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4, Discussion

In the present study, we demonstrated that expression of
Tob protein in MC3T3-Cl osteoblastic cells suppressed the
ligand-dependent transactivation function of steroid hormone
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Fig. 4. Suppression of AR-mediated transcriptional activation by a Tobl
LXXAA mutant. The wild type (WT) and mutated (LXXAA) Tobl, carrying
amino acid substitutions in its LXXLL motif (LXXLL to LXXAA), were
expressed in MC3T3-E| cells with the AR expression vector and reporter
ptasmids. The luciferase assay was performed as described in Section 2.
The average of three independent experiments is shown with the standard
deviation. " P <0.05.

receptors, AR and ERw, and inhibited the ligand-dependent
nuclear foci formation of AR.

Some of the Tob family proteins have an LXXLL motif
that has been identified in many nuclear receptor coregula-
tors. Through this motif, these coregulators can directly in-
teract with nuclear receptors to modulate the transcriptional
activation (Leo and Chen, 2000; Aranda and Pascual, 2001;
Cheng et al., 2002; Heinlein and Chang, 2002). It has been
reported that two Tob family proteins, BTG1 and BTG2,
can either enhance or repress ligand-induced transactivation
function of ERa, depending on the promoter context. BTG
proteins do not directly interact with ERa, but BTGI can

Fig. 3. Tob protein-induced suppression of AR- or ERa-mediated transacti-
vation of MMTYV (A), ERE2-tk 109 (B)and PSA (C) promoterin PC3 (A and
BY and COS-7 (C} cells. {A) Prostatic carcinoma cells, PC3, were cotrans-
fected with AR expression vector {0.1 pgiwell), 0.5 pg of pGLI-MMTY,
3ng of pRL-CMYV and 0.2 or 0.5 pg of the pYFP-Tobi or the empty vector
{Vec). Three hours after transfection, the ligand was added. Luciferase ac-
tivity was measured afier 24 h incubation. (B) PC3 cells were cotransfected
withQ.1 pg/well of pSG5-ERa, (1.5 pgfwell pERE2-1k 109-1uc, 3 ng of pRL-
CMV and 0.2 or 0.5 g of the pYFP-Tob1 or the empty vector (Vec). After
the transfection, cells were treated with or without 16% M Es for 24 h and
then luciferase assay was performed. (C) COS-7 cells were cotransfected
with pCMV-hAR (0.1 pg/well), 0.3 pg of pGL3-PSA, 3ng of pRL-CMV
and 0.2 or 0.5 pg of the pYFP-Tobl cor the empty vector. After the ransfec-
tion, cells were incubated in the absence or presence of 10~% M DHT for
24 h and then luciferase assay was performed. Relative luciferase activity is
shown and bars represent the fold change in the luciferase activity relative
to the value without the ligand. The mean values and the standard deviation
from three independent experiments are shown. *P<0.05,
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Fig. 5. Effects of coactivator expression on the Tob-mediated repression of
the AR-mediated transactivation, {A) pcDNA/mCBP (0.1 or 0.3 pg/well)
was cotransfected with pCMV-hAR (0.1 pg/well}, pGL3-MMTV and pRL-
CMYV with or without the Tob expression vector (0.2 or 0.5 pg/well) into
MC3T3-E| cells, The cells were incubated in the absence or presence of
DHT for 24 h, and then the luciferase activity was measured. (B) MC3T3-
E1 cells were cotransfected with pCMV-hAR (0.1 wg/well), pGL3-MMTV,
pRL-CMV, pYFP-Tabl (0.5 g/well) and pYFP-TIF2 (0.5 pg/well). After
24 h incubation with DHT, luciferase assay was performed. Bars show the
fold change in the fuciferase activity relative to the value by the wild type
AR without DHT, "P<0.05.

regulate the ERa-mediated transcription through the inter-
action with CAFI, whose yeast homologue is a component
of the CCR4-NOT transcription complex. The mutations of
LXXLL motifs in BTG abolished both the effect of BTG on
ERa-mediated transactivation and the interaction of BTGI
with CAF1 (Prevot et al, 2001). Tob! and Tob2 proteins
have also been shown to be associated with the CAF1 protein
{(Tkematsu et al., 1999), therefore, there is a possibility that
the modulation of sex steroid hormone receptor-dependent
transcription by Tob proteins would be also mediated by the

A. Transfection

1 2 3 4
AR + + + -
Tob + 4+ - +
DHT - + + +
B. Precipitated
1P: Tob
AR Tob
1 2 3 4 1 2 3 4
. - Lo BN L
C. Input
immunoblotting
AR Tob
1 2 3 4 1z 3 4

"N en -

Fig. 6. Coimmunoprecipitation of AR with Tob| protein, COS-7 cells werc
transfected with 2 pg of pCMV-hAR and pYFP-Tob1 and then incubated
with or without 10~¥ M DHT for 24 h. The whole cell extracts were sub-
jected to an immunoprecipitation using anti-Teb antibody. Immunoprecip-
itated fractions were analyzed by immunoblotting as described in Section
2. (A) Transfected (+) and non-transfected (—) expression plasmids, and
the presence (+) or absence (—) of ligand in each incubation (lanes 1, 2, 3
or 4} are indicated, (B) AR and Tob in the precipitated fractions were de-
tected by immunoblotting. (C) Input levels of AR and Tob expressed by the
transfection (before precipitation) were evaluated by immunablotting,

CAF1 protein through an LXXLL motif. However, introduc-
tion of mutations into an LXXLYL motif of the Tob protein
failed to abolish the transcriptional repression. Furthermore
PC3/BTG2, which carries two LXXLL motifs, failed to re-
press AR-mediated transcriptional activation in osteoblastic
cells. In the amino acid sequence of the Tob1 protein, we also
identified an LXXII motif, which was found in nuclear recep-
tor binding domains of corepressors (Hu and Lazar, 1999;
Privalsky, 2004). This LXXII motif was alse mutated but re-
pression by the mutant Tob was almost equal 10 that by the
wild type protein. Thesc results indicate that, in osteoblastic
cells, the LXXLL and LXXII motifs in the Tob protein are not
essential for suppression of nuclear receptor-mediated trans-
activation, nevertheless, the Tob-induced repression of the

Fig. 7. Localization of wild type Tob1 and Tob2 proteins. YFP-Tobl or YFP-
Tob2 was expressed in MC3T3-C1 osteoblastic cells, Twenty-four hours af-
ter the transfection, fluorescent signals in the cells were observed by confocal
laser scanning microscopy.
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Fig. 8. Subnuclear foci formation of ligand-bound AR and inhibition of the foci formation by expression of the Tob! protein. The YFP vector (YFP), carrying
only a YFP ¢cDNA, and pAR-GFP (AR-GFP) were cotransfected into MCIT3-El cells (A~F). Before adding DHT, fluorescent signals from AR-GFP (A) and
YFP (B) were collected and the two signals were merged (C). Signals from AR-GFP (D) and YEP (E) in the DHT-treated celis were also collected and the
two images were merged (F). MCIT3-E1 cells were cotransfected with pAR-GFP and pYFP-Tobl (G-L). Fluorescent signals from AR-GFP (G and J) and
YFP-Tobl (H and K) were collecied in the presence of DHT, and the two signals were merged {1-L). The experimental conditions were identical between G-I

and J-K.

transactivation function of AR was suggested to be mediated
by the direct interaction between Tob and AR as demonstrated
in the present study by coimmunoprecipitation.

