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In conclusion, we observed weak, but discretely
localised, expression of EBAGY9/RCAS! in non-cancer-
ous normal and chronically diseased liver tissues, sug-
gesting that EBAGY9/RCAS! is expressed in a
positionally regulated fashion. We further found that
the expression of this protein was enhanced in approxi-
mately half of the HCCs, and that this enhanced
expression was characterised by loss of the localised
staining pattern. Enhanced EBAGY9/RCAS] expression
was correlated with tumour dedifferentiation and pro-
liferation, but not with metastasis, Future investigation
of the role of EBAGY9/RCASI in non-cancerous and
cancerous liver tissues should help to clarify the
mechanism of HCC progression.
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Abstract

Most of the breast cancers initially respond to endocrine therapy that reduces the levels of estrogens or competes with estrogen for
binding to its receptor. Most of the patients, however, acquire resistance to endocrine therapy with tamoxifen and aromatase inhibitors later.
We assumed that identification of estrogen-responsive genes those regulate the growth of breast cancer is indispensable to develop new
strategies targeting the genes and overcome the resistance to current endocrine therapy. Estrogen-responsive finger protein (Efp) is one of
the estrogen receptor {(ER)-target genes we have cloned using genomic binding site cloning., Efp features a structure of the RING-finger
B-box coiled-coil (RBCC) motif, We postulated that Efp is a critical factor in proliferation of breast tumors. In a model system using MCF7
cells grown in xenografts, we showed that inhibition of Efp expression by antisense oligonuclectide reduced the tumor growth. MCF?
cells overexpressing Efp formed tumors in xenografts even in estrogen deprivation environment. By yeast two-hybrid screen, we identified
that Efp interacts with 14-3-3¢, which is known as a cell cycle brake that causes G2 arrest and expressed in normal mammary glands. In
vitro studies have revealed that Efp functions as a ubiquitin-protein ligase (E3) that targets 14-3-3¢. These data suggest that Efp controls
breast cancer growth through ubiquitin-dependent proteolysis of 14-3-3g. Future studies may provide a new therapy to block breast tumor

proliferation by targeting Efp.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Breast cancer is the most common type of cancer in female
and continues to be a major cancer death among women
in the western world. Although primary treatment of breast
cancer is surgical removal of the tumor, patients treated by
surgery alone are likely to be further suffered from recurrent
and metastatic disease. More than 100 years ago, removal
of ovaries had been found to be effective in remission of
metastatic breast cancer [1]. The ovarian hormone estrogen
was discovered to stimulate breast tumor growth. Efforts
had been made thereafter to establish endocrine therapy to
inhibit estrogen actions or estrogen synthesis [2](Fig. 1).
The endocrine therapy since the 1940s, and tamoxifen in
particular, has revolutionized the treatment of breast cancer.

The direct effect of estrogens on estrogen-responsive tis-
sues are mediated via the estrogen receptors (ERs), namely
ERa and ERB, in low levels in normal mammary gland tis-
sue and in higher concentrations in about two-third of human
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breast cancers [3]. It is known that most of the ER-positive
breast cancers are primarily responsive to endocrine therapy.
Tamoxifen, which is one of the selective estrogen receptor
modulators or SERMs, was first used in the treatment of
metastatic breast cancer, and now the first choice of adjuvant
treatment after surgery [4].

In postmenopausal women, local estrogen synthesis is im-
portant in tumor progression because of cease of ovarian
function. Aromatase in breast tissue is responsible for local
estrogen synthesis {S]. Aromatase inhibitors such as anas-
trozole and letrozole are now being used as second- and
third-line agents in endocrine therapy, once resistance to ta-
moxifen has developed [2].

In spite of all strategies of endocrine therapy, however, a
substantial proportion of patients with breast cancers eventu-
ally acquire resistance against those treatment. Current antie-
strogenic agents are not originally beneficial to patients with
ER-negative breast tumors, Several critical side effects due
to tamoxifen therapy are reported, including development
of endometrial cancer or an increased incidence of venous
thrombosis and strokes [4]. Aromatase inhibitors such as
anastrozole have fewer thromboembolic and vaginal bleed-
ing episodes than tamoxifen, yet have side effects including
hot flashes, vaginal dryness, osteoporotic fractures, nausea,
and gastrointestinal disturbances [6~8]. Thus, we need to

0960-0760/3 — see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Antiestrogenic drugs in cascade of estrogen action.

develop new agents that can overcome the resistance against
today’s endocrine therapy and have minimal side effects.
Elucidation of precise estropen/ER signaling pathway may
give us some clues to develop future endocrine therapy.

2. Efp as an estrogen-responsive gene
Our group identified several downstream genes of ER

that include estrogen-responsive elements in their promoter-
enhancer regions, using genomic-binding site cloning

& Molecular Biology 85 (2003) 101-104

technique that we previously designed {9,10]. We specially
interested in one of the ER-downstream molecules, Efp or
estrogen-responsive finger protein [11], containing a RING
finger, two B-boxes, a o-helical coiled-coil domain, and
C-terminal SPRY domain (Fig. 2A). The structure of Efp
has the RING-finger B-box-coiled-coil motif or RBCC [9].
The RING finger features a set of cysteine and histidine
residues that have a distinctive spacing owing to their roles
as the ligands of two zinc ions that stabilize a characteris-
tic globular conformation (Fig. 2B) [12]. It is notable that
several RING finger proteins are known to be responsible
for some malignant tumors (Fig. 3). For example, PML is
responsible for acute premyelocytic leukemia when it forms
a fusion protein with retinoic acid receptor (RAR) « [13],
or loss of the tumor suppressor BRCA1 results in chromo-
somal instability leading to development of familial breast
and ovarian cancers [14],

Efp is predominantly expressed in estrogen target tissues
including mammary glands, uteri, and osteoblasts [15,16],
and also in breast cancers [17]). Efp is essential for growth
of female organs such as uteri, since mice deficient in Efp
gene have underdeveloped uteri [{8].

To investigate a role of Efp in breast tumor growth, we per-
formed experiments to examine the effects of Efp antisense
oligonucleotide on tumor formation in female nude mice in-
oculated with human breast cancer MCF7 cells [19]. When
the tumor volume reached 300 mm?, mice were treated with
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Fig. 2. Structure of Efp: (A) domain structure of human Efp and mouse Efp; (B) structure of RING finger motif.
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ovariectomy or with antisense/sense Efp oligonucleotides.
Efp antisense oligonucleotide as well as ovariectomy effi-
ciently reduced the size of tumor generated by MCF7 cells
in the recipient mice. We postulated that Efp is an oncogenic
factor in breast cancers.

