H. Kawate et al. / Molecular and Cellular Endocrinology 230 (2005) 77-86

Relative Luciferase Activity

Vec Vec CBP CBP Tob Tob Tob Tob

-
CBP CBP
{(A)

2
=
i3]
<
(13}
(2]
©
2
G
=3
i}
[
=
8
[3]
o

AR + + + + +

DHT - + + + +

Vec Vec TIF2 TiF2

B Tob Tob

Fig. 5. Effects of coactivator expression on the Tob-mediated repression of
the AR-mediated transactivation. (A) pcDNA/mCBP (0.1 or 0.3 ng/well)
was cotransfected with pPCMV-hAR (0.1 pg/well), pGL3-MMTYV and pRL-
CMV with or without the Tob expression vector (0.2 or 0.5 pg/well) into
MC3T3-El 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 pg/well), pGL3-MMTYV,
pRL-CMV, pYFP-Tob1 (0.5 wg/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 luciferase 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 CAF1, whose yeast homologue is a component
of the CCR4-NOT transcription complex. The mutations of
LXXLL motifs in BTG1 abolished both the effect of BTG1 on
ERo-mediated transactivation and the interaction of BTG1
with CAF1 (Prevot et al., 2001). Tobl 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
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Fig. 6. Coimmunoprecipitation of AR with Tob1 protein. COS-7 cells were
transfected with 2 pg of pCMV-hAR and pYFP-Tobl and then incubated
with or without 1078 M DHT for 24 h. The whole cell extracts were sub-
jected to an immunoprecipitation using anti-Tob antibody. Immunoprecip-
jtated 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 immunoblotting.

CAFI1 protein through an LXXLL motif. However, introduc-
tion of mutations into an LXXLL motif of the Tob protein
failed to abolish the transcriptional repression. Furthermore
PC3/BTG?2, which carries two LXXLL motifs, failed to re-
press AR-mediated transcriptional activation in osteoblastic
cells. In the amino acid sequence of the Tobl 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 also mutated but re-
pression by the mutant Tob was almost equal to that by the
wild type protein. These results indicate that, in osteoblastic
cells, the LXXLL and LXXII motifs in the Tob protein are not
essential for suppression of nuclear receptor-mediated irans-
activation, nevertheless, the Tob-induced repression of the

Fig. 7. Localization of wild type Tob1 and Tob2 proteins. YFP-Tob1 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 Tob1 protein. The YFP vector (YFP), carrying
only a YFP cDNA, and pAR-GFP (AR-GFP) were cotransfected into MC3T3-E1 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 YFP (E) in the DHT-treated cells were also collected and the
two images were merged (F). MC3T3-E1 cells were cotransfected with pAR-GFP and pYFP-Tobl (G-L.). Fluorescent signals from AR-GFP (G and J) and
YFP-Tob! (H and K) were collected in the presence of DHT, and the two signals were merged (I-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 receptor 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 essen-
tial for the formation of nuclear foci of AR (Saitoh et al.,
2002). It was shown that activation of AP-1 or NF-«B re-
pressed AR-mediated transactivation. Extraction of endoge-
nous CBP from the AR-mediated transactivation complex
by these transcriptional factors is thought to be 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 inhibited the subnuclear foci formation
of AR, being consistent with the results of the luciferase re-
porter assay. To examine whether CBP is involved 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
to recover the AR foci formation destroyed by the expression
of Tob (data not shown). According to 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 to be the sites where nuclear receptors interact with
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coactivators to form (pre)transactivation complexes before
binding to DNA (Stenoien et al., 2000; Saitoh et al., 2002).
Therefore, Tob seems to inhibit formation of the transcrip-
tionally active complex of AR that should be an earlier step
than AR-DNA binding. However, further study will be nec-
essary to elucidate the precise mechanism of the Tob-induced
repression of AR-mediated transactivation.

Tobl 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 differentiation (Hofbauer and Khosla, 1999;
Manolagas et al., 2002). Based on our findings that Tob pro-
tein represses AR and ERa-dependent transactivation in 0s-
teoblastic cells, Tob deficiency would result in upregulation
of the transactivation functions of AR and ERa in bone for-
mation. Such elevated function of steroid hormone receptors
may also partially 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 extraceltular signals such as BMP-2 and
sex steroids.
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Abstract

To explore the mechanism of glucocorticoid-induced osteoporosis, we investigated the effect of glucocorticoid on canonical Wnt
signaling that emerged as a novel 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 cytosolic 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 3
(LRP5) gene cause osteoporosis-pseudoglioma syn-
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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 LRP5 gene knockout
mice show the phenotype of low bone mass resembling
that of human OPPG [9]. These findings highlighted
What 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 Wnat/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/LRP5 receptor
complex, inactivate glycogen synthase kinase-3p
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(GSK-3B), and inhibit phosphorylation and consequen-
tial degradation of intracellular -catenin [10,11]. Accu-
mulated [B-catenin translocates into the nucleus and
activates target genes by a complex formed with tran-
scription factors of the T-cell factor (Tcf)/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 dickkopf (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 Wt 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 o-MEM, penicillin, and streptomycin were ob-
tained from Invitrogen (Carlsbad, CA). Fetal calf serum (FCS) was
purchased from Sanko Junyaku (Tokyo, Japan). Dexamethasone, 17-
estradiol, dihydrotestosterone, 1,25-dihydroxyvitamin D3, LiCl, and
goat immunoglobulin (IgG) 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/ml 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, VA). Wnt3a-conditioned medium
(Wnt3a-CM) and the control-conditioned medium (C-CM) were har-
vested according to the manufacturer’s instructions. 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 B-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-$-catenin). TOPflash, a Tcf-binding site reporter 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 immunoblot analysis were performed essentially as
described previously [15]. 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 (Amersham Biosciences Corp., Piscataway,
NI) through electroblotting. For detection of B-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-B-catenin plasmid vector. The
cells were maintained in o-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 4 SD. 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 Tef-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 Tcf/Lef-dependent
transcriptional activity in a dose-dependent manner, and
dexamethasone at 107" 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 17@-estradiol or dihydrotes-
tosterone did not affect the transcriptional activity
stimulated by Wnt3a. The addition of 1,25-dihydroxyvi-
tamin D3 (1077 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-3B, its consequential accumulation of
cytosolic B-catenin, translocation of the accumulated
B-catenin into the nucleus, and its activation of Tcf/
Lef. Therefore, we examined whether or not dexameth-
asone would affect the intracellular f-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°~1077 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-8-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-p-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 Tcf/Lef-dependent transcriptional activity in primary cultured
human osteoblasts. Human osteoblasts were transfected with TOPflash plasmid vector, and incubated for 36 h with the control-conditioned medium
(C-CM) or Wnt3a-conditioned 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) 107°-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), 10~7 M 17B-estradiol (E2), 1077 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 1077 M dexamethasone (Dex). *P < 0.01 vs. Wnt3a-CM with vehicle. (D) 1077 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 < 0.05 vs. Wnt3a-CM with Dex.