As we previously reported, ligand-dependent intranuclear
foci formation of AR closely depends on the receplor be-
ing in a transcriptionally active conformation (Tomura et al.,
2001; Saitoh et al., 2002). CBP, one of the coactivators for
AR, is colocalized with AR at subnuclear foci after treat-
ment with the ligand, and CBP is considered to be cssen-
tial for the formation of nuclear loci of AR (Saitoh et al.,
2002). It was shown that activation of AP-1 or NF-«kB re-
pressed AR-mediated transactivation. Extraction of endoge-
nous CBP from the AR-mediated transactivation complex
by these transcriptional factors is thought to he a cause of
the repression because this repression is relieved by sup-
plementation with exogenous CBP (Frgnsdal et al., 1998;
Aarnisalo et al., 1998). The dominant negative form of CBP
also suppressed AR-mediated transactivation and destroyed
AR subnuclear foci, however, cotransfection of a wild type

CBP expression vector rescued AR foci formation (Saitoh et
al., 2002). In the present paper, we demonstrated that expres-
sion of Tob protein ishibited the subnuclear foci formation
of AR, being consistent with the results of the luciferase re-
porter assay. To examine whether CBP is invelved in the Tob-
induced repression of the transactivation function of AR, CBP
was coexpressed with AR and Tob in osteoblastic cells. How-
ever, the CBP expression had no effect on the Tob-mediated
repression (Fig. 5A). Similarly, the Tob-induced repression
of transactivation was not recovered by supplementation of
another common coactivator, TIF2 (Fig. 5B). CBP also failed
torecover the AR foci formation destroyed by the expression
of Tob (data not shown). According 1o these results, Tob-
mediated repression of the AR transactivation function is not
due to the sequestration of coactivators from AR transactiva-
tion complex. In the present experiments, Tob inhibited the
subnuclear foci formation of AR. According to the previous
studies including ours, these subnuclear foci are now con-
sidered Lo be the sites where nuclear receptors interact with
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coactivators to form (pre)iransactivation complexes before
binding 10 DNA (Stenoien et al., 2000; Saitoh et al., 2002).
Therefore, Tob seems to inhibit formation of the (ranscrip-
tionally active complex of AR that should be an earlier step
than AR-DNA binding. However, further study will be nec-
essary (o elucidate the precise mechanism of the Tob-induced
repression of AR-mediated transactivation.

Tob] knockout mice showed increased bone volume re-
sulting from an increased number of osteoblasts, not due
to reduced activity of osteoclasts (Yoshida et al., 2000).
Sex steroid hormones are known to promote osteoblast pro-
liferation and differcntiation (Hofbauer and Khosla, 1999;
Manolagas et al., 2002). Based on our findings that Tob pro-
tein represses AR and ERei-dependent transactivation in os-
teoblastic cells, Tob deficiency would result in upregulation
of the transactivation functions of AR and ERe in bone for-
mation, Such elevated function of steroid hormone receptors
may also partialty contribute to the enhancement of bone vol-
ume in Tob-deficient mice.

In conclusion, for the first time, to our knowledge, the
present study revealed the repression effects of Tob proteins
on sex steroid hormone receptor-mediated transactivation
function, thus, Tob proteins would be one of the intracel-
lular modulators for extracellular signals such as BMP-2 and
sex steroids.
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Abstract

To explore the mechanism of glucocorticeid-induced osteoporosis, we investigated the effect of glucocorticoid on canonical Wnt
signaling that emerged as a nove! key pathway for promoting bone formation, Wnt3a increased the T-cell factor (Tcf)/lymphoid
enhancer factor (Lef)-dependent transcriptional activity in primary cultured human osteoblasts. Dexamethasone suppressed this
transcriptional activity in a dose-dependent manner, while 1,25-dihydroxyvitamin D3 increased this transcriptional activity. LiCl,
an inhibitor of glycogen synthase kinase-3B, also enhanced the Tcf/Lef-dependent transcriptional activity, which was, however, .
not inhibited by dexamethasone. The addition of anti-dickkopf-1 antibody partially restored the transcriptional activity suppressed
by dexamethasone. Dexamethasone decreased the cytosclic amount of B-catenin accumulated by Wnt3a and also inhibited the
nuclear translocation of B-catenin induced by Wnt3a. These data suggest that glucocorticoid suppresses the canonical Wnt signal

in cultured human osteoblasts, partially through the enhancement of the dickkopf-1 production.

© 2005 Elsevier Inc. All rights reserved.
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Osteoporosis is one of the most frequent and serious
side effects of long-term glucocorticoid therapy [1]. Glu-
cocorticoids have profound effects on bone metabolism
{2) Glucocorticoid excess increases bone resorption
and decreases bone formation; consequently rapid bone
loss occurs. Nowadays, a direct inhibition of osteoblast
activity by glucocorticoids is the most favored principal
mechanism of glucocorticoid-induced osteoporosis
{1-3]. However, detailed mechanism by which they inhi-
bit osteoblast function remains to be fully elucidated.

Recent progress uncovers the importance of Wnt sig-
naling in skeletal biology [4,5] The loss-of-function
mutations in human LDL receptor-related protein 5
(LRP5) gene cause osteoporosis-pseudoglioma syn-

* Corresponding auther. Fax: +81 92 642 6911.
E-maif address: oonaka@geriat. med kyushu-u.ac jp (K. Ohnaka).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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drome (OPPG) characterized by low bone mass and
abnormal eye development, while the gain-of-function
mutations in this gene give rise to high bone mass syn-
drome [6-8). Furthermore, the LRPS5 gene knockout
mice show the phenotype of low bone mass resembling
that of human OPPG [9)]. These findings highlighted
Wnt signaling as another key pathway involved in the
regulation of postnatal bone mass.

The Wnt signal transduction comprises three intracel-
lular pathways: the canonical pathway, the Wnt/planar-
cell-polarity (PCP) pathway, and the Wnt/Ca?*
pathway [10,11]. Although which pathway is involved
in bone formation remains to be fully elucidated, recent
studies strongly suggest that the canonical pathway
plays a central role in promoting bone formation
[4,5,12]. Canonical Wnts bind to frizzled/LRPS5 receptor
complex, inactivate glycogen synthase kinase-3p
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(GSK-3p), and inhibit phosphorylation and consequen-
tial degradation of intracellular B-catenin [10,11]. Accu-
mulated P-catenin translocates into the nucleus and
activates target genes by a complex formed with tran-
scription factors of the T-cell factor (Tef)/lymphoid en-
hancer factor (Lef) family [10,11].

Wnt signals are extracellularly regulated by several
secreted antagonists including secreted frizzled-related
protein (sFRP), Cerberus, Wnt inhibitory factor-1
(WIF-1), and dickkopl (Dkk) [13] We have reported
that glucocorticoid enhances the expression of dick-
kopf-1 (Dkk-1) in cultured human osteoblasts [14]. We
extended our exploration of the effect of glucocorticoid
on Wnt signaling, and found that glucocorticoid sup-
presses the canonical Wnt signal, in part mediated by
the enhancement of the Dkk-1 production, in cultured
human osteoblasts.

Materials and methods

Materials. Eagle’s a-MEM, penicillin, and streptomycin were ob-
tained from Invitrogen (Carlsbad, CA). Fetal calf serum (FCS) was
purchased from Sanko Junyaku (Tokyo, Japan). Dexamethasone, 178-
estradiol, dihydrotestosterone, 1,25-dihydroxyvitamin D3, LiCl, and
goat immunoglobulin {£gG) were purchased from Sigma (St. Louis,
MI). Anti-B-catenin monoclonal antibody and anti-Dkk-1 goat poly-
clonal antibody were purchased from Transduction Laboratories
(Lexington, KY) and Santa Cruz Biotechnology {Santa Cruz, CA),
respectively. All other reagents were of analytical grade.

Cell culture. Human osteoblasts were prepared from the bone
fragments of femur neck as described previously [15]. The cells were
grown in Eagle’s a-MEM with 10% FCS, 100 mU/m! penicillin, and
100 mU/ml streptomycin. The Wnt3a-expressing cell line (L Wnt-3A
cell} and the control cell line {L cell) were obtained from American
Type Culture Collection (Manassas, YA). Wnt3a-conditioned medium
{Wnt3a-CM) and the control-conditioned medium (C-CM) were har-
vested according to the manufacturer’s mstructions. Wnt3a-CM was
used in experiments at 10% final concentration, which gave the max-
imal effect on the Tcf/Lef-dependent transcriptional activity in pre-
liminary studies (data not shown).