MCF?7 cells are originally ER-positive and can initially
proliferate in the presence of estrogen. We next examined
whether MCF7 cells can grow even in estrogen deprived
environment by Efp overexpression. MCF7 cells stably ex-
pressing Efp (Efp-MCF7) could proliferate even in mice
treated with ovariectomy. Cell cycle analysis revealed that
a higher ratio of Efp-MCF7 cells were in the proliferating
stage compared to control MCF7 cells transfected with vec-
tor alone (30-35% versus [0-15%). It is also notable that en-
dogenous levels of negative regulators of cell cycle progres-
sion such as p21°%! and 14-3-3¢ were reduced in Efp-MCF7
cells as compared with control MCF7 cells. Those results
give us a notion that elevated levels of Efp promote cell
growth of breast cancer, indicating that Efp might directly
regulate the cell cycle machinery.

3. Mechanism of Efp function in cell cycle progression

We next assessed the molecular mechanism of Efp in
cell cycle progression. As a first step, we performed yeast
two-hybrid screening from a mouse embryo ¢cDNA library
using Efp as a bait. These screens led to the identification of
14-3-3¢ as an interacting clone with Efp [19]. 14-3-30 is a
cell cycle brake that causes G2 arrest by sequestrating cdc2
in the cytoplasm [20]. Although 14-3-3¢ is well expressed
in epithelial cells of normal mammary glands, reduced lev-
els of 14-3-3¢ seem to be related to breast malignancy, as

Inactivation of
Cyclin-Cdk complex

Loss of
cell cycls control

Nomal celi g

o
re"“h

downregulation of the protein [21] or hypermethylation of
its promoter region [22] is reported in breast cancer.

Since we found that 14-3-3¢ is an interacting clone of Efp
and the amount of 14-3-3¢ was reduced in Efp-MCF7 cells,
we investigated whether Efp directly regulates the activity
of 14-3-30. When we expressed Efp and 14-3-3¢ in COS7
cells, the two proteins colocalized in the cytoplasm and the
protein—protein interaction of those proteins was confirmed
by immunoprecipitaion. Co-transfection of Efp and 14-3-3¢
resulted in lower levels of 14-3-3¢ protein compared with
cells transfected with 14-3-3¢ alone. We identified that the
B-box coiled-coil domain in Efp is the motif that specially
interacts with 14-3-3a.

Recent advances of molecular research have revealed
that a large number of RING finger proteins function as
ubiquitin-protein ligases or E3s in the ubiquitination sig-
naling pathway [i3]. Ubiquitination regulates a variety of
cellular functions, frequently by mediating the selective
degradation of master regulatory proteins by proteasomes.
The ubiquitin-dependent proteolysis is important to elim-
inate misfolded or abnormal proteins as well as to confer
short half-lives on specific normal proteins such as mitotic
cyclins whose critical concentrations must change promptly
with alterations in the state of a cell. We hypothesized that
Efp functions as an E3 that ubiquitinates 14-3-3¢ (Fig. 4).
By pulse and chase experiments, we confirmed that the
degradation rate of 14-3-30 protein was explicitly enhanced
in Efp-MCF7 cells. The protein breakdown of 14-3-3c¢
is proteasome-dependent because a proteasome inhibitor
MG132 increased the amount of 14-3-3¢ protein binding
to Efp. Finally, we confirmed that Efp directly degrades
14-3-3¢ through a ubiquitin-dependent pathway in which
Efp functions as an E3.

14-3-3¢
degradation A

Fopt | 14-3-30
fu ubiquitination

Fig. 4. Estrogen-responsive RING finger protein Efp targets 14-3-3a for proteolysis as a ubiquitin ligase and stimulates tumor growth.
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4. Perspective

Our experimental data suggest that Efp may provide
unlimited proliferation of breast cancer cells by acceler-
ated destruction of 14-3-3¢. It is intriguing that Efp might
proliferate breast tumor in an estrogen deprivation envi-
ronment although Efp has been originally identified as an
estrogen-responsive gene, We speculate that overexpres-
sion of Efp might be one of the reasons for resistance to
endocrine therapy. It remains to be determined whether
Efp plays a similar critical role in human breast tumor
progression. We anticipate that Efp could be used as a po-
tential molecular target for clinical application that provides
promising future direction of breast cancer treatment.
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Background: Wnt-B-catenin signaling pathway is involved in the regulation of bone
mineral density (BMD). Secreted frizzled-related protein (sSFRP) 4 that antagonize Wnt sig-
nals may modulate Wnt-B-catenin signaling pathway in the bone. Therefore, we analyzed
expression of sSFRP4 mRNA in primary osteoblasts and the association of a single nucle-
otide polymorphism (SNP) in the sFRP4 gene with BMD.

Methods: Expression levels of sSFRP4 mRINA were analyzed during the culture course of
rat primary osteoblasts. Association of a SNP in the sFRP4 gene at Arg262 (CGC to CGT)
with BMD was examined in 372 healthy post-menopausal Japanese women.

Results: sFRP4 mRNA was detected and increased during the differentiation of rat pri-
mary osteoblasts. As an association study of the SNP in the sFRP4 gene, the subjects with-
out the T allele (CC; n=129) had significantly higher lumbar BMD than the subjects
bearing at least one T allele (TT + CT; n = 243) (Z score; 0.054 versus —0.324; P = 0.0188).

Conclusion: sFRP4 mRNA was expressed and regulated in primary osteoblasts. A
genetic variation at the sFRP4 gene locus is associated with BMD, suggesting an involve-
ment of sSFRP4 gene in the bone metabolism.

Keywords: bone mineral density, osteoblast, osteoporosis, secreted frizzled-related pro-

tein 4, single nucleotide polymorphism.

Introduction

Osteoporosis is a multifactorial disorder characterized
by low bone mineral density (BMD), increased bone fra-
gility, and increased risk of fracture.” Twin and sibling
studies have shown that BMD is under genetic control
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with estimates of heritability ranging from 50% to
90%.7* BMD is regulated by interplay between environ-
mental factors and several genes, each with modest
effects on bone mass and bone turnover.®® Several can-
didate genes have been studied in relation to BMD.”?
These include vitamin D receptor (VDR) gene polymor-
phism,” estrogen receptor (ER) gene polymorphism,'®
collagen type Inl (COLIA1) gene polymerphism and
parathyroid hormone (PTH) gene polymorphism.''"?
Identification of candidate genes that affect bone mass
will be useful for early detection of individuals who are
at risk for osteoporosis and early institution of preven-
tive measures.
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The Wnits represent a large group of secreted signal-
ing proteins that are involved in cell proliferation and
differentiation and play pivotal roles in morphogene-
sis.” It is also known that Wnt and bone morphogenetic
protein (BMP) signals control apical ectodermal ridge
(AER) formation and dorsal-ventral patterning during
limb development.'*! Wnt proteins activate signal
transduction through Frizzled which act as receptors for
Whnt proteins and induce stabilization of cytoplasmic
B-catenin protein.'® Meanwhile, LDL receptor-related
protein 5 and 6 (LRP5/6) were also found to be required
for Wnt coreceptors.'”'® Recent reports demonstrated
that the Wnt-B-catenin signaling pathway regulates
bone density through the LRP5."** It is also reported
that activated B-catenin induced osteoblast differentia-
tion of C3H10T1/2 cells.” These findings indicate that
Wnit-B-catenin signaling pathway plays important roles
in skeletal biology.

