ER-mediated
transcription (35), and for LCoR, which is an NR-box-contain-
ing factor the same as RIP140 (36). After E, treatment, only
RIP140 was strongly recruited to the region including target
GC-rich motifs but not to the other regions (Fig. 6B, middle).

In addition, we investigated the recruitment of HDACsS,
which are known to interact with RIP140 (37), and observed
class I HDACs; HDAC3 was expressed robustly, and HDAC1
was expressed slightly after E, treatment (Fig. 6B, right). Class 11
HDAC4 and HDAC5 were not affected by E,. Meanwhile,
acetylated histone H4 was deacetylated in the region around the
PROS1I promoter containing target GC-rich motifs following E,
treatment (Fig. 6B, right).

Furthermore, to confirm the E,-dependent complex forma-
tion of those repressive proteins on the PROSI promoter, we
tried ChIP re-IP assays. We used anti-ER« or anti-RIP140 for
primary immunoprecipitation and antibodies against the
respective nuclear factors for secondary immunoprecipitation.
As expected, we observed similar results in both of the ChIP
re-IP assays using anti-ERe and anti-RIP140 as the primary
antibodies, respectively, which showed that ERe, RIP140, Sp1,
Sp3, NCoR-SMRT, and HDAC3 were present on the same
region of the PROSI promoter containing target GC-rich
motifs (Fig. 6C). Additionally, we observed that the blocking of
deacetylation by an HDAC inhibitor, TSA, cancelled the E,-de-
pendent PROSI gene repression (Fig. 6D).

DISCUSSION

Theaction of estrogen in target cells is regulated via estrogen
receptors that modulate gene expression either positively or
negatively. Recent studies have clarified that E,-ER functions as
a gene modulator, although its negative effects on gene expres-
sion are less well understood than its positive effects. We inves-
tigated here the molecular mechanisms by which E,-ER nega-
tively regulates the gene expression of the anticoagulant PS.

First, we established a cell line (HepG2-ERe) stably express-
ing human ERq, because ERa was undetectable in HepG2 cells,
and found that E, treatment of HepG2-ERe cells significantly
down-regulated PS expression. The luciferase assays suggested
that the GC-rich motifat —172 of the PROSI promoter plays an
important role in E,-dependent gene repression. In subsequent
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mobility shift assays and that ERc
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be too fragile to be detected as a
supershifted band in EMSAs or in
an ERa-Sp complex in co-immuno-
precipitation analyses.

Through the RNA interference
analysis, we found dual roles for Sp1
at the PROSI promoter in HepG2-
ERa cells. Thus, knockdown of Sp1
or Sp3 resulted in substantially
decreased transcriptional activity,
indicating that both Spl and Sp3
take part in basal PROSI transcrip-
tion as reported previously (38, 40).
Intriguingly, we observed a loss of
E,-dependent PROSI repression in
the cells transfected with iSp1, sug-
gesting that Sp1 has a crucial role in
the down-regulation of PROSI tran-
scription by E,. This highlights the
potential dual function of Spl for
basal activation and E,-dependent
repression of PROSI transcription.

Our study also showed that ERa
might interact with Sp1 and repress
PROSI expression via GC-rich
motifs in its promoter region. GC-
rich regions are known to be
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FIGURE 6. ChIP and ChIP re-IP analyses of the E,-responsive region or control regions of the PROS1
promoter and the effect of TSA on E,-dependent PROST repression. A, ChIP analysis of the E,-responsive
region containing GC-rich motifs in the PROST promoter and of the control regions containing no GC-rich motif
a or non-target GC-rich motif. Specific primers for detection of respective regions (Target GC-rich, —236 and
—88; Untarget GC-rich, —3748 and —3574; No GC-rich, —4033 and —3875) are represented by thick arrows.
B, ChIP assays for HepG2-ERa cells treated with E, or vehicle control performed using various antibodies.
Similar results were obtained in multiple independent experiments. C, ChIP re-IP assays for HepG2-ERu cells

treated with E, or vehicle control performed using anti-ERa antibody or anti

immunoprecipitation (/P). Re-immunoprecipitation was performed with respective antibodies as described. D,
HepG2-ERa cells were treated with E,, TSA, or the two in combination, and total RNA was harvested and
analyzed by quantitative RT-PCR. Values are the mean =+ S.D. for at least three independent experiments. *, p <

0.05 versus vehicle control; **, p < 0.05 versus TSA(—) + E,.

EMSAs and DNA pulldown analyses, we observed that Sp1 and
Sp3 bound to the GC-rich motif of PROSI, which was consis-
tent with the findings of de Wolf et al. (38).