Plasmid constructs. The entire coding region of human f-catenin
was amplified by reverse transcriptase-polymerase chain reaction (RT-
PCR) using KOD-plus DNA polymerase (Toyobo, Tokyo, Japan),
confirmed by DNA sequencing, and subcloned into Scal/BamHI sites
of pEGFP-C3 (Clontech, Palo Alto, CA) expression vector (designated
as pEGFP-B-catenin). TOPflash, a Tcf-binding site reportet plasmid,
was purchased from Upstate Biotechnology (Lake Placid, NY).

Transient transfection and reporter assay. Human osteoblasts were
transiently transfected by means of calcium phosphate precipitation as
described previously (14} Reporter assay was performed by a dual
luciferase assay kit (Promega, MI) according to the manufacturer’s
instructions.

Subcellular fractionation and immunoblot analysis. Subcellular
fractionation and immuncblot analysis were performed essentially as
described previously [L 5} Soluble (cytosolic) proteins were subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE} and proteins in the gel were transferred to a Hybond ECL
nitrocellulose membrane (Ametsham Biosciences Corp., Piscataway,
NJ) through electroblotting. For detection of p-catenin, blots were
probed with an anti-B-catenin monoclonal antibody at a dilution of
1:1000. The protein concentration was determined by a BCA protein
assay kit (Pierce, Rockford, IL).

Confocal laser microscopic imaging. Human osteoblasts were cul-
tured in 35-mm glass-bottomed dishes {Asahi Techno Glass, Tokyo,
Japan} and transfected with pEGFP--catenin plasmid vector. The
cells were maintained in a-MEM supplemented with 10% charcoal-
treated FCS for 24 h and observed with a confocal laser scanning
microscope (LSM 510 META, Carl Zeiss, Jena, Germany) as described
previously [16).

Statistical analysis. Data are expressed as means £ §D. Statistical
analyses were performed with ANOVA followed by Fisher's protected
least significant difference test. Significance was accepted at P < 0.05.

Results

To investigate the effect of glucocorticoid on canoni-
cal Wnt signaling, we first examined whether glucocorti-
coid would affect the Tcf/Lef-dependent transcriptional
activity by a Tcf-reporter gene (luciferase) assay in cul-
tured osteoblasts (Fig. 1A). In primary cultured human
osteoblasts, the addition of Wnt3a-conditioned medium
(Wnt3a-CM) enhanced the Tcf/Lef-dependent tran-
scriptional activity (approximately 3.5-fold). Dexameth-
asone suppressed the Wnt3a-induced Tef/Lef-dependent
transcriptional activity in a dose-dependent manner, and
dexamethasone at 10”7 M suppressed the Wnt3a-stimu-
lated transcriptional activity to the unstimulated basal
level.

We also examined the effect of other steroid hor-
mones on the Tcf/Lef-dependent transcriptional activity
(Fig. 1B). The addition of 17B-estradiol or dihydrotes-
tosterone did not affect the transcriptional activity
stimulated by Wnt3a. The addition of 1,25-dihydroxyvi-
tamin D3 (107 M) enhanced the Wnt3a-induced repor-
ter activity in cultured human osteoblasts. Furthermore,
1,25-dihydroxyvitamin D3 partially restored the
suppressed Wnt3a-induced transcriptional activity by
dexamethasone.

Wnt proteins enhance Tcf/Lef-dependent transcrip-
tion by the canonical signal cascade, namely, the inhibi-
tion of GSK-3f, its consequential accumulation of
cytosolic P-catenin, translocation of the accumulated
f-catenin into the nucleus, and its activation of Tcf/
Lef. Therefore, we examined whether or not dexameth-
asone would affect the intracellular B-catenin level in
cultured human osteoblasts. As shown in Fig. 2, the
addition of Wnt3a-CM increased the amount of
cytosolic B-catenin protein in human osteoblasts. Co-
treatment with dexamethasone (107°-10~7 M) dose-de-
pendently decreased the cytosolic level of P-catenin
and dexamethasone at 107’ M almost completely re-
duced to the unstimulated basal level, which is parallel
to the suppressive effect of dexamethasone on the repor-
ter luciferase activity. When pEGFP-P-catenin was
transfected into human osteoblasts, the GFP-B-catenin
was localized most abundantly in the cytosol (Fig. 3).
The addition of Wnt3a-CM translocated the GFP-B-ca-
tenin into the nucleus, however, co-treatment with
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Fig. 1. Effects of Wnt3a, steroid hormones, LiCl, and anti-Dkk-1 antibody on the Tef/Lef-dependent transcriptional activity in primary cultured
human osteoblasts, Human osteoblasts were transfected with TOPflash plasmid vector, and incubated for 36 b with the control-conditioned medium
{C-CM) or Wntlaconditioned medium (Wnt3a-CM) in the presence of vehicle {ethanol) or various reagents indicated. The reporter luciferase
activity was expressed as fold over the activity of TOPflash with C-CM and vehicle, Data are expressed as means £ SD (n = 4). One representative
data of three independent experiments are shown. (A) 10~?-10-" M dexamethasone (Dex). *P < 0.01 vs. C-CM with vehicle. **P < 0.01 vs. Wnt3a-
CM with vehicle. {B) Vehicle (V, ethanol), 10~7 M dexamethasone (Dex), 10~ M 17B-estradiol (E2), 10”7 M dihydrotestosterone (DHT), or 107 M
1,25-dihydroxyvitamin D3 (VD3). *P <0.01 vs. Wnt3a-CM with vehicle. **P < 0.05 vs. Wnt3a-CM with Dex. (C) Twenty-five millimolar of LiCl in
the presence of vehicle (ethanol) or 10~7 M dexamethasone {Dex). *P <0.01 vs. Wnt3a-CM with vehicle. (D} 16~" M dexamethasone (Dex) in
combination with anti-Dkk-1 goat polyclonal antibody (anti-Dkk-1) or non-immune goat IgG (goat IgG). *P < 0.01 vs. Wnt3a-CM with vehicle.
**p < (.05 vs. Wnt3a-CM with Dex.

€-CM + - - - - C-CM + - -
Wni3a-CM - + + + + Wntla-Ci - + +
Dex
Dex 0 0 10° 10 107 M
B-catenin s-catenin

Fig. 2. Effect of dexamethasone on the level of the cytosolic f-catenin
protein in primary cultured human osteoblasts. Human osteoblasts

were incubated with the control-conditioned medium (control-CM) or
Wnat3a-conditioned medium (Wnt3a-CM) in the presence of vehicle
(ethanol) ot 107°-10""M dexamethasone (Dex} for 24h, and
fractionated to soluble and particulate fractions. Soluble proteins
(20 pg) were loaded in each lane and subjected to SDS-PAGE (7.5%
separating gel). Immunoblot analyses were performed using a specific
anti-B-catenin monoclonal antibody. Results shown are representative
of three independent experiments.

Fig. 3. Effect of dexamethasone on the localization of f-catenin in
primary cultured human osteoblasts, Human osteoblasts were trans-
fected with the pEGFP-B-catenin expression vector, and incubated for
24 h with the control-conditioned medium (control-CM) or Wnt3a-
conditioned medium (Wnt3a-CM) in the presence of vehicle (ethanol}
ot 1077 M dexamethasone (Dex). The cells were analyzed by laser
confocal microscopy. A representative imaging of three independent
experiments is shown (magnification, 100x).
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dexamethasone at 107 M completely inhibited the nu-
clear translocation of cytosolic B-catenin (Fig. 3). These
data suggest that dexamethasone suppressed the Tcf/
Lef-dependent transcription through the canonical
Wnt signaling cascade rather than by affecting via other
signaling pathway(s) or inhibiting directly the Tcf/Lef
expression in human osteoblasts.