C-CM + - - - - C-CM + - -
Wnt3a-CM - + + + + Wat3a-CM - * *
9 8 7 Dex (M)
Dex 0 0 10 10 10 (M)
B-catenin R . o g-catenin
Fig. 2. Effect of dexamethasone on the level of the cytosolic B-catenin
protein in primary cultured human osteoblasts. Human osteoblasts
were incubated with the control-conditioned medium (control-CM) or Fig. 3. Effect of dexamethasone on the localization of B-catenin in
Whnt3a-conditioned medium (Wnt3a-CM) in the presence of vehicle primary cultured human osteoblasts. Human osteoblasts were trans-
(ethanol) or 107°-107"M dexamethasone (Dex) for 24h, and fected with the pEGFP-B-catenin expression vector, and incubated for
fractionated to soluble and particulate fractions. Soluble proteins 24 h with the control-conditioned medium (control-CM) or Wnt3a-
(20 pg) were loaded in each lane and subjected to SDS-PAGE (7.5% conditioned medium (Wnt3a-CM) in the presence of vehicle (ethanol)
separating gel). Immunoblot analyses were performed using a specific or 1077 M dexamethasone (Dex). The cells were analyzed by laser
anti-B-catenin monoclonal antibody. Results shown are representative confocal microscopy. A representative imaging of three independent
of three independent experiments. experiments is shown (magnification, 100x).

—125—



K. Ohnaka et al. | Biochemical and Biophysical Research Communications 329 (2005) 177-181

dexamethasone at 10~’ 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
Whnt 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 25mM LiCl increased the
Tcf/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 effect 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]. Our
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
Tcf/Lef-dependent transcriptional activity by LiCl, a
GSK-3B inhibitor. Therefore, it is presumed that the
dexamethasone affects canonical Wnt signaling through
GSK-3p itself or upstream of GSK-3f. Indeed, it was re-
ported that glucocorticoid activates GSK-3B and inhibits
cell cycle progression in murine preosteoblastic MC3T3-
El cells [20]. We have previously shown that glucocorti-

coid enhances the expression of Dkk-1, a secreted antag-
onist of Wnt signaling, in cultured human osteoblasts
[14]). Treatment with anti-Dkk-I-specific antibody par-
tially (approximately 40%) restored the suppression by
dexamethasone of Wnt3a-induced Tcf/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 Tef/Lef-dependent transcriptional activity induced
by Wnt3a in cultured human osteoblasts. Furthermore,
1,25-dihydroxyvitamin I3 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.

LRPS5 knockout mice show low bone mass due to de-
creased osteoblast proliferation [9], but the precise
mechanism whereby the Wnt/LRPS 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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Abstract

Steroid hormones control the transcriptional activity of target genes mediated by intracellular nuclear receptors, and these tran-
scriptional activities are modulated by the combination with coactivators and corepressors. We found in this study that testicular
zinc finger protein (TZF) that was a nuclear protein with a zinc finger motif of the Cys,-His, type was a novel corepressor of andro-
gen receptor (AR). Fusion protein with green fluorescence protein GFP formed the specific foci in nuclei and TZF-dependent foci
were located close to the splicing factor compartment. In addition, TZF was recruited into AR subnuclear foci after the treatment of
dihydrotestosterone. Furthermore, we revealed that TZF bound to the activation function-1 (AF-1) domain (N-terminal transacti-
vating domain) of AR protein. Transient over-expression of TZF in COS-7 cells or LNCaP human prostatic cancer cell resulted in
decreased AR activity in a ligand-dependent fashion. Moreover, a transcriptional corepressor N-CoR additively decreased the tran-

scriptional activity of AR with TZF. These findings suggest that TZF might be a novel corepressor of AR.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Zinc finger protein; Corepressor; Androgen; Androgen receptor; Transcriptional activity

The actions of steroid hormones are mediated by
intracellular nuclear receptors whose coordinate activity
defines the physiological response [1]. These receptors
are all structurally related and constitute a superfamily
of nuclear regulatory proteins that modulate gene
expression in a ligand-dependent fashion. In the case
of androgen receptor (AR), it has been proposed that
ligand binds to the cytosolic AR, and then the recep-
tor-ligand complex is relocated to the nucleus with
subsequent sequence-specific interaction with hormone
responsive elements of target genes under the control
of various cofactors to regulate the transcription of tar-
get genes [2,3] A number of transcriptional cofactors
(coactivators and corepressors) have been identified

* Corresponding author. Fax: +81 45 972 5972.
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! These authors contributed equally to this work.
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and they include the p160 family [4-6], CBP/p300 [7],
PCAF/GCNS5 [8], and TRAPs/DRIPs [9] as the coacti-
vator, and SMRT/Sin3A [10,11] and N-CoR {12,13] as
the corepressor. These transcriptional cofactors are or-
ganized in multiprotein complexes and facilitate the ac-
cess of nuclear receptors and the RNA polymerase I
core machinery to their target DNA sequences by chro-
matin remodeling and histone modification. Transcrip-
tional repression is an intrinsic part of endocrine
physiology. However, the mechanism of repression is
not fully understood. One reason is the lack of number
of corepressors found.