We did not observe the binding of ERa or interaction of
ERa-Spl in the EMSAs; however, DNA pulldown assays
showed that ERa bound to the PROSI promoter (—176/—147)
in an E,-dependent manner. This weak ERa binding seemed to
depend on transfer from the cytoplasm to the nucleus by E,
treatment. We also tried co-immunoprecipitation analyses but
could not detect either the ERa-Spl or the ERa-Sp3 complex
(data not shown). These observations were consistent with the

A EVEN
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involved in ERa-mediated repres-
sion at the p21/WAF1 and cyclin G,
gene promoters, where interplay
with Sp proteins seems to occur (41,
42). Moreover, direct ER-Sp1 bind-
ing has been well documented in
estrogen-stimulated genes (43).
Actually, through chromatin immu-
noprecipitation assays, we showed
that ERe and Spl bound to the
responsive regions of the PROSI
promoter simultaneously. Safe and
Kim (39) stated previously that ERa enhances the formation of
an Sp-DNA complex and increases its stability. Taken together,
these findings suggested that Sp1 might retain its stability and
bind more strongly to the regions of the PROSI promoter
responsible to ERc.

Two pathways of E,-ER signaling, a “classical” and a “non-
classical” pathway, have been reported (25, 39). In the classical
pathway, ligand-bound homodimeric ERs bind directly to a pal-
indromic ERE or half-ERE in the promoter region of a target
gene and modulate gene transcription by recruiting transcrip-
tional coactivators or chromatin remodeling complexes. In the

TSA (+)

-RIP140 antibody for primary
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Down-regulation of PROS1 by 17 3-Estradiol

FIGURE 7. A proposed model for down-regulation of PROS1 promoter by 17 B-estradiol in HepG2-ER«
cells. A, in HepG2-ERa cells without E, treatment, basal PROST expression was regulated by Sp1 and Sp3,
probably together with other transcriptional coactivators. B, in HepG2-ERa cells with E, treatment, PROS1
expression was repressed by ERa-Sp1 interaction recruiting RIP140 and the NCoR-SMRT-HDAC3 corepressor
complex sequentially, which consequently induced histone deacetylation. Ac, acetyl residue.

non-classical pathway, ligand-bound ERs do not bind to ERE
directly; instead, they interact with other transcription factors
such as Sp and AP-1 (39). ER-Sp or ER-AP-1 interaction medi-
ates transcriptional gene regulation, recruiting cofactors or
chromatin remodeling complexes to GC-rich motifs or to the
AP-1 site in the target gene promoter. In this study, we have
demonstrated that ERa-Spl-RIP140 interaction regulates
PROSI expression by recruiting the NCoR-SMRT corepressor
complex and also HDAC3, which induces histone hypoacetyla-
tion and less permissive transcription of the PROSI gene.

An in vivo chromatin immunoprecipitation analysis of the
E,-responsive region in the PROSI promoter further revealed
the recruitment of NCoR and SMRT to the PROSI modulator
complex. NCoR and SMRT are now documented corepressors
for nuclear receptors such as antagonist-bound estrogen recep-
tors and progesterone receptors (44). It was reported that
NCoR forms several different complexes with other transcrip-
tion factors such as SMRT, Sin3a, and HDACs (44). In this
study, we observed the recruitment of NCoR and SMRT core-
pressors to the PROSI promoter after E, treatment.

Liganded ERe, however, is not known to recruit NCoR-
SMRT corepressors directly. Therefore, we tried ChIP assays
for RIP140, which is known to interact with liganded ER and
modulate ER-mediated transcription (35), and for LCoR, which
is an NR-box-containing factor the same as RIP140 (36). We
demonstrated that RIP140 was recruited to the target GC-rich
region of the PROSI promoter after E, stimulation, but LCoR
was not. The recruitment of RIP140 was theorized to correlate
with the interaction between ERa and Sp1 because the effect of
E, was destroyed by the knockdown of Sp1 in RNA interference
analysis. We also found that the recruitment of NCoR-SMRT
corepressors depended on ERa-Spl interaction and that the
complex contained HDAC3. The NCoR-SMRT-HDACS3 inter-
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action has been reported by several
groups (45— 48), consistent with our
analysis of the PROSI promoter.
The ChIP re-IP assays demon-
strated that ERa-Spl, RIP140, and
NCoR-SMRT-HDAC3 were present
in the same region of the PROSI pro-
moter. Taken together with these
data, this suggests that NCoR and
SMRT were indirectly recruited as
components of the HDAC3 complex
by RIP140 through ERa-Sp1 interac-
tion following E, stimulation.

Our proposed model for the
down-regulation of PROSI expres-
sion by E, is depicted in Fig. 7. The
repression of PROSI resembles the
situation described for p21/WAF1
or cyclin G, (39, 49). In the absence
of E,, basal transcriptional regula-
tion of PROSI seems to be mediated
viamultiple GC-rich regions includ-
ing one at —172 to —153, as shown
in this study and previously (38). In
basal PROS1 transcription, Sp1 and
Sp3 are recruited to the promoter, and other transcription fac-
tors or coactivators may be involved. Upon E, treatment, ER«
interacted and formed a complex with Spl at the GC-rich
motifs of the PROSI promoter, and consequently ER« rein-
forced the stability of ERa-Sp1-DNA binding. Moreover, ERa-
Spl interaction recruited RIP140, and consequently, RIP140
recruited the NCoR-SMRT-HDAC3 complex to the PROSI
promoter. The NCoR-SMRT-HDAC3 complex might induce
the hypoacetylation of histones, which could lead to greater
stabilization of the nucleosome structure, limiting accessibility
of the basal transcription factors and thus down-regulating
PROSI expression.

