that the chromatin reorganization related to the transcrip-
tional regulation occurred in spatiotemporally-specific
manner and is supported by a number of specific protein
complexes (Ju et al. 2006; Garcia-Bassets et al. 2007).
Moreover, specific combinations of the complex
components appear to be highly regulated responding to
extracellular signals. Redox condition is presumed as
such a key determinant, and affects the biological
conditions affecting the cell fate. Although it is generally
accepted that redox condition modulates the property of
transcription factors, it remains to be understood how it
regulates the conditions of promoter regions around
the target gene promoters of transcription factors,
particularly in terms of complex formation (Pouyssegur
& Mechta-Grigoriou 2006).

Three types of redox state-dependent transcriptional
regulation have been described so far. One is a direct
oxidation/reduction of cysteines on the transcription
factor itself (e.g. AP-1). The second is a change of the
factor’s subcellular localization as in the case of NF-xB.
The last are alterations of the redox buffers (e.g. NAD*/
NADH exchange) which change the properties of
transcriptional repressors such as CtBP or SirT1 (Zhang
et al. 2002; Liu et al. 2005). In this study using the GR,
we found a novel mechanism of redox-dependent
transcriptional regulation (Tanaka et al. 2000). In this
model, blockade of GR protein degradation by the
deoxiding agent CoCl, increased co-factor recruitment
and consequently potentiates the GR transactivation
property. We used a representative GR. interacting co-
factor Brg-1, an ATP-dependent chromatin remodeling
factor, as an example of co-factor recruitment in our
experiments. We also presume that various types of co-
factor complexes may be associated with GR at different
timing after redox stimulus. A detailed time course
analysis is essential to completely understand this form of
redox-dependent transcriptional regulation. Moreover,
further extensive biochemical analysis is needed to fully
describe how the regulation of protein stabilization
affects the transcriptional regulation of various nuclear
receptors in different biological situations (Lonard &
O’Malley 2006; Ohtake et al. 2007).

Regarding the redox—dependent regulation of GR
transcriptional function, another regulatory mechanism
has already been reported in a certain cell line (Leonard
et al. 2005). However, such up-regulation of GR. mRNA
levels by hypoxia was not observed in the tested cell lines
in the present study. Such regulatory mechanisms by
hypoxia as well as reduction state may be diverse and may
appear in cell context-dependent manner.

[t is well known that some nuclear receptors including
the GR have an anti-inflammatory effect resulting from

© 2007 The Authors

GR protein stabilization in a reduction state

the repression of AP-1 or NF-KB mediated transcription
in ligand-dependent manner (Smoak & Cidlowski 2004;
Valledor & Ricote 2004). The mechanism for this form
of transrepression is largely unknown (Ogawa et al. 2005;
Reily efal. 2006). Addidonally, increasing co-factor
(Brg-1) recruitment on target gene promoters by receptor
protein stabilization was not sufficient to potentate the
transrepressional property of the GR in the reduced state
(see Figs 1 and 3B).These results suggest that distinct co-
regulators or protein modifications may affect these
transrepressional mechanisms (Kodama ef al. 2003). To
investigate this further, we are establishing a biochemical
purification system for analyzing GR transcriptional
regulation under various conditions.

Experimental procedures
Reagents and plasmids

Plasmids

The full-length human GR was inserted into the pNTAP expression
vector using the InterPlay™ Mammalian TAP system (Stratagene,
Cedar Creek, TX). It was also inserted into the pEGFP-C2 vector
(BD Bioscience, San Jose, CA). Human GR. mutants (Cys 481 for Ser)
for both vectors were made with the QuikChange site-directed
mutagenesis kit (Stratagene). pPGRE-Luc was purchased from BD
Bioscience. pAP1-Luc and pNF-kB-Luc were purchased from
Stratagene. Expression vectors with c-Jun, c-Fos, p50 and p65
were cloned from a 293T cDNA library and inserted into the
pcDNA3 vector (Invitrogen, Carlsbad, CA).

Antibodies

Anti-human GR antibody (PA1-512) was purchased from Affinity
BioReagents (ABR, Golden, CO). Anti-Brg-1 Antibody (H-88)
and P-actin (I-19) was purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA).

Reagents

Dexamethasone was purchased from Sigma (St. Louis, MO).
H,0, and CoCl, were purchased from Wako Chemicals, and
MG 132 was purchased from Peptide Institute Inc (Osaka, Japan).