AR, like other steroid hormone receptors, contains
the following structural and functional domains: a cen-
tral DNA-binding domain, a C-terminal ligand-binding
domain, and two potential transcriptional activation do-
mains (AF-1 and AF-2). AF-1 is located in the N-termi-
nal region of the receptor and has been shown to actin a
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ligand-independent fashion. By contrast, a ligand-de-
pendent AF-2 domain, which colocalizes with the highly
conserved C-terminal ligand-binding domain, is pre-
dicted from the sequence similarity among nuclear
receptors [14].

Testicular zinc finger protein (TZF) has a nuclear
protein with a zinc finger motif [15,16]. Analysis of the
open reading frame of cDNA indicates that TZF is a
polypeptide of 942 amino acids residues that included
three distinct domains, namely, a zinc finger domain
of the Cys,-His, type, four basic amino acid-rich do-
mains (putative nuclear-localization sequences), and a
myosin II-homology domain. RT-PCR analysis of
expression level of mRNAs for mouse TZF shows that
transcripts are highly expressed in testis and moderately
in adrenal gland, prostate gland, muscle, kidney, and
uterus. Fusion proteins with green fluorescence protein
(GFP) also demonstrate the nuclear localization of
TZF. However, the function of TZF in various organs
has not been clear yet. In this paper, we describe that
TZF might be a novel corepressor of AR.

Materials and methods

Plasmid constructs. Plasmid vector expressing AR-GFP fusion
protein, named pAR-GFP, was constructed as described previously
[17] A plasmid construct carrying GFP-TZF fusion gene, pLP-EGFP-
CI1-TZF {16], was digested by Sa/l and Xhol to remove the vector
sequence and TZF cDNA was separated to two fragments. A 2.3-kb
Sall fragment contained an N-terminal part of TZF and a 1-kb Sall-
Xhol fragment contained a C-terminus of TZF. These two fragments
were inserted together into pEYFP-C1 (Clontech) vector or pFLAG-
cytomegalovirus (CMV) 2 (Sigma) to produce pYFP-TZF and
pFLAG-TZF-CMV. A GFP fragment of pLP-EGFP-C1-TZF was
replaced with c-myc tag, to produce pLP-CMV-myc-TZF. The full
length of human N-CoR in pEF1-hN-CoR-V5his6 (gifted from Dr.
Jun Yanagisawa, University of Tsukuba) was inserted into EcoRI and
Notl sites of pBSSK (Stratagene). Sall enzyme recognition site was
introduced into the C-terminus of hN-CoR ¢DNA in pBSSK by PCR.
By digesting with EcoRI and Sall restriction enzymes, hN-CoR frag-
ment was subcloned into pFLAG-CMV2 (Sigma), resulting in
pFLAG-N-CoR-CMV.

The firefly luciferase reporter plasmid, pGL3-mouse mammary
tumor virus (MMTV) [17), and the expression vector for AR (pCMV-
hAR) were prepared as previously described [18,19]. A 644-bp of 5'-
flanking region of the prostate specific antigen (PSA) gene was
amplified by KOD DNA polymerase (Toyobo, Osaka, Japan) using a
set of primers: PSAP-N (5'-aggtaccgaattccacattgttigetge-3') and
PSAP-C (5'-tccgggtgcaggtggtaagetigg-3"). The PCR-amplified frag-
ment was cloned into pGL3-Basic vector (Promega, Madison, WI),
resulting in pGL3-PSA.

Cell culture. COS-7 cells were purchased from Riken Cell Bank
(Tokyo, Japan) and LNCaP human prostatic cancer cell line was ob-
tained from American Type Culture Collection (Manassas, VA). Both
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM,; Sigma) with antibiotics and 10% fetal bovine serum (FBS,
Cansera International, Canada). HEK293T cells were purchased from
Riken Cell Bank (Tokyo, Japan) and were maintained in DMEM
supplemented with antibiotics and 10% FBS (Biowest, France).

Immunostaining. COS-7 cells (2x 10* cells/well) were cultured in
the Lab-Tek II Chamber Slides (Nalge Nunc International, Naperville,
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IL) and transfected with pGFP-TZF using 1 ul/well of the Superfect
Transfection Reagent (Qiagen GmbH, Hilden, Germany). Twenty
hours after incubation, cells were washed with PBS and fixed with 50%
methanol/50% acetone for 2 min at 25 °C. After the cells were blocked
in 1x Block-Ace (Dainippon Pharmaceutical, Osaka, Japan), anti-SC-
35 mouse monoclonal antibody (Sigma-Aldrich) was reacted with the
cells in 0.1x Block-Ace for 1 h at 25 °C. Following a brief wash with
TBS-Tween 20 (10mM Tris-HCl, pH 8.0, 0.9% NaCl, and 0.05%
Tween 20), horseradish peroxidase-linked anti-mouse IgG (Amersham
Bioscience, Piscataway, NT) was added in 0.1x Block-Ace as a second
antibody and then the cells were incubated for 45 min at 25 °C. After
being washed with TBS-Tween 20, cells were mounted in Vectorshield
(Vector Laboratories, Burlingame, CA) and examined in the confocal
laser scanning microscope (LSMSIOMETA, Carl Zeiss, Jena,
Germany).

Laser scanning microscopy. COS-7 cells (2 X 10° cells/dish) were
seeded in 35-mm glass-bottomed dishes (Asahi Techno Glass, Tokyo,
Japan) and transfected with 0.5 pg/dish of a GFP-fusion construct
using 5l of Superfect Reagent (Qiagen). In case of coexpression
studies, cells were transfected with 0.5 pg/dish pAR-GFP and 2.5 pg
pYFP-TZF. The cells were incubated for 20h in DMEM supple-
mented with 10% of charcoal-treated FBS. Cells were observed before
and after the treatment of 10~ M of dihydrotestosterone (DHT) using
a LSMS5I10META invert confocal laser scanning microscope (Carl
Zeiss) using a 100x, 1.4 numerical aperture oil immersion objective.
Images were collected at a 12-bit depth resolution of intensities over
1024 x 1024 pixels. For excitation of GFP and YFP, 488-nm argon
Jaser was used and each fluorescent signal was separated using the
Emission Fingerprinting technique established by Carl Zeiss. A spec-
tral signature of each emission signal was recorded as a reference
spectrum and a digital unmixing was performed using the reference
spectra.