Recently, a secreted frizzled-related protein {sFRP)
family was described.”** Members of this family share
the Wnt binding domain of the Frizzled proteins but
lack their 7-transmembrane segments. [t has been sug-
gested that these sFRP proteins may control morpho-
genesis by binding Wnts extra-cellularly and antagonize
their ability to signal through the plasma membrane-
bound Frizzled receptors.***® sFRP4, one of the sFRP
family protein, is found to be expressed in the cartilage
and osteoblasts.” Therefore, it is possible that sFRP4
modulates Wnt-B-catenin signaling pathway in the
bone. In the present study, we examine the sFRP4
mRNA expression in primary osteoblasts and an asso-
ciation between a polymorphism in the sFRP4 gene and
BMD in Japanese women to investigate possible contri-
bution of the sFRP4 to bone metabolism.

Materials and methods

Cell culture

Rat primary osteoblasts were isolated from calvaria of
5-day-old-neonatal rats by enzymatic digestion as
described previously with some modification.?” Briefly,
calvaria were minced and incubated at 37°C for 20 min
in magnesium-free phosphate-buffered saline contain-
ing 0.1% collagenase and 0.2% dispase. The enzymatic
digestion was repeated twice. The second digestion was
performed for 70 min. Cells isclated at second digestion
were cultured in a-MEM containing 10% fetal bovine
serum (FBS) and antibiotics (100 IU/mL penicillin and
100 mg/mL streptomycin). Cells at the second passage
were used for experiments.

Total RNA isolation and ¢DNA synthesis

Osteoblasts were cultured in 6-cm dishes with o-MEM
containing 10% FBS, 50 ug/mL ascorbic acid and
5 mmol/L B-glycerophosphate for 3, 5, 8, 11, 13, 15 or
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18 days. Total RNAs were extracted from these cells
using a Totally RNA Kit (Ambion, TX). cDNA was syn-
thesized from 1 pg of total RNA of primary osteoblasts
using first strand cDNA synthesis kit {Amersham, IL).

SYBR green real time PCR

Primers were designed using Primer Express 1.0 soft-
ware {(Applied Biosystems, CA). Definitive primers were:
rat GAPDH forward 5° -GGCACAGTCAAGGCTGA
GAAT- 3, reverse 5 -TCGCGCTCCTGGAAGATG- 3,
rat alkaline phosphatase (ALP) forward 5'-TGACCACC
ACTCGGGTGAA-3, reverse  5-GCATCTCAT-
TGTCC GAGTACCA-3’ and rat sFRP4 forward 5'-GT
TGAAGCCACCCTTACAGGATA-Y, reverse 5'-GGTC
CTAAGGCAAGTGGTGTGT-3". Polymerase chain
reaction (PCR) products were 71 bp, 87 bp and 79 bp
length for GAPDH, ALP and sFRP4, respectively.
Quantitative PCR was carried out using a 2 x master
mix composed from the SYBR Green PCR Core
Reagents (Applied Biosystems) and 50 nmol/L primers.
PCR reactions were performed using an ABI Prism 7000
systern  (Applied Biosystems) with the following
sequence: 2 min at 50°C, 10 min at 95°C and 40 cycle of
15 s at 95°C and 1 min at 60°C. ALP or sFRP4 signal
was normalized to GAPDH signal.

Subjects

Genotypes were analyzed in DNA samples obtained
from 372 healthy post-menopausal Japanese women
{mean age £ SD; 64.22 + 9.83) living in Nagano prefec-
ture, Japan. Exclusion criteria included endocrine dis-
orders such as hyperthyroidism, hyperparathyroidism,
diabetes mellitus, liver disease, renal disease, use of med-
ications known to affect bone metabolism (e.g. cortico-
steroids, anticonvulsants, heparin sodium) or unusual
gynecologic history. All were non-related volunteers and
provided informed consent before this study.

Measurement of BMD and biochemical markers

The lumbar-spine BMD and total body BMD (in g/cm?)
of each participant were measured by dual-energy X-ray
absorptiometry using fast-scan mode (DPX-L; Lunar,
Madison, WI). We measured serum concentration of
calcium (Ca), phosphate (P), alkaline phosphatase
(ALP), intact-osteocalcin (I-OC, ELISA; Teijin, Tokyo,
Japan), intact parathyroid hormone (PTH), calcitonin
{CT), 1, 25(OH)2D3, total cholesterol (TC) and triglyc-
eride {TG). We also measured the urinary pyridinoline
(PD, HPLC method) and deoxypyridinoline (DPD,
HPLC method). The BMD data were recorded as ‘Z
scores’, that is deviation from the weight-adjusted aver-
age BMD for each age. Z scores were calculated using
installed software (Lunar DPX-L) on the basis of data
from 20 000 Japanese women.
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Determination of the sFRP4 genotype

DNA was extracted from peripheral leukocytes by
standard techniques. In sFRP4 gene, neither missense
mutation nor polymorphism in the promoter region
was found from JSNP-database (http:/snp.ims.u-
tokyo.acjp/index.html). Thus, silent mutation for
Arg262 (CGC to CGT) of the sFRP4 gene was deter-
mined using the TagMan (Applied Biosystems) PCR
method.?® To determine the sFRP4 SNP, we used
Assays-on-Demand SNP  Genotyping  Products
C_1328209_10 (Applied BioSystems), which contain
sequence-specific forward and reverse primers and two
TagMan MGB probes for detecting alleles. During the
PCR cycle, two TagMan probes hybridize competitively
to a specific sequence of the target DNA, and the
reporter dye separate from the quencher dye, resulting
in an increase in fluorescence of the reporter. The flu-
orescence levels of the PCR products were measured
with the ABI PRISM 7000 (Applied Biosystems) result-
ing in clear identification of three genotypes of the SNP.

Statistical analysis

Comparisons of Z scores and biochemical markers
between the group of individuals possessing one or two
chromosomes of the T-allele and the group with only C-
allele encoded at that locus were subjected to statistical
analysis (Student’s t-test; StatView-] 4.5}. A P-value less
than 0.05 was considered statistically significant.

Results

SFRP4 mRNA expression is regulated during the course of
primary osteoblasts differentiation

At the inception of this study, we measured sFRP4
mRNA levels during the course of differentiation in
rat primary osteoblasts. In the presence of ascorbic acid
and B-glycerophosphate, primary osteoblasts proceed
through differentiation normally with the deposition of
a collagenous extracellular matrix that mineralizes.?**
The continual maturation of the osteoblasts was
reflected by the increase in ALP mRNA levels (Fig. 1A).
sFRP4 mRINA levels exhibited an increase that spanned
day 11 to day 18, indicating that the up-regulation of
sFRP4 mRNA paralleled with the increase of ALP
mRNA expression (Fig. 1B).