To date, many genes have been reported to be stimulated by
estrogen. Almost half of these estrogen-responsive genes may
be repressed by estrogen (50); the mechanisms of estrogen-de-
pendent repression have been elucidated. In this study, we have
demonstrated novel mechanisms of E,-induced PROSI repres-
sion, which could contribute to the elucidation of the estrogen
action.

Meanwhile, our study has revealed that PROSI is a unique
gene regulated both positively and negatively by Sp1 interaction
in the same cell line. VEGFR2 is also regulated both positively
and negatively by ERa-Sp protein interaction, but the type of
regulation depends on the cell line, MCF7 or ZR-75 (51, 52).
Interestingly, we reported previously a novel missense muta-
tion at —168 from the ATG of the PROSI promoter
(8-—168c>t), which results in weak promoter activity of PROS1I
(53). The mutation is located in the distal GC-rich motif, which
could be critical for E,-dependent repression, as shown in the
current study. In addition, we obtained similar results in the
EMSA using the oligo probe containing only distal GC-rich
motif with or without mutation (data not shown). These data
suggest that the distal GC-rich motif may be more important
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than the proximal GC-rich motif. A patient carrying the
g.—168c>t mutation showed decreased levels of plasma PS but
supposedly did not show E,-dependent PROSI repression (53).

In conclusion, we have demonstrated that PROSI expression
is down-regulated by 17 B-estradiol via ERa. ERe interacts with
Spl and recruits RIP140. RIP140 associates directly with the
HDAC3 complex containing NCoR-SMRT corepressors and
induces the deacetylation of histones in the PROSI promoter.
We have also revealed the dual roles of Spl, which regulates
PROSI expression both positively and negatively. E,-
dependent repression of PROSI results in reduced plasma PS
levels, leading to the risk of deep venous thrombosis during
pregnancy and oral contraceptive use. Further study will be
required to fully characterize the mechanisms of reduction in
PS and other possible mechanisms of regulation, such as using
other hormones during pregnancy.
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Protein S (PS) is a member of the vitamin K-dependent protein family containing similar y-carboxyglutamic
acid (Gla) domains, although only PS has a thrombin-sensitive region (TSR), which is located between the
Gla domain and the first epidermal growth factor-like domain. In this study, a novel PROST mutation was
identified at the last nucleotide in intron C (c.260-1G>A) in a patient suffering from recurrent deep vein
thrombosis associated with PS deficiency. To investigate the molecular mechanisms of PS deficiency caused
by the novel PROS1 mutation, we characterized the mutant mRNA, and the secretion and function of the

g;{-;;?rds' mutant PS molecule associated with the mutation. RT-PCR was used to detect the aberrant mRNA in the
protein S patient’s platelets, the amount of which was markedly reduced and lacked the region corresponding to exon
splice site mutation 4 coding the TSR of the PS molecule. The recombinant mutant PS lacking the TSR (TSR-lack PS) showed a
thrombosis markedly reduced transient expression/secretion level, 37.9% of that of wild-type (WT) PS. Activated protein
secretion

C (APC) cofactor activity assay showed that TSR-lack PS had no cofactor activity. Moreover, binding assays of
monoclonal antibodies recognizing the PS Gla domain and the Gla residues indicated that the bindings of
TSR-lack PS to both of these antibodies were clearly weaker than those of WT PS. These findings suggest that
the novel mutation leading to the absence of the TSR not only affected the secretion of mutant PS, but was
also responsible for impairment of the Gla domain conformation required for the y-carboxylation to express
APC cofactor activity.

APC cofactor activity

© 2009 Elsevier Ltd. All rights reserved.

Introduction

Protein S (PS) is one of the most important natural anticoagulants,
as demonstrated by the fact that individuals with PS deficiency have

Abbreviations: PS, protein S; Gla, y-carboxyglutamic acid; TSR, thrombin-sensitive
region; WT, wild-type; APC, activated protein C; EGF, epidermal growth factor; DVT,
deep vein thrombosis; ELISA, enzyme-linked immunosorbent assay; moAb, monoclonal
antibody.
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an increased risk of venous thrombosis [1]. PS enhances the activated
protein C (APC)-dependent proteolytic inactivation of coagulation
factor Va and factor Villa [2]. PS also exhibits APC-independent
anticoagulant functions, probably through direct inhibition of both
the prothrombinase and tenase complexes [3.4], and functions as a
nonenzymatic cofactor for tissue factor pathway inhibitor in the
inhibition of factor Xa [5-7]. Recently, model mice heterozygous for
PS deficiency were generated and showed reduced PS plasma levels
and APC cofactor activity in assays of plasma coagulation and
thrombin generation [8]. It has also been reported that mice
homozygous for PS deficiency were not obtained through mating
and that the homozygous-recessive embryos died in utero, indicating
the physiological importance of PS [8].