Immunoprecipitation and immunoblotting. A plasmid expressing
myc-tagged or GFP-fused TZF was transfected into HEK293T cells
together with expression plasmid for the full-length (1-919 aa) or
truncated mutants (AF-1; 1-566 aa, AF-2; 623-919 aa) of AR by using
FuGENEG6 reagent (Roche), and the cells were maintained with or
without 1078 M DHT. Whole cell extracts were prepared from lysed
cells in NE buffer (20 mM Hepes-NaOH, pH 7.9, 20% glycerol,
100 mM KCl, 0.2 mM EDTA, 0.5% NP-40, and 1:100-diluted protease
inhibitor cocktail). The extracts were incubated for 2h at 4 °C with
20 pl of protein A-Sepharose (Amersham Biosciences) coupled with
10 ug of either N-20 rabbit polyclonal antibody (Santa Cruz Biotech-
nology) to detect the N-terminal trapsactivation domain fragment of
AR or C-19 rabbit polyclonal antibody (Santa Cruz Biotechnology) to
detect the full-length or C-terminal fragment and equilibrated with WB
buffer (20 mM Hepes-NaOH, pH 7.9, 20% glycerol, 100 mM KCl,
0.2 mM EDTA, 0.5% NP-40, and 0.5% skim milk). After the matrices
were washed four times with 180 ul WB buffer and four times with
180 pi WH bufler (20 mM Hepes-NaOH, pH 7.9, 20% glycerol,
100 mM KCl, 0.2 mM EDTA, and 0.5% NP-40), bound materials were
eluted with 60 pul of 2x sodium dodecyl sulfate (SDS) sample buffer,
resolved on 10% SDS-polyacrylamide gel electrophoresis (PAGE), and
transferred onto Immobilon-P PVDF membrane (Millipore). Myc-
tagged or GFP-TZF was detected with each anti-c-myc mouse
monoclonal antibody (9E10; Roche) or anti-GFP mouse monoclonal
antibody (GF200; Nacalai Tesque). The full-length or N-terminal
transactivation domain fragment of AR was detected with antibody
N-20 and the C-terminal fragment was detected with antibody C-19.

Functional promoter assay. COS-7 or LNCaP cells (1 x 10% cells/
well) were seeded in 12-well plates at 24 h before transfection. A re-
porter plasmid, pGL3-MMTV or pGL3-PSA (0.5 pg/well), was
cotransfected with 3 ng/ml pRL-CMV (Promega) as an internal con-
trol, 0.1 pg/well pCMV-hAR, and 0.5 pg or 1.0 pg of the pFLAG-
TZF-CMV2 using 1.7 wl/well of Superfect Transfection Reagent
(Qiagen). Three hours after transfection, 0.5 mt of DMEM containing
charcoal-treated fetal bovine serum was added with or without steroid
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hormones. At 24 h post-transfection, cells were rinsed with PBS and
lysed in the lysis buffer of a luciferase assay kit (Promega). The lucif-
erase activity was assayed using a Dual-Luciferase Assay System
(Promega) and Lumat LB 9507 (Berthold Technologies, Bad Wildbad,
Germany). Data were presented as means + SD. One-way analysis of
variance followed by Scheffe’s test was used for multigroup compari-
sons. A value of P < 0.05 was considered to be statistically significant.

Results
TZF was located close to the splicing factor compartment

TZF was located in the nucleus and formed larger
size but smaller number of dots [16]. Splicing factor

Fig. 1. Subnuclear localization of TZF and SC-35. COS-7 cells were
transfected with pGFP-TZF. Twenty-four hours after transfection,
cells were fixed with ethanol/acetone and treated with anti-SC-35
antibody for | hat 25 °C. After brief wash, second antibody was added
for detection. Green signals show the localization of GFP-TZF and red
signals show that of SC-35.

AR-GFP

DHT

o

DHT
)

YFPTZF

complexes also form subnuclear dots whose pattern
was similar to that of TZF. We analyzed whether TZF
and SC-35, which was shown to be located in the splic-
ing factor complex, were colocalized in the same nuclear
dots. To examine an authentic localization pattern of
SC-35, immunostaining was performed using anti-SC-
35 antibody. SC-35 showed clear dot pattern in the nu-
cleus and TZF was also located close to the SC-35 spots
(Fig. 1). TZF was not directly involved the splicing fac-
tor complexes but might be a mediator between the
splicing factor complex and another protein complex.

TZF was recruited into AR subnuclear foci after the
ligand treatment

We previously showed that AR was located in the
cytoplasm in the absence of the ligand. After the treat-
ment with the ligand, AR translocated into the nucleus
and formed subnuclear fine foci [17,20). TZF was also
shown to localize at the subnuclear foci [16]. To investi-
gate the colocalization of the two proteins, pYFP-TZF
and pAR-GFP were cotransfected and cells were ob-
served using confocal laser scanning microscope. As
previously reported, AR translocated from the cyto-
plasm to the nucleus after the treatment of DHT and
subnuclear foci formation was observed (Figs. 2A and
D). TZF was located in the nucleus and formed larger
size but smaller number of dots without DHT compared
to the AR foci (Fig. 2B). However, coexpression of AR
changed the subnuclear foci pattern of TZF in the pres-
ence of the ligand (Fig. 2E). With AR and DHT, TZF
formed smaller size but larger number of subnuclear
dots that were similar to the AR subnuclear foci (Figs.

mergs

Fig. 2. Ligand-induced colocalization of AR and TZF. COS-7 cells were cotransfected with AR-GFP and YFP-TZF, and observed using the
LSMS510META laser scanning microscopy before and after the treatment of 1078 M of DHT. Upper panels (A~C) show images before the treatment
of DHT and lower panels (D-F) show images after 1 h treatment of DHT. Fluorescent signals for AR-GFP (A,D) and YFP-TZF (B,E) were
obtained and two signals were merged (C,F). GFP (A, C, D, and F) and YFP (B, C, E, and F) signals are represented as green and red, respectively.
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I DHT treatment I

20 min

Before

40 min

80 min

60 min

Fig. 3. Time lapse experiment for localization of TZF after the treatment of DHT. COS-7 cells transfected with pYFP-TZF and pCMV-hAR were
treated with 10 M DHT. Images were collected before and 20, 40, 60, and 90 min after the DHT treatment.