Association of sFRP4 gene polymorphism
in exon4 with BMD

We analyzed the genotypes for a sSFRP4 polymorphism
at Arg262 (CGC to CGT) in subjects, using TagMan
methods. Among 372 post-menopausal volunteers, 77
were TT homozygotes, 166 were CT heterozygotes, and
129 were CC homozygotes.
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Figure 1 Expressions of ALP and sFRP4 mRNA during
culture course of rat primary osteoblasts were analyzed by real
time RT-PCR. Rat primary osteoblasts were cultured with
a-MEM containing 10% FBS, 50 pg/mL ascorbic acid and

5 mmol/L p-glycerophosphate up to 18 days. At the indicated
times, RNA was extracted and the expression levels of ALP (A)
and sFRP4 (B) were analyzed by real time PCR, normalized
to GAPDH expression (n = 4 for each group). Values are
means + SD.
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Figure 2 Z score values of total body and lumbar spine
bone mineral density (BMD) in the groups with each
genotype of sSFRP4 polymorphism at Arg262 (CGC to CGT).
(A) Z score values for total BMD are shown for genotype
TT + CT and for genotype CC. Values are expressed as
mean £ SE. Number of subjects are shown in parentheses.
(B) Z scores for lumbar BMD as shown in the same manner
as (A).

We compared Z scores for BMD of total body
and lumbar spine between the subjects bearing at
least one T allele {TT +CT) and subjects without
the T allele (CC). Comparison of the Z scores of
the total BMD between those with and without T
allele showed a higher average value for the CC
homozygote group, but the differetice was not sta-
tistically significant (Fig. 2A). On the other hand,
Z scores of the lumbar BMD in the CC homozy-
gote group was significantly higher than in the
other group (Fig.2B). Among the biochemical
markers examined, ALP was higher in the CC
homozygote group than the other group (Table 1).
Other than ALP, the background and biochemical
data were not statistically different between these
groups.
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Table 1 Comparison of Z scores of lumbar spine (L2-L4) and total body bone mineral density, background and

biochemical data of subjects between the two groups of genotypes

Items Genotype (mean + SD) P-value
TT+CT cC

Number of subjects 243 129

Age (years) 65.18 {9.26) 65.90 (10.45) NS
Body weight (kg) 5040 (7.77) 49.93 (8.70) NS
Body height {cm) 150.11 (6.36) 151.41 (6.21) NS
Years after menopause 15.97 {9.81) 16.08 (11.06) NS
Lumbar BMD (g/cm?) 0.876 {0.183) 0.920 (0.209) 0.0366
Lumbar BMD (Z-score) -0.324 (1.359) 0.054 (1.659) 0.0188
Total BMD (g/em?) 0.971 {0.114) 0.987 (0.112) NS
Total BMD {Z-score) 0.240 (1.049) 0.426 (1.128) NS
ALP (IU/L) 186.25 (62.16) 201,18 (71.43) 0.0385
Ca (mg/dL) 9.228 (0.448) 9.202 (0.424) NS

P (mg/dL}) 3.427 (0.473) 3.344 (0.462) NS
I-OC (ng/mL) 8.012 (3.91) 7.782 (3.126) NS
PD (pmol/umol of Cr) 35.66 (18.45) 33.25 (13.33) NS
DPD (pmol/umol of Cr) 7.530 (3.920) 7.397 (2.795) NS
PTH (pg/mL}) 36.05 (16.31) 32.50 (12.64) NS
CT (pg/mL} 22.67 (11.01) 16.35 (5.91) NS
1,25-(OH)2D3 (pg/mL) 35.54 (11.48) 36.79 (8.91) NS
TC {mg/dL) 199.19 (38.84) 198.10 (35.96) NS
TG (mg/dL) 144.06 (87.13) 133.78 (73.22) NS
%FAT 32.06 (7.37) 30.29 (8.39) NS

Values are given as means = SD.

NS, not significant; BMD, bone mineral density; Ca, calcium; P, phosphate; ALP, alkaline phosphatase; I-OC, intact osteocalcin;

PD, pyridinoline; DFD, deoxypyridinoline; PTH, parathyroid hormone; CT, calcitonin; TC, total cholesterol; TG, triglyceride;

%FAT, body fat percentage.

Discussion

During the course of primary osteoblast differentiation,
the increase of sFRP4 expression was accompanied by
the increase of ALP expression, which is a marker of
osteoblast differentiation.*’ This result suggests some
roles of sFRP4 in the osteoblasts. Recent reports dem-
onstrated that the Wnt-f-catenin signaling pathway reg-
ulates bone density through the LRPS. Inactivating
mutations in the LRPS gene decrease bone mass and
cause the autosomal-recessive disorder osteoporosis-
pseudoglioma syndrome in humans and mice "%
Conversely, activating mutations in the LRP5 gene are
linked to autosomal-dominant high bone mass traits,
Thus, Wnt signaling plays a pivotat role in bone metab-
olism. Wnt signaling is initiated by binding of Wnts to
the Frizzled, and antagonize glycogen synthase kinase 3§
(GSK3BY/adenomatous polyposis coli (APC)/Axin com-
plex, leading to the stabilization of B-catenin. Stabilized
B-catenin accumulates in the nucleus, interact with lym-
poid enhancer factor (LEF)-1/T-cell factor (TCF) and
activates Wnt target genes.*? sFRP4, which is assumed to
antagonize Wnt signaling, may also regulate Wnt target
genes and be involved in bone metabolism.
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To our knowledge, the present study is the first to
investigate the influence of a polymorphism of the
sFRP4 gene on BMD. We demonstrated that the Jap-
anese post-menopausal women who had one or two
allele(s) of a synonymous change of C-T transition
showed significantly lower lumbar BMD. Total BMD
was also lower in the subjects bearing at least one T
allele, although the difference was not statistically sig-
nificant. Lower BMD in post-menopausal women can
be considered a result of abnormally rapid bone loss
and/or lower peak bone mass. The SNP analyzed in this
study would be useful as a genetic marker for low BMD
and susceptibility to osteoporosis. Although the bio-
logical meanings of this polymorphism should be
revealed by functional studies, three hypotheses could
be proposed at present. First, silent polymorphism may
be linked with other mutations in exons, which con-
tributes to the change of the sFRP4 protein function.
Second, SNP may be linked with a mutation in reg-
ulatory elements affecting the levels of expression
through variable transcriptional regulation. Third, this
SNP in the sFRP4 gene may be linked with a mutation
of another undefined gene adjacent to the sFRP4 gene
that causes low BMD directly or indirectly.
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Bone resorption markers showed no significant dif-
ferences between the genotypes of the sFRP4 gene. In
contrast, the serum level of ALP was higher in the CC
group, which had significantly higher lumbar BMD.
These findings suggested that increased bone formation
might be involved in higher BMD. However, the values
of osteocalcin were not significantly increased in this
group. Although both ALP and osteocalcin are bone
formation markers, ALP is an early marker of osteoblast
differentiation and osteocalcin is a marker of late osteo-
blast differentiation.®® According to the in vitro study, B-
catenin induced ALP expression but not osteocalcin
expression in C3H10T1/2 suggesting that B-catenin
might activate early osteoblast differentiation.” sFRP4 is
thought to be an extracellular antagonist of Wnt signal-
ing, therefore we could speculate that sFRP4 is involved
in the regulation of early osteoblast differentiation by
modulating the Wnt-p—catenin pathway. However, we
measured total ALP in the present study, it is possible
that this did not represent a useful parameter for bone
formation.