PS is a single-chain 635-amino-acid glycoprotein with a <y-
carboxyglutamic acid (Gla) domain, a thrombin-sensitive region
(TSR), four consecutive epidermal growth factor (EGF)-like domains,
and a large domain homologous to the sex-hormone-binding
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globulins. The Gla domain of PS is highly homologous to the Gla
domains of other vitamin K-dependent coagulation factors and
required to bind to the surface of negatively charged phospholipid
membranes [9]. However, in contrast to other vitamin K-dependent
factors, only PS has a unique module consisting of 29 residues,
namely, the TSR, between the Gla domain and the EGF1 domain. The
TSR is cleaved by thrombin at two sites (Arg-49 and Arg-70) and by
factor Xa at Arg-60, resulting in functional inactivation of PS [10,11].
Although the physiological functions of the TSR are not yet fully
understood, some studies have shown that the TSR is required for the
PS Gla domain to bind to phospholipids [12]. These studies have also
indicated that the TSR is not involved in direct interactions with
phospholipids, but modulates phospholipid binding and the Gia
domain conformation in a non-specific manner [13,14].

The PS gene, PROST (GenelD: 5627), spans 101 kb of genomic DNA
containing 15 exons and is transcribed into about 3.3 kb of mRNA.
PROST is located near the centromere of chromosome 3q11.1-11.2. To
date, more than 200 mutations associated with PS deficiency in humans
have been reported; however, only a few studies have investigated the
molecular basis of the PROST mutations responsible for PS deficiency. In
the present study, we describe a novel splice site mutation in intron C of
PROS1 identified in a patient suffering from severe thrombotic
complications associated with PS deficiency, and characterize the
molecular effects of the mutation focusing on mutant mRNA levels,
secretion of the mutant PS molecule, and the functional role of the TSR.

Materials and methods

Patient and blood samples

Patient

The patient is a Japanese man who had experienced episodes of
recurrent deep vein thrombosis (DVT) in his legs since 45 years of age.
Following pain in his left leg due to DVT at the age of 69, he was
diagnosed with PS deficiency and has subsequently undergone
continuous warfarin treatment. The PS levels in the patient's plasma
showed total PS antigen, 30%; free PS antigen, 19%; and PS activity, <10%
under warfarin therapy.

Blood samples

This study was approved by the ethics committee of the Nagoya
University School of Medicine. Following the provision of informed
consent, venous blood samples from the patient with PS deficiency as
well as normal individuals were collected. No blood samples were
available from members of the patient's family. Genomic DNA and
total platelet RNA containing PS mRNA were isolated as previously
described [15].

Analysis of PS DNA and mRNA in platelets

PCR amplification and sequencing of PROSI and PS mRNA was
done essentially as described previously elsewhere [15,16].

Mutagenesis and construction of expression vectors

The expression vector pcDNA3 (Invitrogen, San Diego, CA, USA)
carrying a full-length WT PS cDNA was generously provided by Dr B.
Dahlbick. Mutant PS c¢DNA lacking exon 4 was generated by
recombinant PCR [17]. The mutant PS molecule was designated as
TSR-lack PS in this study.

Quantification of PS expression/secretion by ELISA and pulse-chase
analysis

Transient expression of recombinant PS molecules in COS-1 cells
and measurement of PS antigen concentration in conditioned media

by an enzyme-linked immunosorbent assay (ELISA) were performed
essentially following a previously described method [18,19]. Pulse-
chase analysis of recombinant PS by radioactive labeling, immuno-
precipitation, and electrophoresis were carried out as previously
described [20].

Determination of APC cofactor activity of recombinant PS

In order to measure APC cofactor activity, we needed a large
amount of recombinant PS. Thus, instead of transient transformants,
we established stable transformants expressing recombinant PS
molecules in HEK 293 cells as described previously [20]. The APC
cofactor activity of recombinant PS was determined by a clotting-
based assay as previously described [21].

Binding of the recombinant PS to monoclonal antibodies (moAbs)

Briefly, a microtiter plate was coated with two moAbs: moAb
MK21 recognizing the PS Gla domain and moAb M3B recognizing the
Gla residues (kindly provided by Dr B. Dahlbédck and Dr J. Stenflo,
respectively) [22,23]. We also prepared a microtiter plate coated with
anti-PS polyclonal antibody (DAKO, Glostrup, Denmark). For the
binding assay, we prepared conditioned media containing recombi-
nant PS molecules transiently expressed in COS-1 cells. Various
concentrations of the recombinant PS were incubated in the coated
plates with various antibodies overnight at 4 °C and bound proteins
were detected by peroxidase-conjugated anti-PS polyclonal antibody
(DAKO).

Results
Gene abnormalities in the patient

The DNA-PCR products of all 15 exons, including exon-intron
boundaries, of PROST in the patient were directly sequenced. A G-to-A
substitution at the last nucleotide of intron C was identified in exon 4
of the DNA-PCR products. This novel mutation (¢.260-1G>A) was
found to be heterozygous in the patient. The same mutation was not
found in the DNA samples of 114 healthy subjects (data not shown).