2E and F). Time course experiment revealed that since
40 min after the treatment the size of TZF dots started
to become smaller with the coexpression of AR (Fig. 3).
These data suggested that TZF was recruited into the
AR subnuclear foci in the presence of the ligand.

Protein-protein interactions between TZF and AR

Immunocoprecipitation experiments using whole cell
extracts were performed to test whether or not TZF
binds to AR in living cells. Each plasmid expressing
GFP-fused TZF and the full length of AR was transfec-
ted into HEK?293T cells, and then the cells were main-

A iput P AR C19
GFP-TZF - + + - ¢
AR N e
DHT + 0+
o-GFP
o-AR. N-20 |
B IP: -AR N-20 € IP: o-AR C-18
myc-tZF - + + myc-T&F - =+ +
AR AF-t + - + AR AF-2 + -
DHT - - DHT v F
oemyc o-mye &\\\\\\\\Xw
a-AR N-20 a-AR C-19 B :

Fig. 4. TZF interacts with the full-length AR or AR-AF-1. (A}
Coimmunoprecipitation of GFP-TZF with full-length AR. GFP-TZF
and full-length AR were coexpressed in HEK293T cells. The cells were
treated with 107 M DHT, collected at 48 h after transfection, and
lysed in NE buffer. Portions of the lysates were immunoblotted with
the anti-GFP or the anti-AR N-20 antibody (input}, and the rest of the
samples were immunoprecipitated with the anti-AR C-19 antibody
followed by immunoblotting with the anti-GFP or the anti-AR N-20
antibody (IP). (B) Coimmunoprecipitation of myec-tagged TZF with
AR-AF-1 (1-566 aa). (C) Coimmunoprecipitation of myc-tagged TZF
with AR-AF-2 (623-919 aa).
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tained with 107®*M DHT. GFP-fused TZF was
precipitated with the full-length AR in the presence of
DHT (Fig. 4A). Next, a plasmid expressing myc-tagged
TZF was transfected into HEK293T cells together with
expression plasmid for the AR-(1-532) covering AF-1 or
AR-(622-919) covering the ligand binding domain AF-2,
and then the cells were maintained with or without
10~ M DHT. Myec-tagged TZF was specifically precipi-
tated with AF-1, which exists in the nucleus without
DHT [20], in a ligand-independent fashion (Fig. 4B). By
contrast, TZF did not bind to AF-2 in the presence of
DHT (Fig. 4C).

TZF repressed AR-mediated transcriptional activation

To examine an effect of TZF on AR-mediated tran-
scriptional activation, we performed luciferase assay
using the MMTV-luciferase reporter gene in COS-7
cells. Surprisingly, expression of TZF repressed DHT-
induced transcriptional activation by AR in a dose-de-
pendent manner (Fig. 5A). We confirmed the repression
by TZF using a different cell line (LNCaP; prostatic car-
cinoma cells, Fig. 5B) and a different promoter (PSA;
prostate specific antigen, Fig. 5C).

N-CoR expression caused no significant effects on
TZF-induced repression for AR-mediated
transactivation

N-CoR is well known as a corepressor for nuclear
receptors. N-CoR is supposed to recruit histone deace-
tylase into the nuclear receptor complex to repress the
AR-mediated transcriptional activation [21]. To exam-
ine whether N-CoR was involved in the repression by
TZF, luciferase assay was performed using cells coex-
pressing AR, N-CoR, and TZF. Both N-CoR and
TZF repressed the AR-mediated transcriptional activa-
tion by itself (Fig. 6). Coexpression of these two proteins
exhibited an additive effect in the repression. We have
not obtained a clear evidence for direct relationship
between TZF and N-CoR in the present study.
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Fig. 5. Repression of AR-mediated transcriptional activation by TZF. (A,B) COS-7 (A) or LNCaP (B) cells were transiently transfected with 0.3 pg
pGL3-MMTV, 3 ng pRL-CMYV, 0.1 pg pPCMV-hAR, and 0.5 or 1 ug pFLAG-TZF-CMYV, as indicated. After 24 h incubation with or without
1078 M of DHT, cells were lysed and whole cell extracts were subjected to the Iuciferase assay. (C) COS-7 cells were cotransfected with 0.3 pg pGL3-
prostate specific antigen (PSA), 3 ng pRL-CMV, 0.1 ug pAR-CMV, and 0.5 or 1 ug pFLAG-TZF-CMYV and luciferase assay was performed as
above. Bars show the fold change in the luciferase activity relative to the value by the wild type AR without DHT. The average of three independent

experiments is shown with the standard deviation. *P <0.01; **P < 0.05.
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Fig. 6. The effect of N-CoR expression on the repression of AR-
mediated transcriptional activation by TZF. COS-7 cells were
cotransfected with 0.3 pg pGL3-PSA, 3ng pRL-CMV, 0.l pg
pCMV-hAR, and 0.5 or 1 pg pFLAG-TZF-CMV with or without
0.5 pg pFLAG-N-CoR-CMYV and treated with or without 1078 M
DHT. Luciferase assay was performed after 24 h incubation. Solid bars
show the values without N-CoR and shadow bars show those with N-
CoR. Bars show the fold change in the luciferase activity relative to the
value without DHT. The mean values and the standard deviation from
three independent experiments are shown. *P <0.01.

Discussion

Transcriptional repression is an intrinsic part of
endocrine physiology and contributes to feedback regu-
lation associated with the inhibition of the physiologic
response. To date, several investigators have found tran-
scriptional corepressors, such as SMRT [10] and N-CoR
[12]. However, there is little information on the effects
and action mechanisms of corepressors. In the present
study, we demonstrated that a zinc finger protein TZF
formed specific foci located close to the splicing factor

compartment in nuclei and was recruited into the AR
foci in the present of DHT. Functional reporter assays
and the immunoprecipitation experiments also showed
that the TZF was essentially the AR-AF-1-interacting
transcriptional corepressor.