Recently, sFRP4 was shown to be a factor pro-
duced by tumors derived from subjects with tumor-
induced osteomalacia (TIO).® This report suggests
that sFRP4 is a circulating protein associated with
renal phosphate wasting. Phosphate is a main constit-
uent of the bone matrix and is required for proper
bone mineralization. Thus, it is possible that sFRP4
may affect the bone metabolism not only by regulat-
ing osteoblastic Wnt-B-signaling, but also by regulat-
ing the phosphate metabolism. In the present study,
the CC group of the SNP of the sFRP4 gene had sig-
nificantly high bone density. However, the difference
in serum phosphate was not significant between the
CC group and the other group. In addition, whether
this polymorphism is associated with circulating
sFRP4 concentration remains unclear. Further studies
will be required to clarify the sFRP4 function in skele-
tal homeostasis and the biological significance of this
polymorphism.
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Abstract Low-density lipoprotein receptor-related protein 5
(LRP3) is an important regulator of ostecoblast growth and
differentiation, affecting peak bone mass in vertebrates. Here,
we analyzed whether the LRPS genc was involved in the
ctiology of postmenopausal osteoporosis, using association
analysis between bone mineral density (BMD) and an LRPS
gene single-nucleotide polymorphism (SNP). Asscociation of
an SNP in the LRPS gene at IVS17-1677C > A (intron 17)
with BMD was examined in 308 postmenopausal Japanese
women (65.2 £ 9.6 years; mean * SD). The subjects bearing
at least one variant A allele (CA + AA; n = 142) had
significantly lower Z scores for total body and lumbar BMD
than the subjects with no A allele (CC; n = 160) (total body,
0.08 = 1.09 versus 0.50 % 1.03; P = L0022; lumbar spine,
—0,42 * 1.43 versus —0.02 = 1.42; P = 0.013). These findings
suggest that the LRP5 gene is a candidate for the genetic
determinants of BMD in postmenopausal women, and this
SNP could be useful as a genetic marker for predicting the risk
of osteoporosis.

Key words wnt - LRP5 - ostcoporesis - bone mineral den-
sity - polymorphism

Introduction

Osteoporolic [raclure is a serious event in an increas-
ingly aging population. Low bone mass is one of the
most significant risk factors. Twin and sibling studics
have revealed that the proportion of variance of bone
mineral density (BMD) accounted for by genetic factors
is around 50%-90% [1-6]. These studies have suggested
that the variation in BMD among individuals is largely
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{c-mail: inoue-ger@h.u-lokyo.ac.jp)
Received: July 31, 2003 / Accepted: November 6, 2003

caused by genetic factors, Therefore, genctic markers
that are correlated with BMD would be useful for pre-
dicting future bone loss and for clarifying the mecha-
nism of bone loss in osteoporosis. After an association
of BMD with vitamin D receptor (VDR) genotypes
was reported {7], polymorphisms in several other genes
were investigated [8]. These genes included those impli-
cated in bone formation by the regulation of osteoblast
growth and differentiation, such as transforming growth
factor beta 1 (TGEFP1) [9], collagen type 1al (COLIAT)
[10], parathyroid hormone (PTH) [11], and pS7Kip2
(CDKN1C) [12]. Considering the polygenetic nature of
BMD distribution and the multiplicity of endocrine fac-
tors known to regulate bone mass and bone turnover, it
is important that the panel of candidate genes could be
expanded to elucidate the whole genetic background of
0steoporosis.

The Whnt signaling pathway plays a pivotal role in
embryonic development and oncogenesis [13,14].
Studies using Drosophila, Xenopus, and mammalian
cells have established a canonical signaling pathway
[15-17]. Both genetic and biochemical results have pro-
vided solid evidence indicating that FZ proteins func-
tion as Wat receptors. Wnt proteins bind Frizzled (FZ)
and prevent glycogen synthase kinase 3 (GSK3)-depen-
dent phosphonylation of B-catenin, leading to the stabi-
lization of p-catenin. Meanwhile, the low-density
lipoprotein receptor-related proteins 5 and 6 (LRPS
and LRP6) were found to be also required for the Wnt
signaling pathway as Wnt co-receptors [18,19]. Recent
reports have demonstrated that the Wnt-p-catenin sig-
naling pathway regulates bone density through LRP3
[20-23]. Inactivating mutations in LRP5 decrease bone
mass and cause the autosomal-recessive disorder os-
teoporosis-pseudoglioma syndrome in humans [20] and
mice [21]. Conversely, activating mutations in LRP5 are
linked to autosomal-dominant high-bone mass Lraits
[22.23]. These data suggest that LRP5, which modulates
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Wnt signaling, controls bone metabolism in vivo in
mammals. To examine the possible contribution of the
LRP35 gene to the etiology of involutional ostcoporosis,
we investigated an association between polymorphism
in this gene and BMD in Japancse women.

Subjects and methods

Subjects

Genotypes were analyzed in DNA samples obtained
from 308 healthy postmenopausal Japancse women
{mcan agc = SD; 65.2 % 9.6 years) living in Nagano
prefecture, Japan. Exclusion criteria included endocrine
disorders such as hyperthyroidism, hyperparathyroid-
ism, diabetes mellitus, liver disease, renal disease, use of
medications known to affect bone metabolism (e.g., cor-
ticosteroids, anticonvulsants, heparin), or unusual gyne-
cologic history. All women were non-related voluntecrs
and provided informed consent before this study.

Measurement of BMD and biochemical markers

The lumbar spine BMD and total body BMD (in g/cm?)
of each participant were measured by dual-energy
X-ray absorptiometry, using [ast-scan mode (DPX-L;
Lunar, Madison, WI, USA). We measured serum con-
centrations of calcium (Ca), phosphate (P), alkaline
phosphatase (ALP), intact osteocalcin (I-OC; enzyme-
linked immunosorbent assay [ELISA}, Teijin, Tokyo,
Japan}, intact parathyroid hormone (PTH), calcitonin,
1, 25(OH},D,, total cholesterol (TC), and triglyceride
(TG). We also measured urinary pyridinoline (PD;
HPLC methed) and deoxypyridinoline (DPD; HPLC
method). The BMD data were recorded as “Z scores™;
that is, deviation from the weight-adjusted average
BMD for cach age. The Z scores were calculated using
installed software (Lunar DPX-L) on the basis of data
from 20000 Japancse women.

SNP Selection

A polymorphic variation of the LRP5 gene was ex-
tracted [rom the JSNP-database (hitp://snp.ims.u-
tokyo.acjp/index.html), and was denoted as
1VS17-1677C > A according to its localization on the
gene.