To further assess the effect of dexamethasone on
canonical Wnt signaling, we observed the effect of dexa-
methasone on the Tcf reporter activity in the presence of
LiCl, an inhibitor of GSK-3B, in human osteoblasts
(Fig. 1C). The addition of 25 mM LiCl increased the
Tef/Lef-dependent transcriptional activity comparable
to that by Wnt3a-CM. However, this increase by LiCl
was not suppressed by the treatment with dexametha-
sone at 107" M. Since glucocorticoid enhances the
expression of Dkk-1, an antagonist of Wnt signaling in
human osteoblast [14], we examined the involvement
of Dkk-1 in suppressive effect of dexamethasone on
canonical Wnt signaling. The addition of anti-Dkk-1-
specific goat polyclonal antibody in part (35-45%)
restored the suppression of Wnt3a-induced Tcf/Lef-de-
pendent transcriptional activity by dexamethasone,
while non-specific goat IgG had no effect on it (Fig. 1D).

Discussion

In the present study, we demonstrated that dexameth-
asone suppressed the Tcf/Lef-dependent canonical Wnt
signaling pathway in primary cultured human osteo-
blasts. This effect was in part attributed to the increase
of Dkk-1 expression by dexamethasone,

Glucocorticoid suppresses osteoblastic differentiation
and proliferation by affecting multiple aspects of osteo-
blast function [1-3]. One well-known eflect of glucocor-
ticoid on osteoblast is the inhibition of the expression
for Runx2/Cbfal [17], a crucial transcriptional factor
for differentiation of osteoblast lineage [18]. Runx2/
Cbfal promotes early osteoblast differentiation from
undifferentiated mesenchymal cells, but rather inhibits
late osteoblast maturation [18,19]. On the other hand,
the Wnt signal plays an essential role in postnatal bone
accrual in a Runx2/Cbfal-independent manner [9]. Qur
data suggest that glucocorticoid at a therapeutic phar-
macological dose may almost completely suppress the
canonical Wnt signaling pathway promoting postnatal
bone formation in human osteoblasts.

Dexamethasone did not affect the enhancement of
Tef/Lef-dependent transcriptional activity by LiCl, a
GSK-3p inhibitor. Therefore, it is presumed that the
dexamethasone affects canonical Wnt signaling through
GSK-3p itself or upstream of GSK-3p. Indeed, it was re-
ported that glucocorticoid activates GSK-3p and inhibits
cell cycle progression in murine preosteoblastic MC3T3-
El cells [20]. We have previously shown that glucocorti-

coid enhances the expresston of Dkk-1, a secreted antag-
onist of Wnt signaling, in cultured human osteoblasts
{14). Treatment with anti-Dkk-1-specific antibody par-
tially (approximately 40%) restored the suppression by
dexamethasone of Wntla-induced Tef/Lef-dependent
transcriptional activity. Although there are several se-
creted antagonists of Wnt signaling [13] and we did not
examine the involvement of other antagonists than
Dkk-1 proteins, our data suggest that the inhibition of
the canonical Wnt signal by glucocorticoid may be in
part through the antagonistic effect of the enhanced
Dkk-1 production in cultured human osteoblasts.

Interestingly, 1,25-dihydroxyvitamin D3 enhanced
the Tcf/Lef-dependent transcriptional activity induced
by Wnt3a in cultured human osteoblasts. Furthermore,
1,25-dihydroxyvitamin D3 restored the suppressed
Wnt3a-induced transcriptional activity by dexametha-
sone. Previous study reported that the vitamin D recep-
tor with its ligand inhibits B-catenin-Tcf/Lef-dependent
gene transcription in colon carcinoma cells [21]. The
vitamin D effect on Wnt signaling may be different by
the types of cell and target genes, which will require fur-
ther investigations. Active vitamin D metabolites are
used for prevention and treatment of glucocorticoid-in-
duced osteoporosis [22,23]. Besides the known effects of
vitamin D3 on bone and mineral metabolism [23], the ef-
fect on Wnt signaling may contribute to the clinical ef-
fect of vitamin D3 for the treatment of osteoporosis.

LRP35 knockout mice show low bone mass due to de-
creased osteoblast proliferatton [9], but the precise
mechanism whereby the Wnt/LRPS5 signal promotes
bone formation remains to be fully clarified. However,
given the significance of the canonical Wnt signaling
pathway in postnatal control of bone formation, strong
inhibition of this pathway by glucocorticoid may in part
explain the impairment of osteoblastic function and
bone formation induced by glucocorticoid excess. Our
findings in this study and further investigations will
provide clues to new strategies for the treatment of glu-
cocorticoid-induced osteoporosis.
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Introduction

Osteoporosis is the most frequent adverse effect of
glucocorticoids. Management guidelines were developed
{1] in the United States in 1996 when the seriousness of
glucocorticoid-induced osteoporosis as a complication of
glucocorticoid therapy was recognized, and they have since
been revised [2-6). In Japan, the Japanese Society for Bone
and Mineral Research established a study group on
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osteoporosis diagnostic criteria in 1999 and then the Sub-
committee to Study Diagnostic Criteria for Glucocorticoid-
Induced Osteoporosis in 2001 to examine diagnostic criteria
for glucocorticoid-induced osteoporosis, and the present
guidelines were developed for clinical practice (Fig. 1).

Guidelines on the management and treatment of
glucocorticoid-induced osteoporosis

Drafting policy

The Subcommittee to Study Diagnostic Criteria for
Glucocorticoid-Induced Osteoporosis was initially orga-
nized to determine diagnostic criteria. However, guidelines
on glucocorticoid-induced osteoporosis in various countries
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Fig. 1. Guidelines on the management and
treatment of corticosteroid-induced

osteoporosis (2004 edition)” For
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* Drug treatment
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YAN. young adult mean (20-44 years old), B¥D, bone mineral density
“These Guidelines cover patients 18 years of age and older
®Definition of fragility fractures is the same as that for primary ostecporosis
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(2000 revised edition)

“Mean daily dose

*Patients administered 10 mg or more per day are at risk of fractures even when bone
wineral density is high (cut-off value, SYAKS0)
'Risk of fractures is higher in the elderly

are guidelines for primary and secondary prevention and do
not specify diagnostic criteria. The subcommittee discussed
this point, and a draft of management and therapeutic
guidelines in Japan based on evidence available at present
was prepared,

Patients studied by the Subcommittee to Study Diagnostic
Criteria for Glucocorticoid-Induced Osteoporosis

The survey items were sex, age, height, body weight, under-
lying disease, bone mineral density (type of instrument
used, region, measured value), glucocorticoid treatment
history (dose, mean dose for 6 months until measurement of
bone mineral density, maximum dose throughout adminis-
tration period, total administration period, total dose, pulse
therapy within 1 year, use of glucocorticoids for inhalation),
osteoporosis treatment history, and fracture history. The
facilities connected with the Subcommittee, that is, Osaka

City University, Kawasaki Medicine University, Kyushu
University, Kyushu University Hospital at Beppu, Kinki
University, Sapporo Yamanoue Hospital, Research
Institute and Practice for Involutiona! Diseases, Tokyo
Metropolitan Tama Geriatric Hospital, Tokyo Metropoli-
tan Geriatric Medical Center, Hamamatsu University
School of Medicine, Fujita Health University, and Radia-
tion Effects Research Foundation, were requested to con-
duct the survey. As a result, a total of 692 patients were
recruited up to 2002 in addition to the 299 patients recruited
in 1999 and 2000, including 627 women and 65 men. The
most common underlying disease was rheumatoid arthritis
{RA) in 319 patients, and 373 patients had diseases other
than RA; these included 162 cases of systemic lupus
erythematosus (SLE), 27 of progressive systemic sclerosis
(PSS), 26 with mixed connective tissue disease (MCTD),
20 with polymyositis/dermatomyositis (PM/DM), 16 with
polymyalgia rheumatica (PMR), 12 with nephrosis, 10 with
asthma, 10 with idiopathic thrombocytopenic purpura
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(ITP), and 90 with other diseases. The results of an analysis
of a 2-year follow-up survey on 220 patients administered
glucocorticoids by Tanaka and Oshima [7] were added to
these analytical results, and work on establishment of the
guidelines proceeded.