In the nucleus, there exist different sets of functional
compartments often called “foci” or “speckles,” which
include the splicing factor compartment (SFC) that con-
sists of nearly 20-50 large foci [22], and nuclear receptor
foci possibly associated with the nuclear matrix struc-
tures [17,23,24]. We first visualized TZF-dependent
compartment in nuclei and showed that TZF-dependent
foci were located close to the splicing factor compart-
ment. Furthermore, TZF interacted to the AR-AF-1 se-
quence (Fig. 3). It has been known that various
molecules, such as SRA [25], BRCAL [26], and cyclin
E [27], bind to the AR-AF-1 and that these molecules
are involved in splicing activity of RNA molecules.
Together with the finding that TZF-dependent foci were
located close to SC-35 compartment, TZF may be in-
volved in the spliceosomal machinery.

Next, we visualized the spatial relationship between
TZF-dependent foci and AR foci in the presence and
the absence of DHT. Interestingly, by the addition of
DHT, TZF was recruited into AR foci from TZF-de-
pendent foci in a time-dependent fashion and, after
90 min, TZF molecules were completely collocated to
AR foci (Figs. 2 and 3). The formation of AR foci with
the presence of ligand in nuclei plays an important role
on its transcriptional activity [17,20]. Therefore, we
examined whether TZF was involved in the AR-medi-
ated transcriptional activation. Consequently, we
obtained the results that TZF decreased the AR-medi-
ated transcriptional activation. These results suggested
that the binding of TZF with AR might play a key role
in the transcriptional activity of AR.
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AR has been thought to be quite unique among the
nuclear receptor superfamily members, because most
of its activities are mediated through the ligand-indepen-
dent constitutive activity of AF-1 function [28]. In addi-
tion, the interaction of the N- and C-terminal domain is
important for exerting the full AR transactivation
capacity {29-31]. Most of the transcriptional cofactors
reported are known to interact with AF-2, the number
of transcriptional cofactors specifically interacting with
the AF-1 sequence of AR is limited. For example,
CBP/p300 [7] and SRC-1 [29] interact with both AF-1
and AF-2, and N-CoR [21] and SMRT [32] also bind
to AF-2 of AR protein. We, in the present study,
showed that TZF interacted with AF-1 domain of AR
molecule. Therefore, TZF is a unique corepressor asso-
ciating with the AR-AF-1 domain.

N-CoR and SMRT contain CoRNR motifs
(L/I-X-X-V/I-I) that interact with nuclear hormone
receptors. Therefore, we searched the sequence of motifs
in TZF protein but were not able to find it. N-CoR is
supposed to recruit histone deacetylase into the nuclear
receptor complex to repress the AR-mediated transcrip-
tional activation. To examine whether N-CoR was in-
volved in the repression by TZF, we performed
luciferase assay using cells coexpressing AR, N-CoR,
and TZF. Both N-CoR and TZF repressed the AR-med-
iated transcriptional activation by itself (Fig. 6). Fur-
thermore, coexpression of these two proteins exhibited
an additive effect in the repression. These results
show that TZF and N-CoR might act through the
different pathways or mechanism on the repression of
the AR-mediated transcriptional activation.

"To examine an effect of TZF on the AR-mediated
transcriptional activation, we performed luciferase assay
using the MMTV-luciferase reporter gene in COS-7
cells. Expression of TZF repressed DHT-induced tran-
scriptional activation by AR in a dose-dependent man-
ner (Fig. 5A). We also confirmed the repression by
TZF using prostatic carcinoma cells (Fig. 5B} and a dif-
ferent promoter (Fig. 5C). Thus, TZF might be a novel
corepressor of AR. Recently, it has been reported that
abnormalities of coactivators or corepressors caused
several diseases and they were named as cofactor dis-
eases. Rubinstein-Taybi syndrome, that exhibits facial
abnormalities, broad thumbs, broad big toes, and men-
tal retardation as the main clinical features, is caused by
mutations in the transcriptional coactivator CBP [33]
Some patients with androgen insensitivity syndrome
lack a coactivator interacting with the AF-1 region of
the androgen receptor [19]. By contrast, repression of
transcriptional activation of nuclear receptors plays
important roles in acute promyelocytic leukemia and
other diseases [34]. Our previous studics revealed that
transcripts of TZF were expressed in testis [15]. In par-
ticulate, elevated expression of the transcript during tes-
ticular development in mice was restricted to
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spermatocytes at the pachytene stage of meiotic pro-
phase, and to round and elongated spermatids. How-
ever, it is unclear now whether the decrease of the
transcriptional activation of AR by TZF affects the tes-
tis. To fully elucidate the action and mechanism of TZF
in the body, we have to wait for the preparation of tzf-
deficient mouse.
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Abstract

The pyrrolizidine alkaloid plant toxin monocrotaline pyrrole (MCTP) causes pulmonary hypertension in experimental animals. The present
stady aimed to examine the effects of MCTP on the endothelium-dependent relaxation. We constructed an in vitro disease model of pulmonary
hypertension by overlaying MCTP-treated bovine pulmonary artery endothelial cells (CPAEs) onto pulmanary artery smooth muscle celi-
embedded collagen gel lattice. Acetylcholine (Ach) induced a relaxation of the control CPAEs-overlaid gels that were pre-contracted with
noradrenaline, and the relaxation was inhibited by L-NAME, an inhibitor of NO synthase (NOS). In contrast, when MCTP-treated CPAEs were
overlaid, the pre-contracted gels did not show a relaxation in response to Ach in the presence of 0.5 mM L-arginine. Expression of endothelial
NOS protein, Ach-induced Ca** transients and cellular uptake of L-[*H]arginine were significantly smaller in MCTP-treated CPAEs than in
control cells, indicating that these changes were responsible for the impaired NO production in MCTP-treated CPAES. Since cellular uptake of L-
[*H]arginine linearly increased according to its extracellular concentration, we hypothesized that the excess concentration of extracellular L-
arginine might restore NO production in MCTP-treated CPAEs. As expected, in the presence of 10 mM L-arginine, Ach showed a relaxation of
the MCTP-treated CPAEs-overlaid gels. These results indicate that the impaired NO production in damaged endothelial cells can be reversed by
supplying excess L-arginine.
© 2005 Elsevier Inc. All rights reserved.
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Introduction 1tis well known that MCTP induces megalocytic change in