The total platelet RNA in the patient was tested for the presence of
mutant PS mRNA. Using the primers shown in the legend to Fig. 1, the
region including exon 4 was amplified by RT-PCR. An aberrant, small
RT-PCR product was detected in addition to a band associated with
the normal-sized product (404 bp) for the patient, but not for the
controls (Fig. 1). Furthermore, the abnormal band showed a
significantly lower intensity compared with the normal band. Each
product was purified by gel electrophoresis and directly sequenced.
The normal sized product showed only the WT sequence of PROST;
however, the sequence of the aberrant fragment completely lacked
exon 4 (¢.260_346del: p.Val87_Asn115del).

The expression/secretion of recombinant PS in COS-1 cells

The failure to transcribe exon 4 causes an in-frame deletion of 29
amino acids that constitute the TSR of the PS molecule. To address the
effect of the absence of TSR in the mutant PS on its expression/
secretion from cells, transient expression studies with COS-1 cells
were performed and the culture media were analyzed for recombi-
nant PS content. To accurately quantify these recombinant PS
expression/secretion levels, the concentrations of recombinant PS in
the culture media were measured by ELISA (Fig. 2A). The quantity of
TSR-lack PS in the culture media was markedly reduced to 37.9% of
that of WT PS.

Pulse-chase analysis was carried out to compare the secretion
profile of TSR-lack PS with that of WT PS (Fig. 2B). The level of
radiolabeled WT PS rapidly decreased in the cells with a half-life of 2
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Fig. 1. Analysis of the PS mRNA of the patient with PS deficiency. Left: RT-PCR products amplified with the primer set (5-AGGCTTCACAAGTCCTGGTTAGGAAGCG-3' and 5'-
CTTTGATITGAGATTATATCTGTAGCC-3') were subjected to electrophoresis on a 2% agarose gel and stained with ethidium bromide. Right: Schematic diagram indicates the
mechanism causing the absence of exon 4 in the aberrant RT-PCR product of the patient induced by the G-to-A transition (*} at the splice site at -1 of exon 4 (¢.260-1G>A). Raw
sequencing data of the normal RT-PCR product and the aberrant RT-PCR product are not shown.

hours and immediately appeared in the culture media. In contrast,
radiolabeled TSR-lack PS slowly disappeared from the cells, with a
half-life of approximately 8 hours, and its rate of secretion into the
culture media was lower than that of WT PS. Furthermore, the
secretion efficiency, measured as the level of PS in the media at
8 hours, was significantly reduced for TSR-lack PS (40% of the initial
value) compared with WT PS (70%). Taken together, these findings
show not only that the secretion rate of TSR-lack PS is lower than that
of WT PS, but also that the secretion efficiency of TSR-lack PS is lower.

APC cofactor activity

The APC cofactor activities of WT PS and TSR-lack PS were
examined by a clotting-based assay using the serum-free culture
media of the stable transformants. WT PS dose-dependently pro-
longed the clotting time (10-100 ng/ml), while TSR-lack PS showed
no APC cofactor activity (Fig. 3).
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Fig. 2. Transient expression/secretion of WT PS and TSR-lack PS in COS-1 cells. (A) ELISA
results of concentration of WT PS and TSR-lack PS. Mean value of WT PS is assigned as
100%. Values represent mean + SD of 6 transfection experiments for both WT PS and
TSR-lack PS. Comparison between TSR-lack PS and WT PS expression levels was
performed using unpaired t-test. (B) Pulse-chase analysis using transient expression in
COS-1 cells. Radiolabeled media and cell lysates were immunoprecipitated and
subjected to SDS-PAGE. The radioactivity of the PS bands on the dried gels was
measured using an image analyzer. The amount of radioactive PS in the cell lysates at
the beginning of the experiment is assigned a value of 100%. Graphs represent
radioactivity recovered from cell lysates (#), media (M), or the total (A) at each time
point. Total radioactivity was calculated as the sum of radioactivities recovered from
media and lysates. Values represent mean+SD of 3 (WT PS) or 4 (TSR-lack PS)
independent experiments.

Binding of recombinant PS to moAbs recognizing the PS Gla domain and
the Gla residues

Next, to identify the effect of the absence of the TSR in the PS
molecule on its Gla domain conformation and ~y-carboxylation, we
performed moAbs binding assays using the serum-free culture media
of transient transformants (Fig. 4). WT PS and TSR-lack PS showed
similar binding to the anti-PS polyclonal antibody. In contrast, in the
Ca**-dependent and conformation-dependent moAb MK21 (recog-
nizing the PS Gla domain) binding assay, the binding of TSR-lack PS
was weaker than that of WT PS, as described in previous reports [14].
In addition, the binding of TSR-lack PS to the moAb M3B (recognizing
the Gla residues) was also clearly weaker than that of WT PS,
suggesting that TSR-lack PS has impaired y-carboxylation.