Evidence for drafting the guidelines
Subjects

These guidelines cover men and women 18 years of age or
older. Growth disorders caused by glucocorticoids are a
serious problem in children, but at present no evidence that
can be used has been reported in Japan or overseas, and
children were excluded. Because of the same lack of evi-
dence concerning glucocorticoids injected intravenously,
only patients using oral glucocorticoids for which evidence
is available in Japan and overseas were subjects. There is no
evidence concerning the administration period in Japan.
The most recent guidelines of the United States, UK, and
Canada cover treatment with administration for 3 months
or longer [3-6]. In a meta-analysis of the risk of bone frac-
tures after starting treatment with oral glucocorticoids over-
seas, it was reported that the incidence of new vertebral
bone fractures reaches a maximum at 3-6 months after
administration and forms a plateau thereafter [8), suggest-
ing that treatment simultaneously with or in the very early
stage of glucocorticoid administration is important, There-
fore, the subjects were patients with planned administration
for 3 months or longer (see Fig. 1).

Frior fragility fractures

The results of an analysis in a 2-year longitudinal study by
Tanaka and Oshima showed that the risk of new bone frac-
tures in patients with prior fragility fractures showed the
highest value compared with other fractures at an odds ratio
of 7.92 [7}. Among the patients collected by the Subcommit-
tee to Study Diagnostic Criteria, the 154 cases (103 cases of
RA, 51 cases of collagen disease) that could be analyzed
longitudinally for 2 years had a high odds ratio of 5.22.
Therefore, the first evaluation criterion for starting treat-
ment was patients with prior fragility fractures and patients
with new bone factures during treatment. The definition of
a fragility fracture is the same as that for primary osteoporo-
sis [9].

107

Bone mineral density

Table 1 shows the cut-off values of bone mineral density
{BMD), which can efficiently separate fracture and non-
fracture cases, estimated from the receiver-operating
characteristic (ROC) curve based on an analysis of cases
collected by the Subcommittee to Study Diagnostic Crite-
ria. The cut-off value for all patients was 0.776 glcm’. When
the patients were divided into those with RA, the most

- common underlying disease, and those with diseases other

than RA, the cut-off values were 0.744g/cm® and 0.820g/
cm’, respectively. In cases with SLE, the most common
underlying disease other than RA, the cut-off value was
0.841g/cm®. Judging from these results, it appeared
necessary to set different cut-off values for RA and for
other underlying diseases. Table 2 shows the resulis of an
investigation of this point with respect to age. In Table 2, all
patients were grouped by age from those less than 40 to
those 70 years of age and older. The cut-off values of bone
mineral density in fracture and nonfracture cases were ob-
tained by age and expressed as percent (%) young adult
mean (YAM). When the level of differences in cut-off
values (% YAM) was examined for age differences of 10
years, the values were 6.5% for patients in their forties and
in their fifties and 7.1% for patients in their fifties and in
their sixties, The mean age of RA patients was 60.4 years
and that for diseases other than RA 4838 years, an age
difference of 11.6 years. The cut-off values were 73.6% for
RA and 81.1% for diseases other than RA, a difference of
7.5%; i.e., this difference was almost the same as that for
age, and the difference in cut-off values of RA and diseases
other than RA, is not considered as a difference caused by
differences in disease but a difference due to age.

Table 1. Cut-off values of bone mineral density (BMD) to efficiently
separate fracture and nonfracture cases

BMD (g/cm®) Tscore % YAM
Primary osteoporosis 0.708 -2.60 70%
Osteopenia 0.809 -1.70 80%
All patients  0.776 -197 76.8%
Glucocorticoid- | RA 0.744 -224 73.6%
treated patients | Non-RA 0.820 -1.60 81.1%
SLE 0.841 —143 832%

YAM, young adult mean; RA, rheumatoid arthritis; SLE, systemic
lupus erythematosus

Table 2. Cut-off values of bone mineral density by age and underlying disease of patients

administered glucocorticoid

Age (all patients) %YAM Mean age (years) Underlying disease
Less than 40 years old 86.9
Forties — 859

6.5

. . Non-

Fifties Coggq 8117 984 on-RA

71 7.5 116
Sixties 723

73.6 —j 60.4 —J RA

Seventies and older
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Table 3. Cut-off values of bone mineral density by dose of
glucocorticoids

Daily dose %Y AM (T score)

(prednisolone equivalent) (mg)

All patients 25 77.7(—1.90)

|: =75 803 (-1.67)

=10 82.1 (—-1.52)

RA =13 75.1(-2.12)

Non-RA |: =5 81.8 (—1.55)
=75

82.6 (—1.48)

Table 3 shows the relationship between glucocorticoid
dose and the cut-off values, In all patients, the cut-off value
(% YAM) in the group with a prednisolone equivalent dose
of 5mg/day or higher was 77.7%, that in the group with a
dose of 7.5mg/day or higher was 80.3%, and that in the
group with a dose of 10mg/day or higher was 82.1%. These
results showed that as the daily dose increased, factures
occurred at higher bone mineral densities. For RA, the cut-
off value was 75.1% in the group with a prednisclone
equivalent dose of 7.5mg/day or higher, and for diseases
other than RA, it was 81.8% in the group with a dose of
5mg/day or higher and 82.6% in the group with a dose of
7.5mg/day or higher. The resuits of a cross-sectional analy-
sis of all patients collected by the Subcommittee to Study
Diagnostic Criteria showed a cut-off value of % YAM 77%,
and the cut-off value in the group with a prednisolone
equivalent dose of $mg/day or higher, at which it was re-
ported based on a meta-analysis that the bone mineral den-
sity rapidly decreased and bone fractures increased, was
78%. Tt was clear that it is not necessary to consider differ-
ences in cut-off values due to differences in underlying dis-
eases. In the longitudinal analysis by Tanaka and Oshima,
the cut-off value in the group with a prednisolone
equivalent dose of Smg/day or higher was % YAM 80% [7].
Based on these results, bone mineral density of less than
%YAM 80% was taken as the second evaluation criterion
for starting treatment.

Dose of glucocorticoids

The number of patients collected by the Subcommittee was

not enough to clarify the relationship between the fracture
risk and the total glucocorticoid dose, and the analysis could
" not be performed. Almost no difference was found in the
relationship between the fracture risk and the administra-
tion period, but this was because of insufficient data on
individual patients, and the relationship will have to be
clarified in the future. Sufficient evidence on the relation-
ship between the glucocorticoid dose and fracture risk rate
ot its cut-off value of bone mineral density has stili not been
obtained in Japan, and overseas reports had to be used for
reference. The results of an overseas meta-analysis showed
a reverse correlation between the bone mineral density of
the lumbar vertebra and the total dose of glucocorticoid
(daily dose X period), and the risk of a spinal fracture even
at a daily dose of less than 2.5 mg of prednisolone equivalent

was more than 1.0, i.e., 1.55. The fracture rate increased
dose dependently and was 5.18 at 7.5mg or higher doses [8].
It has been reported that a dose of S5mg or higher is the
threshold value for increased fracture risk, Therefore, the
third evaluation criterion for the start of treatment was
proposed as a dose of 5mg/day or higher (mean daily dose)
as prednisolone equivalent (see Fig. 1). However, in a lon-
gitudinal study, the cut-off value of bone mineral density
was % YAM 90% in the group administered a 10mg/day or
higher dose of prednisolone equivalent, and even at a
% Y AM close to 100%, the risk rate of fractures was cleatly
higher in the patients given giucocorticoid than in patients
not administered glucocorticoids [7).