pulmonary artery endothelial cells, which would induce the

Experimental animal model of pulmonary hypertension
(PH) has been created either by exposing animals to hypoxia
or a metabolite of the pyrrolizidine alkaloid plant toxin
monocrotaline. Hypoxia is known to induce the spasm of
pulmonary artery thereby inducing PH. In contrast, cause of
PH induced by monocrotaline, especially its toxic metabolite
monocrotaline pyrrole (MCTP), is still controversial.
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prolonged activation of vascular remodeling and cause PH
(Reindel and Roth, 1991). It was reported that the MCTP-
induced inhibition of cdc2 kinase may lead to prolonged cell
cycle arrest and subsequent megalocytic change in endothe-
lium (Thomas et al.,, 1998). Recent reports suggest another
possibility that the MCTP-induced megalocytic change may
be due to the blockade of Golgi trafficking, thereby leading to
the disruption of caveolin-la (cav-la)/raft function and
mitosis sensor function of Golgi (Mathew et al., 2004; Shah
et al., in press). Furthermore, Tto et al. (2000) examined the
functional alteration of MCTP-treated vessels and showed the
elevation of the resting membrane potential and the impaired
endothelium-derived relaxation in pulmonary arteries of
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MCTP-treated rats. It was also reported that the expression
level of endothelial NOS (eNOS) protein was altered in PH
modelrats (Tyler et al., 1999). Another group reported that the
expression of eNOS mRNA and protein were not altered in the
lungs of MCTP-treated rats but the increased oxidative stress
resulted in the low bioavailability of NO (Mathew et al.,
2002). Therefore, it can be considered that the elevation of
local NO concentration would be a promising approach for
the treatment of PH.

Inhalation of NO gas is known to induce pulmonary
vasodilation, thereby being regarded as a feasible remedy for
cardiovascular diseases including PH (Gianetti et al., 2002,
Rubin, 1997). However, technical difficulties of NO inhala-
tion and the short half life of the gas have limited its use
mainly to hospitalized patients. Therefore, another approach
would be to increase endogenous endothelial NO productiv-
ity and/or its action. Sildenafil, an inhibitor of ¢cGMP
phosphodiesterase, was reported to reduce pulmonary pres-
sure in PH (Wilkens et al., 2001). Gene transfer of eNOS has
also shown to reduce pulmonary artery pressure in animal
model of PH of eNOS-deficient mice (Champion et al., 2002)
and MCTP-treated rats (Campbell et al., 1999).

In the present study, we have focused on endothelial
function, especially the productivity of NO, in calf
pulmonary artery endothelial cells (CPAEs) that were
treated with MCTP. Endothelial NO production is mainly
obtained by the elevation of intracellular Ca®* concentration
([Ca™1;) that activates eNOS (Moncada et al., 1991).
Therefore, we examined the effects of MCTP on NO-
production, [Ca®"]; and the expression of eNOS in CPAEs.
We have also introduced a novel method to examine
endothelium-derived vasorelaxation by using an in vitro
model vessel (Kimura et al., 2004) to investigate NO
productivity in MCTP-treated CPAEs. Obtained results
demonstrate that NO productivity can be restored by
increasing the substrate of eNOS, L-arginine, even in
damaged endothelial cells.

Methods

Cell culture. CPAEs were purchased from American Type
Culture Collection (Manassas, VA) and cultured in Dulbec-
co’s Modified Eagle Medium (DMEM) supplemented with
20% fetal bovine serum (FBS). Pulmonary arteries from 1-
year calves were obtained from a local slaughterhouse,
smooth muscle cells (BPSMCs) were cultured in DMEM
with 10% FBS by explant method (Chamley et al., 1977). All
cells were stored at —80 °C before use.

Assessment of cell number and cell size. For assessing the
effects of MCTP on the number and the size of CPAEs,
cells were seeded on 35 mm culture dish at a density of
5000 cells/cm?, and cultured in the absence or presence of
MCTP. Cells were collected by trypsinization, and the cell
numbers were manually counted with a hemocytometer.

Cell size of CPAEs was measured with an image analy-
sis software (Photoshop, Adobe Systems Inc., San Jose, CA)
from the microscopic images taken with a CCD camera moun-

- ted on a microscope (Diaphot TMD; Nikon, Tokyo, Japan).

In vitro model vessel system. Gel contraction assay was
performed to examine the production of vasoactive agents in
CPAEs. MCTP-treated CPAEs were obtained with trypsini-
zation after being cultured in the presence of 1 ug/ml MCTP
for 5 days, and stored at —80 °C before use. BPSMCs were
embedded in collagen gel at a density of 4 x 10° cells/ml in
24-well culture plate as previously reported (Kimura et al.,
2002). After being cultured for 24 h, control or MCTP-treated
CPAEs were overlaid onto the collagen gel at a density of 2 X
10* cells/cm?, and allowed to spread on the gel surface for
further 24 h (see cartoons in Fig. 2).

The culture plate was placed on a hot plate (MP-10DM,;
Kitazato Supply, Shizuoka, Japan) and kept at 37 °C
throughout the measurement. The gel images were captured
with a digital camera (QV-800SX, Casio, Tokyo, Japan)
every 1 min. Gel contraction was then evaluated by
measuring its surface area with an image analysis software
(Photoshop, Adobe Systems Inc.). Measured values were
normalized to the control gel area that was obtained before
the application of noradrenaline.

Measurement of intracellular Ca®* concentration. Intra-
cellular Ca®" concentration (J[Ca*'];) was measured with
fura-2 fluorescence. CPAEs were loaded with fura-2/AM
(Dojindo, Kumamoto, Japan) and excited at two alternative
wavelengths (340 nm and 380 nm) at a rate of approx-
imately 1 Hz. Fluorescent ratio (R) calculated from
fluorescence intensities of 510 nm wavelength was con-
verted into apparent Ca®" concentration with an equation,
[Caz+]i = Kesr (R - Rmin)/(Rmax - R):

where K. is the “effective binding constant”, R, the
fluorescent ratio at zero calcium and R, that at high Ca®*.