Discussion

In the present study, the DNA analysis of a patient with PS
deficiency revealed a G-to-A transition at the last nucleotide of intron
C of PROST (c.260-1G>A). This novel point mutation abolishes the
invariant AG dinucleotide in the acceptor splice site of intron C and
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Fig. 3. APC cofactor activity of WT PS and TSR-lack PS. WT PS and TSR-lack PS at a range
of concentrations (0-100 ng/mL) in serum-free media of stable transformants were
incubated with PS-depleted plasma, factor Va, and APC for 2 min. Clotting was initiated
by addition of CaCl,, and clotting time was measured using ST art4. Values represent
mean +SD of 6 independent experiments. (@) indicates WT PS; (M), TSR-lack PS.
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Fig. 4. Characterization of the Gla domain conformation and the y-carboxylation of
recombinant PS. The binding of WT PS (@), and TSR-lack PS (M) to polyclonal anti-PS
antibody (A), moAb MK21 recognizing the PS Gla domain that is Ca’*- and
conformation-dependent (B), and the moAb M3B recognizing the Gla residues (C) in
the culture media were measured by microtiter plate assay. The bound recombinant PS
molecules were detected using peroxidase-conjugated anti-PS polyclonal antibody.

may subsequently induce cryptic splicing of the mutated mRNA [24].
Okamoto et al. reported that the region corresponding to exon 4 of
PROS1 containing a nonsense mutation (¢.308C>G: p.Ser103X) was
absent in mutant mRNA, and that the amount of the abnormal PS
transcript was markedly reduced in a patient with a quantitative PS
deficiency [25]. In fact, our RT-PCR analysis also revealed the presence
of aberrant mRNA lacking a section corresponding to exon 4, the
amount of which was markedly reduced in our patient. It was
supposed that this splice site mutation affected the splicing of the
aberrant pre-mRNA and impaired the mRNA processing efficiency,
and possibly also the in vivo stability of the aberrant mRNA which
could be lower than that of WT mRNA, resulting in the low mutant
mRNA level [26]. It is apparent that the reduced mRNA level
associated with the failed transcription of an exon caused by the
splice site mutation is mainly responsible for the quantitative PS
deficiency in our patient.

The failed transcription of exon 4 causes an in-frame deletion of 29
amino acids that constitute the TSR of the PS molecule (¢.260_346del:
p.Val87_Asn115del). The complete deletion of a domain as important
as the TSR is expected to affect protein structure and function. To
demonstrate the effect of the absence of the TSR in the PS molecule on
its expression/secretion from cells, we carried out transient expres-
sion analysis using COS-1 cells. Measurement of the amount of protein
secreted into the culture media by ELISA is useful for assessing the
overall efficiency of the protein expression/secretion pathway
because an ELISA result depends on the efficiency of every step of
the expression/secretion pathway, including transcription, mRNA
stability, translation, secretion, and protein stability in the culture
medium. In addition, we performed pulse-chase analysis to focus on
the steps from primary protein synthesis to secretion in the protein
expression/secretion pathway. Our ELISA result showed that the
amount of TSR-lack PS secreted into the culture medium was
markedly reduced to 37.9% of that of WT PS, indicating that some
steps in the protein expression/secretion pathway were impaired.
Moreover, the data from pulse-chase analysis also showed that the
secretion efficiency of TSR-lack PS was significantly lower than that of
WT PS. Thus, it is considered that the absence of the TSR in the PS
molecule leads to its impaired secretion, resulting in the quantitative
PS deficiency similar to the missense mutations associated with
quantitative PS deficiency reported previously [27]. The present study
indicates that not only the decrease in the level of mutant mRNA, but
also the impairment of mutant PS secretion, is responsible for the
quantitative PS deficiency in the patient.

In some reports, the TSR of PS is described as being essential for
APC cofactor activity, because the TSR is necessary to maintain the
correct conformation of the PS Gla domain for its binding to
membranes [12,13]. Our data clearly show that TSR-lack PS has no
APC cofactor activity, in contrast to WT PS, in the clotting-based assay
(Fig. 3). In addition, the binding assay of moAb MK21 recognizing the
PS Gla domain showed that TSR-lack PS bound to MK21 with
significantly lower affinity than WT PS, indicating that the Gla domain
might be incorrectly folded in TSR-lack PS (Fig. 4B). Furie et al
reported that the vitamin K-dependent proteins lack biological
activity if y-carboxylation is impaired [28]. We also demonstrated
that the binding affinity of TSR-lack PS to the moAb M3B, which
recognizes the Gla residues, was much lower than that of WT PS
(Fig. 4C), indicating that the y-carboxylation of TSR-lack PS was at
least partially impaired. Therefore, it was speculated that the absence
of the TSR affected the conformation of the 'y-carboxylase-recognizing
region near the Gla domain of the PS molecule, leading to partial
impairment of the <y-carboxylation of TSR-lack PS. Our findings
suggest that the TSR of PS might have an important role in
maintaining the conformation of the Gla domain of PS required for
its proper <y-carboxylation, and that the absence of the TSR might
result in the loss of APC cofactor activity.