Old age

In the study by Tanaka and Oshima [7), the incidence of
bone fractures increased significantly with increase in age,
and age was identified as a risk factor of new spinal fractures
in patients administered glucocorticoids; however, a cut-off
value of age to clearly separate fracture and nonfracture
cases could not be determined.

Treatment of glucocorticoid-induced osteoporosis

General guidance. In the same way as with primary os-
teoporosis, it is necessary to provide guidance on improve-
ments in lifestyle and on nutrition, as well as exercise
therapy. This guidance is based on that given for primary
osteoporosis {10].

Follow-up observation. The risk of bone fractures is higher
in patients administered glucocorticoid than in those who
were not treated with glucocorticoid. Therefore, in patients
evaluated as the follow-up observation group based on the
present guidelines, it is essential to conduct follow-up ob-
servation by measuring bone mineral density and taking X-
rays of the thoracic and lumbar vertebra on a regular basis.

Drug treatment. In prospective randomized control trials
(RCT) overseas [L1-15] and in Japan [16,17), evidence that
the bisphosphonate products etidronate, alendronate, and
risedronate significantly prevent bone fractures caused by
glucocorticoid-induced osteoporosis has been reported.
Therefore, these drugs have been recommended as first-line
drugs at present. Active vitamin D, has been reported to
have fracture-preventing effects, although these are inferior
to those of the bisphosphonates [18], and vitamin K, has
also been found to have fracture-preventing effects from a
longitudinal study in Japan [7]. These two vitamins have
been recommended as second-line drugs. Although the pa-
rameter was bone mineral density, it was reported based on
a meta-analysis that vitamin D and bisphosphonates admin-
istered concomitantly are more effective than bisphos-
phonates alone in the treatment of glucocorticoid-induced
osteoporosis [19]. Concomitant administration of active
vitamin D, and bisphosphonates should be considered in
patients with serious or high-risk osteoporosis. When
bisphosphonates are difficult to administer to postmeno-
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pausal women because of problems such as side effects,
selection of raloxifene, a selective estrogen receptor modu-
lator (SERM) {4,20,21] may be considered; however, thera-
peutic evidence of SERM for glucocorticoid-induced
osteoporosis is still insufficient and further study will be
necessary.

Conclusion

The 2004 edition of the guidelines on the management and
treatment of glucocorticoid-induced osteoporosis has been
developed based on the results of a longitudinal study by
subcommittee members and the results of an analysis of
patients collected by the Subcommittee to Study Diagnostic
Criteria for Corticosteroid-Induced Osteoporosis, together
with evidence obtained overseas and in Japan at present. It
will be necessary to verify and revise the present guidelines
based on newly collected evidence in the future.
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Abstract

Dehydroepiandrosterone-sulfate, the sulfated form of dehydroepiandrosterone, is the most abundant steroid in young adults, but gradually
declines with aging. In humans, the clinical application of dehydroepiandrosterone targeting some collagen diseases, such as systemic lupus
erythematosus, as an adjunctive treatment has been applied in clinical trial. Here, we report that dehydroepiandrosterone may negatively
regulate the mitogen-activated protein kinase pathway in humans via a novel dual specificity protein phosphatase, DDSP
(dehydroepiandrosterone-enhanced dual specificity protein phosphatase). DDSP is highly homologous to LCPTP/HePTP, a tissue-specific
protein tyrosine phosphatase (PTP) which negatively regulates both ERK and p38-mitogen-activated protein kinase, and is transcribed from
the PTPN7 locus by alternative splicing. Although previous reports have shown that the mRNA expression of the LCPTP/HePTP gene was
inducible by extracellular signals such as T-cell antigen receptor stimulation, reverse transcribed (RT)-PCR experiments using specific sets of
primers suggested that the expression of LCPTP/HePTP was constitutive while the actual inducible sequence was that of DDSP. Furthermore
DDSP was widely distributed among different types of human tissues and specifically interacted with p38-mitogen-activated protein kinase.
This inducible negative regulation of the p38-mitogen-activated protein kinase-dependent patHway may help to clarify the broad range of
dehydroepiandrosterone actions, thereby aiding the development of new preventive or adjunctive applications for human diseases.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Dehydroepiandrosterone: Dual specificity protein phosphatase; Protein tyrosine phosphatase; p38-mitogen-activated protein kinase; Mitogen-
activated protein kinase; Mitogen-activated protein kinase phosphatase

1. Intreduction

The mitogen-activated protein kinase (MAPK) family
plays a central role in signaling pathways stimulated by
extracellular stimuli such as growth factors, cytokines and
physical stress. In higher organisms, this kinase family
includes the extracellular stimulus-regulated kinases (ERKs)

Abbreviations: RT-PCR, reverse transcribed PCR; MAPK, mitogen-
activated protein kinase; PTP, protein tyrosine phosphatase; DSP, protein
dual specificity phosphatase; LCPTP, leukocyte-specific protein tyrosine
phosphatase; HePTP, hematopoietic tissue-specific protein tyrosine phos-

phatase; DHEA, dehydroepiandrosterone; DDSP, dehydroepiandrosterone-
induced protein dual specificity phosphatase; ERK, extracellular stimulus-
regulated kinase; JNK, ¢Jun N-terminus kinase; TcR, T-cell antigen
receptor; GFP, green fluorescence protein; PMA, phorbol-12-myristate-13-
acetate; aa, amino acid; SSH, suppression subtraction hybnidization
* Corresponding author. Tel.: +81 92 642 5275; fax: +81 92 642 5297.
E-mail address: nawata@intmed3.med. kyushu-u.ac.jp (H. Nawata).

0167-4781/% - see front matter © 2005 Elsevier B.V. All nights reserved.
doi: 10.1016/.bbaexp.2005.01.016

and two stress-stimulated kinase groups, the stress-activated
protein kinase/c-JUN N-terminus kinase (SAPK/INK) and
p38-MAPK/p38 High Osmolarity Glycerol response (HOG)
1 [1-5]. The activation of MAPKSs requires phosphorylation
of conserved tyrosine and threonine residues within the
catalytic domain. This phosphorylation is mediated by dual
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specificity protein kinases, members of the MAPK kinase
family. In contrast, in the absence of a2 signal the
constituents of the MAPK cascade return to their inactive
dephosphorylated state, suggesting an essential role for
protein phosphatases in the negative regulation of the
MAPK cascade. Protein phosphatases are classified into
three groups, protein serine/threonine phosphatases, protein
tyrosine phosphatases (PTPs) and protein dual specificity
serine/threonine/tyrosine phosphatases (DSPs), depending
on their phosphoamino acid specificity [6].

Dehydroepiandrosterone-sulfate {DHEA-S), the sulfated
form of DHEA, is the most abundant steroids in young
adults, but gradually decline with aging. Although the
meolecular basis of DHEA action still remains to be
elucidated, recent findings have suggested modulatory
actions of DHEA on the MAPK signal transduction path-
way [7-9]. To date, much data have been accumulated on
the biological action of DHEA, although some of these were
carried out using rodents in which the P450 C17 activities
are extremely low, thus leading to trace or nearly undetect-
able levels of serum DHEA or DHEAS concentrations. In
humans, the clinical application of DHEA targeting hor-
mone replacement therapy [10-13] has been tested in
clinical trials.