ECL Western blotting. Expression of eNOS protein in
control and MCTP-treated CPAEs were assessed by chem-
iluminescence (ECL) Western blotting (ECL phosphoryla-
tion detection system, Amersham Pharmacia Biotech,
Uppsala, Sweden). A constant amount of cellular protein
(50 pg protein per lane) was separated with SDS-PAGE, and
eNOS was detected with anti-eNOS polyclonal antibody
(StressGen Biotechnologies, Co., San Diego, CA). Expres-
sion of P-actin protein was also assessed as an intemal
control, using monoclonal anti--actin antibody (Sigma).
Emitted chemiluminescence was detected and analyzed with
a lumino image analyzer (FAS-1000, Toyobo, Osaka, Japan).

Measurement of cellular L-[*HJarginine uptake. For the
measurement of cellular uptake of L-[Hlarginine (Amer-
shan, Uppsala, Sweden), control and MCTP-treated CPAEs
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were seeded on 6-well culture plates at densities of 15,000
and 30,000 cells per well, respectively. To determine the
concentration dependence of cellular L-*H]arginine uptake
in MCTP-treated CPAEs, 1 m! of Hanks’ balanced salt
solution (HBSS) either with 0.3, 1 or 3 pCi/ml L-[*Harginine
was placed on each well. Total uptake of L-[*Hlarginine in
control CPAEs was determined by placing 1 ml of HBSS with
1 pCi/ml L-[*H]arginine. Other details are descried previ-
ously (Kimura et al., 2004).

Drugs and solutions. Modified Krebs solution (1.5 mM Ca**
solution) was used as the standard extracellular solution, con-
taining (inmM): 132NaCl,5.9KCl, 1.2MgCl,, 1.5CaCl,, 11.5
glucose, 11.5 HEPES; pH was adjusted to 7.3 with NaOH.

MCTP was prepared from crotaline (Sigma, St. Louis,
MO) and o-chloranil {Sigma) with the method described by
Mattocks et al. (1989), which would yield practically pure
MCTP. It should be noted that the concentration of MCTP
used in the present study was that of the refined product.
All other drugs used in the present experiment were also
obtained form Sigma (St. Louis, MO).
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Statistics. Pooled data are given as mean £ SEM, and
statistical significance was determined using Student’s
unpaired ¢ test. Probabilities less than 5% (P < 0.05) were
regarded as significant.

Results

Effects of monocrotaline pyrrole (MCIP) on cell number
and cell surface area of CPAEs

Firstly, we examined the effects of MCTP on cell area
and cell number in CPAEs. Single application of more
than 1 pg/ml of MCTP induced the enlargement of
CPAEs (Figs. 1A and Ba) and the reduction in cell
number (Fig. 1Bb). MCTP-induced enlargement of
CPAEs was irreversible, and persisted even after remov-
ing MCTP from culture medium or after subculture. In
the following experiments, therefore, we harvested the
cells after incubating with 1 pg/ml MCTP for 5 days, and

stored at —80 °C until use.
y
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Fig. 1. Effects of monocrotaline pyrrole (MCTP) on cell surface area and cellular proliferation in calf pulmonary artery endothelial cells (CPAEs).
(A) Microscopic images of control (a) and MCTP (1 pg/ml)-treated (b) CPAEs. In panel b, CPAEs were incubated with MCTP for 5 days. Each scale bar
indicates 50 um. (B) Time-dependent changes of cell area (a) and cell number (b) in CPAEs. Cells were seeded on 35 mm culture dish at a density of 5000 cells/
cm?, and cultured in the absence and presence of MCTP. **P < 0.01 vs. untreated control.
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In vitro model vessel using MCTP-treated CPAEs

We have previously reported that cultured vascular
smooth muscle cells restore contractility by being embedded
in three dimensional collagen gel lattice (Kimura et al., 2002,
2004). Furthermore, we have shown that endothelium-over-
laid, smooth muscle cells-embedded gels show relaxation in
response to Ach due to the generation of NO (Kimura et al,,
2004). Therefore, we then examined the functions of the
MCTP-treated CPAEs by using this in vitro model vessel
system (see cartoons in Fig. 2).

BTSMCs-embedded collagen gels showed contraction in
response to 1 uM noradrenaline. Subsequent application of
1 uM Ach induced a relaxation of the gel when control
endothelium was overlaid (Fig. 2A, open circles). Ach-
induced relaxation of the gel was not observed in the gels
without overlaying CPAEs (not shown), and was signifi-

A control CPAE-overlaid gel

cantly inhibited by L-NAME (300 pM, Fig. 2A closed
circles), thereby indicating that the relaxation was due to
NO production in the overlaid CPAEs. Since this measure-
ment was performed in normal Krebs solution that does not
contain L-arginine, it seems that L-arginine was supplied
from DMEM in the gel. In contrast, when the same number
of MCTP-treated CPAEs was overlaid on the gel, only a
trace level of Ach-induced relaxation was observed (Fig.
2B), thereby suggesting that the MCTP suppressed NO
productivity in CPAEs.

Ca®* mobilization in MCTP-treated endothelial cells
In order to elucidate the cellular mechanisms for the
impairment of NO production in MCTP-treated CPAEs, we

then examined the Ach-induced [Ca**]; elevation in control
and MCTP-treated CPAEs. Ach (1 uM) induced a gradual
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Fig. 2. In vitro model vessel assay of endothelium-dependent relaxation. Bovine pulmonary artery smooth muscle cells (BPSMCs) were embedded in collagen
gel lattice, and control or MCTP-treated CPAEs were overlaid (see cartoons). (A) Control CPAEs-overlaid gels showed relaxation in response to 1 pm Ach
(open circles). Pretreatment with L-NAME (0.3 mM) inhibited the relaxation (closed circles). **P < 0.01 vs. control. (B) When MCTP-treated CPAEs were
overlaid, Ach failed to induce a relaxation of the pre-contracted gels. **¥P < 0.01 vs. confrol in A.
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