Unfortunately, we were unable to measure the levels of plasma PS
before the patient started warfarin therapy, which makes it difficult to
discuss the genotype-phenotype relationship in detail. However, our
observations suggest that in our patient, the plasma antigen
concentration of TSR-lack PS is very low because of the reduced
mutant mRNA level and the impaired secretion of TSR-lack PS.
Furthermore, even though a small amount of TSR-lack PS was
identified in the plasma, it is expected to be inactive as an APC
cofactor. Thus, we consider that the patient would have low plasma PS
antigen and activity levels even if he had not undergone the warfarin
treatment. In this study, we identified a novel splice site mutation in
PROST1 leading to areduced mutant mRNA level and the absence of the
TSR in the mutant PS molecule. We also characterized the mutant TSR-
lack PS molecule to investigate the molecular effects of the mutation.
These molecular approaches could contribute to a greater under-
standing of the relationship between the genetic mutation and clinical
phenotypes.
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Hemophilia A is an X-linked recessive bleeding disorder
with a worldwide prevalence of approximately 1 in 5,000
males. Hemophilia A is caused by a deficiency or func-
tional defect in coagulation factor VIII (FVIII), and its
clinical severity is inversely related to residual FVIII
activity (FVIIL:C). Patients with less than 1, 1-5, and
5-30% FVIII:C are classified as having severe, moderate,
and mild hemophilia A, respectively [1]. The gene
encoding FVIII (F8) is located in the most distal region of
the long arm of the X chromosome (Xq28) and spans
186 kb [2]. The molecular basis underlying hemophilia A
is well characterized, and various causative defects, such as
point mutations, insertions, deletions and other genetic
abnormalities, have been found in the F8 gene of hemo-
philia A patients. Among them, a large genomic inversion
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disrupting F8 at intron 22 (F8-int22 inversion) is found in
about half of severe hemophilia A cases including Japanese
[3-5], and an inversion at intron 1 (F8-intl inversion) is
found in 1-5% of cases [6, 7].

Hemophilia A affects males, and is transmitted by het-
erozygous females who are denoted as carriers. They are
usually asymptomatic, because their proportion of somatic
cells with an inactivated normal X chromosome is
approximately equal to the proportion with an inactivated
mutated X chromosome [8]. However, there are several
potential genetic mechanisms leading to the phenotypic
expression of very low FVIII:C in female carriers as
hemophiliacs. Thus, in rare cases, severe hemophilia A can
occur in females homozygous (e.g., consanguinity) or
compound heterozygous for mutations in F8 [9, 10],
through X chromosome abnormalities such as monosomy
X (45 X, Turner syndrome), and due to skewed X inacti-
vation in a heterozygous female carrier [11, 12]. In this
study, we investigated the genetic mechanisms of F8
defects to elucidate the molecular pathogenesis responsible
for severe hemophilia A in a Japanese female. The study
was approved by the Ethics Committee of the Nagoya
University School of Medicine, and genomic DNA samples
from all participants were isolated from peripheral leuko-
cytes by phenol extraction as described previously [13],
after informed consents were obtained.

The patient was a 21-year-old female and suffered from
bleeding symptoms, such as easy bruising and joint
swelling, since she was 2 years old. She was diagnosed as a
severe hemophilia A (FVIII:C < 1% and FVIII:Ag < 5%),
and received FVIII concentrates as replacement therapy.
However, she had developed hemophiliac arthropathy in
her left elbow joint. Her elder brother suffered from similar
bleeding symptoms and had also been diagnosed as a
severe hemophilia A (FVII[:C < 1% and FVII:Ag < 5%).
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The mother was a hemophiliac carrier (FVII:C = 48%
and FVIII:Ag = 61%). The levels of von Willebrand factor
antigen and ristocetin cofactor activity in all family
members tested including the patients were within the
normal range. A DNA sample from the father was not
available. Chromosomal analysis of the patient revealed a
normal female 46, XX karyotype with no structural
abnormalities (data not shown).

The pedigree of the patient’s family is shown in Fig. 1.
First, we analyzed inversions of F8-int22 and F§8-intl by
the inverse shifting-polymerase chain reaction (IS-PCR)
approach [14], and found that the patient was heterozygous
for F8-int22 inversion type I mutation (data not shown).
We detected the same F8-int22 inversion in her brother
monozygously and in her mother heterozygously. These
results indicated the F8-int22 inversion found in the patient
to be inherited from her mother. We also tested for the
F8-int22 inversion in their DNA by Southern blotting [15]
as well as by single-tube long-distance PCR (LD-PCR)
[6, 16], and obtained consistent results with the IS-PCR
data (data not shown).