We have been interested in the actions of DHEA using
both in vitro and in vivo experiments [14] (for review). We
have previously reported that a human clonal T lymphocyte,
the PEER cell [15], which is stimulated with phorbol-12-
myristate-13-acetate (PMA) and calcium icnophore A23187
to mimic the activation of the T-cell antigen receptor (TcR),
revealed the specific binding of [3H]-DHEA to its putative
receptor. This specific binding was further increased when
treated with 100 nM of DHEA itself in addition to the PMA
and A23187 treatment [16], while the subcellular local-
ization of the DHEA-bound molecule(s) was not deter-
mined. In the experiment, the MAPK cascade was activated
by PMA, which bypasses all receptor-induced proximal
tyrosine phosphorylation events by directly activating the
Raf kinase through protein kinase C {17,18]. Thus, PEER
cells are likely to provide a good model for investigating the
cellular phenotypes altered by the DHEA action on the
MAPK cascade, or for identifying the putative receptor for
DHEA. Here, we report that DHEA negatively regulates the
MAPK pathway in humans via a novel MAPK phosphatase,
tentatively named DDSP (DHEA-enhanced DSP), which is
highly homologous to LCPTP/HePTP [19,20] not only con-
trolling the activity of MAPKs but also mediating crosstalk
between the cAMP system and the MAPK cascade [21].

2. Materials and methods
2.1. Cells

Human T lymphoblastic leukemnic cells, PEER, were main-
tained in RPM1 1640 (Gibco) supplemented with 10% FBS, 60

pg/ml of benzylpenicithin, 100 pg/ml of streptomycin, 2 mmol/L
of L-glutamine, and 50 pmol/L. of 2-mercaptocthanol. The cells
were plated at a concentration of 1% 10%/ml and then treated with 5
nM PMA and 500 ng/ml of calcium ionophore A23187 in the
presence or absence of 50 to 100 nM of DHEA (PEER(+) and
PEER(-), respectively) for 28 h. NIH3T3 mouse fibroblasts were
maintained in DMEM (Gibco) supplemented with 10% FBS, 60
pg/ml of benzylpenicillin, 100 pg/ml of streptomycin, and 2
mmol/L of L-glutamine.

2.2, Suppression subtractive hybridization screening and reverse
transcribed-PCR (RT-PCR)

Total RNA was isolated using 1ISOGEN (Nippon Gene Co.).
Suppression subtraction hybridization (SSH) was performed to
construct a subtraction ¢cDNA [ibrary using a commercially
available kit {PCR-Select ¢cDNA Subtraction Kit, Clonetech
Laboratories Inc.). Briefly, double-stranded ¢DNAs were synthe-
sized using the poly(AY'RNAs from PEER(+) or PEER(-) cells.
After the completion of two rounds of hybridization, the suppres-

" sion PCR products were amplified using the GeneAmp 9600 PCR

System (Perkin Elmer Applied Biosystems Division), size-fractio-
nated using Chroma Spin+TE-200 Columns (Clontech Laboratories
Inc.) and then blunt ligated into pBluescript II SK—which was
cleaved with Smal. DH3a was transformed with the ligation
mixtures to construct the plasmid library without amplification.
The nucleotide sequences of 400 randomly chosen clones were
determined using 2 DSQ-1000 DNA Sequencer (Shimadzu Co}
and subjected to a homology search. PCR primers of 16-mers
specific for the nucleotide sequence of each clone were synthesized

" and used for RT-PCR to confirm the effect of the DHEA treatment.

Semiquantitative RT-PCR was performed using total RNAs from
untreated PEER cells, PEER(+) and PEER{-) cells. The PCR
fragments were electrophoresed in a 4% polyacrylamide gel. The
gels were stained with Cyber Green (Amersham Life Science) and
the intensities of the fluorescent signals were analyzed directly
using a STORM 860 Image Analyzer {(Molecular Dynamics Inc.).
A phage cDNA library using the mRNAs from PEER (+) cells was
constructed using a ZAP-cDNA Synthesis Kit (Stratagene) and
then probed with a clone 1-20 cDNA insert. Thereafter, 1%10°
plaques were subjected to screening,

2.3. Phosphatase assay

The full-length ¢cDNA sequence of DDSP was ligated into
the pAcGHLT baculovirus expression vector (Pharmingen),
containing a 6 histidine tag and a glutathione S-transferase
(GST) tag upstream of the multiple cloning sites, and then
transfected into SF-9 (Spodoptera frugiperda pupal ovary) insect
cells using the calcium phosphate precipitation method. Cells
were grown at 25 °C and the viruses were enriched according to
the manufacturer’s protocol. The expressed GST-DDSP protein
was purified using a glutathione sepharose affinity column.
Phosphatase assays were performed using the Tyrosine Phos-
phatase Assay System and the Serine/Threonine Phosphatase
Assay System (Promega Co.).

2.4. Tissue distribution and hormonal regulation of DDSP mRNA

The tissue distribution and hormonal regulation of DDSP or
LCPTP/HePTP mRNA were examined by semiquantitative RT-
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PCR. To compare the tissue distribution and steroid hormone-
specific mRNA induction between DDSP and LCPTP/HePTP, 2
sets of primers were designed (Fig. 1), namely one for
amplifying the scquences specific to DDSP (5’ -GGA-

K. Ashida et al. / Biochimica et Biophysica Acta 1728 (2005) 84-94

TATTGTGTGCCAACTGC-3' for the forward and 5 -GAGA-
CAGGGTTTACACCATG-3 for the reverse) and the other for
amplifying the sequences specific to LCPTP/HePTP (5°-
CAGCTGCTTCAGCAGACCTC-3' for the forward and 5 -
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Fig. 1. The structure of DDSP. (a) The nucleotide and aa sequence of DDSP. The nucleotide number and the aa residue number are shown on the left side
and right side, respectively. The substitution of the LCPTP/HePTP amino acid residues with the DDSP specific residues are highlighted by italic letters
and bold lines, and the 2 termination codons are shown by asterisks. The putative PTP/DSP catalytic domain and Asp209, which is thought to be critical
for PTP/DSP activity, are underlined. Arrows labeled with Fw and Rv are forward {Fw) and reverse (Rv) primers, respectively. (b) Schematic comparison
of the DDSP structure with the LCPTP/HePTP structure. In DDSP, the aa residues required for ERK binding (including Argd!l and Argd2 shown as “RR”
in the figure) are lacking (see text). The C-terminal 11 aa residues of DDSP (vertical bars) are different from those of LCPTP/HePTP (horizontal bars).
The dashed box represents the PTP/DSP central catalytic domain. Arrows labeled with Fw and Ry are forward (Fw) and reverse (Rv) primers,

respectively.

— 336 —



K. Ashida et al. / Biochimica et Biophysica Acta 1728 (2005) 84-94 87

GGGGCTGGGTTCCTCAGGCA-Y  for the reverse). Tissue
¢cDNA panels (Clontech Laboratories Inc.) were used for the
RT-PCR.

2.5, Subcellular localization of DDSP

The full length DDSP cDNA sequence was ligated in-frame
into pEGFP (Clontech), thus generating pDDSP-GFP in which
the C' -terminus of the DDSP sequence was fused to the N’ -
terminus of green fluorescence protein (GFP). pDDSP-GFP was
transfected into COS-7 cells and the cells were observed using
a Leica TCS-SP System confocal laser microscope (Leica
Microsystems). The cells were imaged for green fluorescence
by excitation with the 488 nm line from an argon laser and the
emission was viewed through a 496 to 505 om band pass
filter.