Genotyping procedure

Genotypes of IVS17-1677C > A werc determined using
the SNP-dependent (Sd)-polymerase chain reaction
(PCR) mcthod, a modified allele-specific PCR of poly-
morphic scquence as previously described [24,25]. Two
allele-specific primers {AS-primers) and one reversc

primer were prepared per single-nucleotide polymor-
phism (SNP}. The AS-primers (long and short) have a
five-base difference between them; each has a polymor-
phic nucleotide of the SNP sequence at the 3’ ends, and
an additional artificial mismatch introduced near the 3’
cnd. Primer sequences used were as follows: IVS17-
1677C > A FL-primen: 5°-TTTTTGGGCGGTAAAT
ACACGTCTCTCGAG-3"; IVS17-1677C > A FS-
primer: 5'-CCGCGGTAAATACACGTCTCTCGAT-
3% and IVS17-1677C > A reverse-primer;: S'-GTTTCC
GTCAGAAC GCTGCACTA-Y.

This primer sct allowed distinct discrimination of al-
Icles. For the assay, a genomic DNA sample (10ng) was
amplified with 250nM of each primer (iwo polymorphic
forward, and a reverse} in a 10-pl reaction mixture con-
taining 10mM dNTPs, 10mM Tris-HC], 1.5 mM MgCl,,
50mM KCl, 11U Tag DNA polymerase, and 0.5mM
fluorescence-labeled dCTP (ROX-dCTP; Perkin-
Elmer, Norwalk, CT, USA). The 8d-PCR rcaction was
carried out in a thermal cycler (Gene-amp system 9600;
Perkin-Elmer) with initial denaturalization at 94°C for
4min, followed by 5 cycles of stringent amplification
{94°C for 20s, 64°C for 20s, 72°C for 20s) and then 25
cycles at 94°C for 20s, 62°C for 20s, 72°C for 20s),
terminating with a 2-min extension at 72°C. Allele dis-
crimination was carricd out by electrophoresis and laser
scanning of the DNA fragments on an ABI Prism 377
DNA system, using GeneScan Analysis Software ver2.1
(Applied Biosystems, Foster City, CA, USA). To
conlirm the accuracy ol the Sd-PCR methed, direct re-
scquencing was carried out using the ABI Prism BigDye
Terminator system (Applicd Biosysiems).

Statistical analysis

Comparisons of Z scores and biochemical markers be-
tween the group ol individuals possessing one or two
chromosomes of the minor A-allele and the group with
only the major C-allele encoded at that locus were sub-
jected to analysis. Coefficients of skewness and kurtosis
were calculated to test deviation from a normal distribu-
tion. Becausc the chinical and biochemical traits in cach
genotypic group were normally distributed, we applied
Student’s r-test, using StatView-J4.5 software (SAS
Enstitute, Cary, NC, USA). A P value of less than 0.05
was considered statistically significant.

Results

Association of LRP5 gene polvmorphism in intron 17
with BMD

We analyzed the genotypes for the LRP3 IVS17-1677C
> A polymorphism (rs3781586 in the National Center
for Biotechnology Information [NCBI] dbSNP data-
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Table 1. Comparison of background and biochemical data between subjects bearing at
lcast one A allele (AA + CA) and subjects withno A allele (CC) at IVS17-1677 (intron

17)

Genotype (mean * 5D}
Items cC CA + AA P value
No. of subjects 166 142
Age (years) 65.1 = 9.6 654 £ 99 NS
Height (kg) 151.0 = 6.2 1503 = 6.4 NS
Body weight (kg) 50.7 x 84 503 > 8.1 NS
Lumbar spine BMD (g/cm?) 0.92 £ 0.20 0.87 = 0.19 0.025
Lumbar spin¢ BMD (Z score) -0.02 + 142 -042 = 143 0.013
Total body BMP (g/cm®) 1.00 = 0.11 0.96 = 0.12 0.015
Total body BMD (Z score) 050 = 1.03 008 £ 1.09 0.0022
Ca (mg/dl) 92 * 043 9.2 = 045 NS
P (mg/dl) 34 * 046 34 + 0.48 NS
ALP (IU/1) 183.7 = 62.6 1954 = 71.0 NS
1.0C (ng/ml) 76+ 42 83+ 3.7 NS
PD (pmol/umol of Cr) 360 =247 348 = 120 NS
DPD (pmol/umol of Cr}) 76 52 74 +£24 NS
Intact PTH (pg/ml) 35.1 x 164 358 £ 16.6 NS
Calcitonin (pg/ml) 22.8 + 11.1 234 =117 NS
1,25 (OH),D; (pg/m1) 375 = 12.6 343 + 104 NS
TC {mg/dl) 198.7 = 37.5 195.7 = 39.2 NS
TG (mg/dl} 1415 = 814 1368 = 714 NS
Percent fat 321 x79 3l x74 NS
BMI 222 x32 222+29 NS

343

Statistical analysis was performed according to the method described in the text
BMID, bone mincral density; Ca, calcium; P, phosphate; ALP, alkaline phosphatase; 1-OC, intact-
osteocalcin, PD, pyridinoline; DPD, deoxypyridinoline; PTH, parathyroid hormone; TC, total

cholesterol; TG, triglyceride; BMI, body mass index; NS, not significant
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Fig. I. Z Score values for total body and lumbar bone mineral
density (BMD) in the groups with each genotype of the LRP3
gene in intron 17 (IVS17-1677C > A). A Z Score values for
tolal body BMD are shown as the solid circle for genotype CC
at [V§17-1677 and as the open circle for genotype AA + CA
at IVS17-1677. Valucs are expressed as means * SE, Numbers
of subjects are shown in parentheses. B Z Score values for
lumbar spine BMD are shown in the same manner as in A

base) in 308 subjects, using Sd-PCR methods [25].
Among the 308 postmenopausal volunteers, 24 were AA
homozygotes, 118 were CA heterozygotes, and 166 were
CC homozygotes. Allelic frequencies were 0.731 for the
C allele and 0.269 for the A allele in this population,

We compared Z scores for BMD of total body and
lumbar spine between subjects bearing at lcast one
chromosome with the A allele (genotype AA + CA;n
= 142) and subjects with no A allele (CC; n = 166). The
former subjects had significantly lower Z scores for total
body BMD (0.08 * 1.09 versus (.50 * 1.03; P = 0.0022,
Fig. 1A) and lumbar BMD (—0.42 * 1.43 versus —(.02
+ 1.42; P = 0.013; Fig. 1B). As shown in Table 1, the
background data were not significantly different be-
tween these groups.