Female carriers with a heterozygous abnormal F8 gene
show generally about 50% of FVIII:C due to random inac-
tivation of the X chromosomes with a rate equivalence. The
patient was diagnosed as a hemophilia A carrier with the
F8-int22 inversion in terms of genotype, but with a severe
hemophilia A phenotype. Because the skewed X chromo-
some inactivation in a heterozygous carrier is known to be a
cause of X-linked recessive disorders in females [8], we

Father Mother
FVIIL:C=110% FVII:C=48%
4 43
19|16
G AlA
o 27 (22
- |+
1 1
. Brother O Patient
FVIIL:C<1.0% FVIII:C<1.0%
3 4 | 3| MAOA-pVNTR (Xpl1.23)*
16 18 | 16| HUMARA CAG repeat (Xql1-12) *
A G | A | PGKI BsiXIRFLP (Xql13.3) *
22 22 122| FMRICCG repeat (Xq27.3)
+ — | =+ | FE8-int22 inversion type I (Xq 28

Fig. 1 Pedigree and X chromosome haplotypes of the family
members. FVIIL:C levels (%) were represented below the symbols.
Haplotypes of the X chromosomes were shown in boxes, and
represented the number of repeats, individual nucleotides, or
presence/absence (+/—) of the mutation at each locus. A predicted
haplotype of the father, for whom data were unavailable, was shown
in bright gray. *Informative markers for the assessment of the X
chromosome inactivation pattern of the patient
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tried to examine the DNA methylation pattern at the
heterozygous X-linked gene loci. First, we determined the
chromosome haplotype of the family members, and found
that three markers, the monoamine oxidase A gene (MAOA,
Xpl1.23) promoter VNTR (MAQOA-pVNTR) [17], the
human androgen receptor gene (HUMARA, Xq11-12) CAG
repeat [18] and the phosphoglycerate kinase 1 gene (PGKI,
Xq13.3) BstXI polymorphism [19], were informative, but
the fragile X mental retardation gene 1 (FMRI, Xq27.3)
CGG repeat [20] was not (Fig. 1).

Among them, we assessed the DNA methylation pattern
at MAOA-pVNTR as shown in Fig. 2. Since Hpall cleaves
non-methylated DNA in the active X chromosome, PCR
amplification of the gene in DNA treated with Hpall will
fail. In the sample of the patient’s brother having a single
active X chromosome, PCR-amplified fragments appeared
as a 210-bp band (3-repeats allele, lane 5), but disappeared
on digestion of the template DNA with Hpall (lane 6). The
analysis of PCR-amplified fragments from the mother’s
DNA samples with or without digestion by Hpall showed
two distinct bands, a 4-repeats allele (240-bp) and a
3-repeats allele (210-bp) (lanes 3 and 4), suggesting that
random X inactivation occurred in her somatic cells. In
contrast, the DNA of the patient not digested with Hpall
gave two distinct bands (lane 1), a 4-repeats allele from the
father (240-bp) and a 3-repeats allele from the mother
(210-bp), but only the 240-bp band was observed on PCR
amplification of the Hpall-digested DNA sample (lane 2).
Analysis of this pattern with NIH image version 1.62
revealed an extremely skewed inactivation of the paternally
derived X chromosome containing a normal F8 (ratio 99.5:
0.5), fully consistent with the patient’s severe hemophilia
A phenotype. We also analyzed X chromosome inactiva-
tion patterns at the other two gene markers, the HUMARA
CAG repeat and the PGK! BstXI polymorphism, and
obtained similar findings with skewed inactivation rates
(data not shown). Meanwhile, we analyzed the F8 genomic
sequence of the patient by PCR-mediated direct sequenc-
ing, and found no abnormality causing a FVIII deficiency
(data not shown). Taken together, it was suggested that an
extremely skewed inactivation toward the paternally
derived X chromosome carrying a normal F8 gene could
occur in this female hemophilia A patient.

X chromosome inactivation is a process in mammals by
which one of the two X chromosomes in female somatic
cells is inactivated to eliminate differences between males
and females in levels of expression of the genes on the X
chromosome [21]. The determination of whether the
maternally or paternally derived X chromosome is to be
inactivated is random, and the inactive X chromosome is
silenced by CpG hyper-methylation. X chromosome inac-
tivation is regulated by the expression of the X-inactive-
specific transcript gene (XIST) [22]. The XIST antisense
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Fig. 2 Assessment of X chromosome inactivation at MAOA-pVNTR.
a Scheme of methylation-sensitive Hpall-PCR amplification at
MAOA-pVNTR. The symbol (7=) indicated a methylation site in the
Hpall cleavage site of the gene. Since Hpall cleaves non-methylated
DNA in the active X chromosome, PCR amplification of the Hpall-
treated gene on the active X chromosome will fail. b Scheme of the
MAOA gene and MAOA-pVNTR repeat sequence. Repeat structure,
sequence of the repeat region, allele (repeat) numbers, and PCR

RNA (TSIX), which is an RNA gene and a negative regu-
lator of XIST, is also related to this process [23]. A skewed
X chromosome can occur as a result of chance, abnor-
malities in these factors, or selection that eliminates the
normal X chromosome after X inactivation [8]. We did not
elucidate the precise mechanisms responsible for the
skewed X inactivation in this patient; however, it might be
possible due to an aberration of these factors.

In conclusion, the maternally transmitted F8-int22
inversion and the extremely skewed inactivation of the
paternally derived X chromosome carrying a normal F8
would cause the severe hemophilia A phenotype in this
female patient, although the presence of other mutation
cannot be excluded completely.
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