2.6. Immunocoprecipitation and Western blot analysis

For the immunocoprecipitation experiments, NIH3T3 mouse
fibroblasts were transfected with a plasmid expressing flag-
tagged DDSP using Superfect (Qiagen). At 24 h posttransfection,
the cells were stimulated with 0.5 M NaCl for 20 min (for p38-
and JNK-MAPK) or 50 ng/ml of PMA for 15 min after
incubation in a serum free medium for 15 h (for ERK). Whole
cell lysates were prepared by lysing the cells in a buffer (1.0%
Nonidet P40, 50 mM Tris-HCI pH 7.8, 150 mM NazCl, 1 mM
DTT, 1 tablet of a protease inhibitor cocktail (Roche)). The
lysates were incubated at 4 °C for 1 h with antibodies against
ERK, JNK- or p38-MAPK (Cell Signaling} in an immunopre-
cipitation buffer (0.5% Nonidet P-40, 1 mM EDTA, 50 mM
Tris—-HC! pH 7.8, 200 mM NaCl, 1 mM DTT, 1 tablet of the
protease inhibitor cocktail), and then further incubated with
protein-A sepharose beads (Pharmacia) at 4 °C for 2 h. For
Westemn blotting, the samples were separated by SDS-PAGE,
transferred to a nitrocellulose filter, and then probed with an
antibody against flag according to the manufacturer’s protocol.
To test the inactivation of the MAPK pathway by DDSP, two
sets of transfection experiments were performed. In one experi-
ment, the flag-tagged DDSP cDNA was transfected into NIH3T3
cells, and the transfected cells were then treated to activate ERK,
p38 or INK-MAPKs as in the immunocoprecipitation experi-
ments. The transfection efficiency was monitored by the trans-
fection of pEGFP in a separate dish and resulted in 30 to 50%
efficiency. Western blotting was performed to observe the
dephosphorylation of endogenous MAPK in the whole cell
lysates of transfected cells using anti-phospho-MAPK antibodies
(Cell Signaling). To observe the dephosphorylation of the
endogenous activated MAPKSs, the MACSelect system (Miltenyi
Biotech) was used to enrich the transfected cells. The flag-tagged
DDSP cDNA was ligated into the pMACSK [ vector plasmid to
generate pMACS-DDSP and the NIH3T3 cells were transfected
in a 10 ¢m dish with 20 pg of pMACS-DDSP, or pM.ACSKklI as
a control. The transfected cells were subjected to affinity-column
separation and then treated with 0.4 M sorbitol for 20 min to
activate p38-MAPK, or 50 ng/ml of PMA for 15 min after
incubation in a serum free medium for 20 h for ERK. Nearly
80% of the recovered cells were revealed to be transfected when
the efficiency was preliminarily monitored by the cotransfection
of pMACSK*Il and pEGFP. Western blotting was performed
using anti-phospho-p38 or -ERK antibodies (Cell Signaling).

3. Results

3.1. Isolation of a ¢DNA sequence homologous to
LCPTP/HePTP

Human T-cell leukemia cells (PEER) were treated with
PMA and calcium ionophore A23187 to mimic TcR
activation with (PEER(+)) or without (PEER(~)) 50 nM
of DHEA. We performed the SSH screening by constructing
a cDNA library in which the cDNAs from PEER{-) cells
were subtracted from those from PEER(+) cells. After the
SSH subtraction, the cDNAs for the MAPK phosphatases
were enriched. One of these clones (named 1-20) contained
600 bases of sequence highly homologous to a leukacyte-
specific PTP (LCPTP), also known as hematopoietic tissue-
specific PTP (HePTP), a sequence which was originally
isolated as a cytoplasmic PTP [19,20].

However, 1-20 contained another 150 bases of unique
sequence and thus a phage cDNA library from the activated
PEER cells was screened to obtain the full-length cDNA,
The translation of the full length 1-20 (DDSP) ¢cDNA
sequence revealed one long open reading frame consisting
of 293 amino acid (aa) residues, and also a striking
homology (96% homology at the aa level) to LCPTP/
HePTP (Fig. 1a). In the 50 aa residues of the LCPTP/HePTP
N-terminus, there were 3 methionine (Met) residues: trans-
lation initiationn Met 1 for LCPTP, translation initiation Met
22 for HePTP and Met 49 (Fig. 1b). A putative translation
initiation Met for 1-20 corresponded to Met 49 of the
LCPTP. And the preceding 24 nt of the 5 noncoding
sequence were identical to those of LCPTP/HePTP
(sequence encoding aa residues 41 to 48 of LCPTP, as
shown by the thin line above the nucleotide sequence
preceding the translation initiation Met for 1-20 in Fig, 1a).
However, about 150 bases of the sequence further upstream,
including 2 in-frame termination codons, were unique.
Although the aa sequence known as the PTP/DSP central
catalytic domain was highly conserved, the striking homol-
ogy to LCPTP/HePTP was disrupted at the C-terminal end,
resulting in 11 novel aa sequences (Fig. 1a). Interestingly,
the first 25 nt sequences encoding these 11 aa residues were
identical to the partial sequence reported for the exon 9/
intron 9 junction of LCPTP/HePTP [22].

A BLAST search of the human genome sequence using
the 5 - and 3’ -noncoding regions of 1-20 assigned each
sequence to within the PTPN7 locus on chromosome 1g31
(the 5 -noncoding sequence was the intron 2/exon 3
junction, and the 3’ -noncoding sequence was the read-
through of the exon 9/intron 9 junction downstream to
intron 9) that encodes LCPTP/HePTP, thus strongly
suggesting that the 1-20 sequence was a nove! alternatively
spliced variant of the PTPN7 gene. Another RT-PCR
experiment using RNA from human peripheral blood
lymphocytes with or without reverse transcription con-
firmed that the full-length ¢cDNA derived from the mRN
(data not shown). .
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3.2. Phosphatase activity

To test whether or not clone 1-20 possessed phosphatase
activities, a GST fusion product with 1-20 was expressed in
SF-9 insect cells since bacterially expressed fusion proteins
always formed inclusion bodies. SDS-PAGE showed a
stably expressed fusion protein with the expected molecular
weight (data not shown). The expressed protein showed a
rapid loss of phosphate from the phosphotyrosine in a time
dependent manner. The activity was strongest at pH 6.0, and
was suppressed by the PTP specific inhibitor sodium
orthovanadate (Na;VO,) (Fig. 2a). In contrast to LCPTP/
HePTP, the expressed 1-20 protein also caused a rapid loss
of the phosphate from the phosphothreonine. Although
threonine phosphatase activity was weaker {about 50% at
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the optimal pH 8.0) compared to tyrosine phosphatase
activity at the optimal pH, the activity was suppressed by
sodium fluoride (NaF), a serinc/threonine phosphatase
specific inhibitor (Fig. 2b).

3.3. Subcellular localization

The DDSP sequence was in-frame ligated into pEGFP
generating pEGFP-DDSP which was transfected into COS-
7 cells to observe the subcellular localization of GFP
fluorescence. The GFP fluorescence was detected solely in
the cytoplasm as in the case of LCPTP/HePTP. Furthermore,
the distribution of the GFP-flucrescence was homogeneous,
suggesting that this protein was not associated with the
membrane structure (Fig. 3a). The treatment of the trans-

Py
F-y

3 pp-1
£ pp-2
M + {mM NazvOy4

pry
L]
"

Yy
o
\

o
L

o
'

1S

™~
N

Phosphatase Activity (pmol PO4 /min/pg)

o

8.0 7.0 8.0
pH

—h
LY

[ S-PR-R-A-{(pT}V-A)
Il + 50mM NaF

-
N

-
Q

Phosphatase Activity (pmo! PO4™/min/pg)

o
1

8.0 7.0 6.0
pH

Fig. 2. Phosphatase activities of GST-DDSP. The sequence encoding GST-fused DDSP was ligated into the baculovirus expression vector and expressed in SF-
9 cells. {a) Phosphotyrosine phosphatase activity of DDSP (left panel). PP-1 (open column) and PP-2 (dashed column) are 2 different kinds of phosphotyrosine
substrate supplied by the manufacturer. Sodium vanadate (Na;VO,) is a PTP-specific inhibitor. The phosphatase activity was measured in the absence (open or
dashed cotumn) or presence (filled column) of | mM Na;VO, and is shown as pmol phosphate released/min/ug of enriched cytosol after passage through a
GST-affinity column, The right panel represents the activity of the sample from cells transfected with an empty vector plasmid. (b) Phosphothreonine
phosphatase activity of DDSP (left panel), S-P is a phosphothreonine substrate. Sodium fluoride (NaF) is a serine/threonine phosphatase-specific inhibitor, The
phosphatase activity was measured in the absence (open) or presence (filled column) of 50 mM NaF, The right panel represents the activity of the sample from

cells transfected with an empty vector plasmid.
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