Discussion

We investigated the influence of a genetic variation of
the LRP5 gene on bone mineral properties. The allelic
frequencies of an SNP in intron 17 (0.731 for IVS17-
1677C and 0.269 for IVS17-1677A) in Japanese
postmenopausal women were in Hardy-Weinberg equi-
librium. The allelic frequencies of this SNP in the gen-
eral Japanecse population were reported in the JSNP
databasc (IMS-JST137897). The database reported that
the allelic [requencies were 0.726 for 1IVS17-1677C and
0.274 for IVS17-16774A, indicating that the allclic fre-
quencies in the present study were in line with the JSNP
database.
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Recently, patients with homozygous LRFP5 gene dis-
ruption were reported {20]. There are many types of
mutations affecting bone mass accrual during growth,
causing the autosomal recessive disorder osteoporosis-
pseudoglioma syndrome. Regarding the effect on the
bone, these patients showed a marked decrease in their
BMD. In addition, Kato ct al. [21] created and charac-
terized LRP5 gene kneckout mice. Interestingly, LRPS
gene knockout mice showed lower bone mass density
than wild-lype mice becausc of decreasing osteoblast
prolifcration. In their report, Kato et al. {21] observed
the presence of LRPS protein in osteoblasts lining the
endosteal and trabecular bone surfaces, but not in os-
tcoclasts, by immunohistochemistry in wild-type mice.
Recently, a gain-of-[unction mutation (G171V) in the
LRP5 gene was described in two kindreds with an en-
hanced bone density [22.23]. In vitro studics showed
that the normal inhibition of Wnt signaling by another
protein, Dickkopf-1 (Dkkl), was defective in the
presence of this mutation, resulting in increased signal-
ing duc to unopposcd Wnt activity. Thus, LRP5 may be
one of the cellular mediators involved in bone forma-
tion, by regulating the proliferation and differentiation
of osteoblasts.

In the prescent study, significant correlation was ob-
served between BMD and a polymorphism in intron 17
(IVS§17-1677C > A). To our knowledge, this is the first
report that a common SNP in the LRP5 gene affected
BMD. However, it is still unclear how BMD is affected
by this intronic polymorphism of the LRP5 gene. For
explaining this, three hypotheses could be proposed. (i)
This intronic polymorphism may be linked with exon
mutations and may contribute 1o changing LRPS pro-
tein function. (i) This polymorphism may be linked
with mutations of regulatory elements and may aflect
the levels of expression through transcriptional regula-
tion. (iii) The polymorphism in the LRPS gene may be
linked with mutation of another unidentified gene adja-
cent to the LRPS gene which causes low BMD directly
or indircctly.

In conclusion, our finding suggests that the LRPS
gene may be a candidate for the genetic determinants
of BMD in postmenopausal women. Examining LRPS
gene variation will, it is hoped, enable us to understand
one of the mechanisms of involutional osteoporosis.
Wnt and LRPS signaling have been implicated in other
diseases, including cholesterol and glucose metabolism-
related diseases {26]. The variant presented here may
be involved in the risk of such diseases, as well as
ostcoporosis.
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Estrogen Receptor-Mediated Transcription
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Estrogen receptors {ERs) are transcription factors
that can be modulated by both estrogen-depen-
dent and growth factor-dependent phosphoryla-
tion. A yeast two-hybrid screening identified a
serine/threonine protein phosphatase (PP5) as an
interactant of ERp {1481}, a dominant negative
ERPS mutant. Glutathione S-transferase pull-down
assays, mammalian two-hybrid assays, and immu-
noprecipitation studies showed that PP5 directly
binds to both ER« and ERB via its tetratricopeptide
repeat domain. E domains of ERa and ER3, without
containing activation domain core regions in tran-
scription activation function 2, were required for
the binding to PP5. In ERa-positive breast cancer
MCF7? cells, estrogen- and epidermal growth factor-
dependent phosphorylation of ERa on serine residue

118, a major phosphorylation site of the receptor,
was reduced by expressing PP5 but enhanced by
PP5 antisense oligonucleotide. Estrogen-induced
transcriptional activities of both ERa and ERB and
mRNA expression of estrogen-responsive genes,
including pS2, ¢-mye, and cyclin D1, were sup-
pressed by PP5 but enhanced by PP5 antisense
oligonucleotide. A truncated PP5 mutant consist-
ing only of its tetratricopeptide repeat domain
acted as a dominant negative PP5 that enhanced
serine residue 118 phosphorylation of ER« and
transactivations by ERa and ERB. We present the
first evidence that PP5 functions as an inhibitory
regulator of ER phosphorylation and transcrip-
tional activation in vivo. (Molecular Endocrinology
18: 11311143, 2004)

HE PHYSIOLOGICAL FUNCTIONS of estrogen

are mediated by the two estrogen receptors, ERa
and ERB (1). ERs are transcription factors that regulate
expressions of estrogen-targeted genes in response
to hormone binding. Like other transcription factors,
ERs are phosphoproteins {2). It has been observed
that direct phosphorylation of ERe is induced upon
addition of ligands (3} as well as mediated by protein
kinases in a ligand-independent manner (4-7). Serine
118 (5118} is a major phosphorylation site within A/B
domain, or N-terminal transcription activation function
(AF)-1 of ERa, the mutation of which reduces trans-

Abbreviations: AD core, activation domain core; AF, acti-
vation function; AS, antisense; E,, 178-estradiol; dccFCS,
dextran-coated charcoal-treated fetal calf serum; EGF, epi-
dermal growth factor; ER, estrogen receptor; ERE, estrogen
response element; GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; GFP, green fluorescent protein; GR, glucocor-
ticoid receptor; GST, glutathione S-transferase; PP5, serine/
threonine protein phosphatase type 5; $118, serine 118;
S118A, mutation of S118 to alanine; S118E, substitution of
S$118 1o glutamic acid; Scr, scrambled; 8DS, sodium dodecyl
sulfate; 88SC, sodium saline citrate; TPR, tetratricopeptide
repeat; VP18, herpes simplex viral protein 16; X-gal,
5-bromo-4-chloro-3-indolyl-3-n-galactopyranoside.
Molecular Endocrinology is published monthly by The
Endocrine Society (http://www.endo-soclety.org), the
foremost professional soclety serving the endocrine
community.

activation by ER« {3, 8). Previous literature shows that
5118 is phosphorylated by MAPK {4) or by Cdk-acti-
vating kinase, a cyclin-dependent kinase that phos-
phorylates the Polll C-terminal tail domain (7). S118
phosphorylation is also induced by ligand binding to
the receptor in a MAPK- or Cdk-activating kinase-
independent manner (9).

The molecular mechanism(s) by which the phos-
phorylation of ERs is regulated remain(s) to be clari-
fied. The reversible phosphorylation of proteins is cat-
alyzed by protein kinases and phosphatases. Among
the enzymes, serine/threonine protein phosphatases
belong to the PPP family that specially targets phos-
phorylation of serine/threonine residues (10). The PPP
family of phosphatases is comprised of several mem-
bers including protein phosphatase 1 (PP1), PP2A,
PP2B, PP2C, and PP4-7 (11). PP5 {serine/threonine
protein phosphatase), ancther member of the PPP
family, has a unique character in that it consists of a
single polypeptide chain containing a phosphatase
catalytic domain near its C terminus and four tetratri-
copeptide repeat (TPR) domains as a regulatory region
in its N terminus (12). The TPR domain consists of a
highly degenerate 34-amino acid repeat initially iden-
tified in several cell-cycle gene products and in pro-
teins involved in the regulation of RNA synthesis {13,
14). TPR domains mediate protein-protein interactions
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{15}, and there is evidence that the TPR dormain of PP5
targets the phosphatase to other proteins, including
heat shock protein 90-glucocoerticoid receptor com-
plex (16), apoptosis signal-regulating kinase 1 (17}, the
atrial natriuretic peptide receptor (18), the anaphase-
promoting complex (19), and PP2A (20).

Here we show that PP5 directly binds to ER« and
ERpB and inhibits transcriptional activities of the re-
ceptors. ERa and ERS interact with the TPR domain
of PP5 through their E domains without including
activation domain (AD)} core regions of helix 12
within C-terminal transcription AF-2, which was pre-
viously shown to be important for binding to coac-
tivators (21-23). 17p-Estradiol (E.}-dependent or
epidermal growth factor (EGF)-dependent phos-
phorylation of ERe on $118 is inhibited by PP5 but
enhanced by a truncated mutant of PP5 consisting
of only the TPR domain. PP5 suppresses the trans-
activations by ERa and ERg but not those by ERa
mutants with one amino acid substitution, S118A
(mutation of $118 to alanine) or S118E {substitution
of $118 to glutamic acid (3). PP5 inhibits E;-induced
mRBNA expression of estrogen-targeted genes in-
cluding pS2, e-myc, and cyclin D1, Furthermore, an
antisense (AS) oligonucleotide against PP5 that
could reduce endogencus PP5 expression en-
hanced both E,-dependent and EGF-dependent
phosphorylation of ERa, transactivation by ERa, and
E.-induced mRNA expression of estrogen-targeted
genes. Qur results may present a novel molecular
mechanism that PP5 is a key regulator of the sig-
naling pathways of ERa and ERB in a negative
manner.

RESULTS

Identification of PP5 that Interacts with a
Dominant Negative ERS

To identify novel binding partners of ERs, we used the
yeast two-hybrid system based on a Lex A-ERB (1-481)
fusion protein to screen a cDNA library derived from
estrogen-depleted MCF7 breast cancer cells. ERS (1-
481) mutant is a dominant negative form of ER that has
potential to repress both ERe- and ERB-mediated trans-
activation (24). Among positive clones, three indepen-
dent clones encoding PP5 were obtained. The interac-
tions of the PP5 clones between ERB (1-481) were
confirmed by the galactose-dependent growth of yeast
strain EGY48, which was cotransformed with pSH18-34
LacZ reporter plasmid, pEG202NLS-ERB (1-481), and
the PP5 clones in galactose-inducible pJG4-5 (Fig. 1).

ERs Directly Bind to and Are Substrates for PP5

To characterize whether PP5 directly interacts with
ERs in vitro, we performed glutathione S-transferase
(GST) pull-down assays using bacterially expressed
GST or GST-fused PP5 mutants and in vitro translated

Ikeda et al, » Negative Regutation of ER by PP5
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Fig. 1. Specific Interaction between PP5 and ERS (1-481)in
Yeast

Galactose-inducible plasmids pJG4-5 including PP5
clones {nos. 55, 76, and 81) obtainad from yeast two-
hybrid screening were transformed into yeast EGY48 along
with LacZ reporter plasmid and pEG202NLS containing
ERpB (1-481} or its empty vector. The specific interaction
between PP5 clones and ERS {1-481) construct was ob-
served in galactose-containing medium through p-galac-
tosidase staining.

Selective media
Galactose Glucose

ERa and ERB {Fig. 2). Both ERax and ERp were pulled
down by full-langth PP5, but not by GST alone. GST-
PP5 (28-165), GST-PP5 (2-181), and GST-PP5 (2-
312) can bind both ERs, whereas neither GST-PP5
(2-71) nor GST-PP5 (181-499) can bind the receptors
{Fig. 2, B and C}. The data suggest that both ER« and
ERp directly bind to PP5, and PP5 interacts with ERs
through its TPR domains.

We next examined whether the interaction between
PP5 and ERs has ligand dependency (Fig. 2, D and E}.
The amounts of pulled-down ERe or ERS did not
change for GST-PP5 or GST-PP5 (28-165} in the pres-
ence or absence of E,, indicating that the association
of PP5 with ERs does not require ligand activation.

We further investigated which domain(s) of ERs is/
are responsible for the association with PP5 in vivo by
performing mammalian two-hybrid assays. Cotrans-
fection of expression constructs for the herpes sim-
plex viral protein 16 (VP16) transactivation domain
fused to PP5 and the GAL4 DNA binding domain fused
to full-length or fragments of ERe/ERB was performed
into 293T cells, and the binding ability of PP5 with ER
fragments was assessed by measuring luciferase ac-
tivity that is derived from a GAL4-driven luciferase
reporter (Fig. 3). The most significant luciferase activity
was observed when PP5 interacted with E domains of
ERs without containing the activation domain (AD)
core regions within AF-2 [f.e. ERa {302-530} and ERB
{248-481)] {Fig. 3B). ER fragments including ABCD
domains, ABC domains, and the AD core regions
within E/F domains showed no binding activity to PP5.

The finding that TPR domains in PP5 are requisite
sites for interaction with ERs was further confirmed by
coimmunoprecipitation experiments, using 2937 cells
cotransfected with green fluorescent protein (GFP)-
tagged ERa along with Flag-tagged full-length PP5 or
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Fig. 2. ERa and ERp Proteins Are Pulled Down by GST Fusion Proteins Containing PP5 or Its TPR Domains

A, Schematic diagrams of human PP5 constructs. PP5 cDNAs were inserted into pGEX4T-1 downstream of and in frame with
the GST tag and GST or GST fusion proteins were expressed in Escherichia colf. Solid and shaded boxes indicate TPR domains
and catalytic domain, respectively. B and C, In vitro translated ERe (B) and ERB {C) proteins labeled with **S-methionine were
incubated with GST or GST fusion proteins containing full-length PP5 or PP5 mutants. Labeled proteins corresponding to 10%
of input and materials bound to glutathione-Sepharose were separated by 10% SDS-PAGE and detected by radioautography.
D and E, Estrogen stimulation does not affect the in vitro interaction of full-length PP5 or its TPR domains [PP5 {28-165)] with ERa
(D) and ERQ (E). GST pull-down assays were performed as described above except for the addition of 10 nMm E; in the binding

solution.

a PP5 mutant with only its TPR domains (Fig. 4B). The
in vivo Interaction between endogenous PP5 and ERa
in human breast cancer MCF7 cells was also shown by
coimmunoprecipitation study (Fig. 4C).

PP5 Inhibits Phosphorylation of ERa on S$118

To assess the phosphatase activity of PP5 on ERs, we
next examined whether PP5 modulates the phosphor-
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ylation of ERe on §118, which is a major phosphory-
lation site for ERa. In MCF7 cells, maximal phosphor-
ylation levels of ER« were observed 60 min and 5 min
after E, stimulation and EGF stimulation, respectively,
analyzed by immunobilotting using a specific antibody
against ER« phosphorylated at S118 (ERe-P-S118). In
cells transfected with PP5, the phosphorylation level
of ERa 60 min after E, stimulation was 29% reduced
compared with control cells transfected with a control
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