Reporter assay

293F cells were transfected using the Lipofectamine Plus reagent
(Invitrogen) according to the manufacturer’s protocol. Luciferase
reporter plasmids were co-transfected with the GR-expression
vectors as indicated in the figure legends together with 2 ng/well
of pRL-CMV plasmid (Promega, Madison, WI}. After 3 h of
transfection, the media were replaced with fresh media containing
0.2% fetal bovine serum. Dexamethasone (107 m), H,O,
(0.1 mm) or CoCl, (0.2 mm) were then added to the cells and
incubated for an additional 12 h. Cell extract preparation and dual
luciferase assays were performed according to the manufacturer’s
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protocols (Promega). Individual transfections performed in
triplicate wells were repeated at least 3 times.

Preparation of stably transfected cell lines

TAP-tagged human GR-expressing retroviruses were produced
using a pQCXIN vector (BD Bioscience). The 293F cells were
infected by incubating them with the virus and 6 pg/mL hex-
adimethrine bromide (Sigma). Cells stably expressing the GR. were
combined and cultured with 700 pg/mL G418 (Promega) prior to
colony selection.

RNA extraction and RT-PCR

Total cellular RNA was isolated from A549 cells by ISOGEN
(Wako). RT reaction was performed using SuperScript (Invitrogen)
and the indicated mRNAs were amplified by PCR as previously
reported (Kitagawa er al. 2003).

Immunoprecipitation and Western blotting

After treating 293F cells or A549 cells with either H,O, or CoCl,
for the indicated time, cells were washed twice with ice-cold
phosphate-buffered saline, resuspended in 1 mL ice-cold lysis
buffer {10 mm Tris—HCI (pH 4.7), 10 mm NaCl, 3 mm MgCl,,
0.5% (vol/vol) NP-40] and incubated on ice for 30 min. Cells
were then centrifuged again for 5 min at 500g and the sedimented
nuclear fractions resuspended in TNE buffer [10 mm Tris~HCI
(pH 7.5),0.15 m NaCl, 1 mm EDTA, 1% NP-40] and incubated
for 30 min on ice. After centrifugation, supernatants were used as
cell extracts for immunoprecipitation using anti-GR  antibody
with protein G Sepharose and then Western blotted with an
anti-GR polyclonal antibody or anti-Brg-1 antibody.

ChIP assay

Soluble chromatin from A549 cells was prepared with the acetyl-
histone H4 immunoprecipitation assay kit (Upstate Biotechnology,
Billerica, MA) and was immunoprecipitated with antibodies
against the indicated proteins (Kitagawa ef al. 2003). Specific
primer pairs were designed to amplify the promoter region of
human ®ENAC (5’-TTCCTTTCCAGCGCTGGCCAC-
3’ and 5’-CCTCCAACCTTGTCCAGACCC-3'), human
collagenase 1 (5-GCAGAGTGTGTCTCTTTCGCACAC-3
and 5’-GCCCTTCCAGAAAGCCAGAGGCTG-3"), human
IL-8 (5-GGGCCATCAGTTGCAAATC-Y and 5-TTCCT-
TCCGGTGGTTTCTTC-3") from genomic DNA (Kitagawa
et al. 2002; Kassel et al. 2004). PCR conditions were optimized
to allow semi-quantitative measurement and PCR products were
visualized on 2% agarose/TAE gels.
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Abstract

Vitamin D receptor (VDR) mediates a wide variety of vitamin D actions through transcriptional controls of target genes as a ligand-
dependent transcription factor. The transactivation by VDR is known to associate with two co-activator complexes, DRIP/TRAP and
p160/CBP, through physical interaction with DRIP205 and p160 members (TIF2) components, respectively. However, functional differ-
ence between the two co-activator complexes for VDR co-activation remains unclear. In the present study, to address this issue, a series of
point mutants in VDR helix 12 were generated to test the functional association. Alanine replacement of VDR valine 418 resulted in loss
of DRIP20S5 interaction, but it was still transcriptionally potent with ability to interact with TIF2. Surprisingly, the V421 A mutant was
only partially impaired in transactivation without co-activator interaction, implying presence of a putative co-activator/complex. Thus,
these findings suggest that ligand-induced transcriptional controls by VDR require a number of known and unknown co-regulator

complexes, that may support the tissue-specific function of VDR.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Vitamin D; Vitamin D receptor; Co-activator; Co-regulator complex; Ligand-induced transactivation; Helix 12; Vitamin D 24-hydroxylase

Calciotropic hormone 1, 25(OH),D;, the active form of
vitamin D;, regulates calcium homeostasis as well as cellu-
lar proliferation and differentiation [1]. Most biological
actions of 1, 25(OH),D; are believed to be mediated
through transcriptional control of a particular set of target
genes by the vitamin D receptor (VDR)! [2,3]. The VDR is
a member of the nuclear receptor (NR) gene superfamily,
and acts as a ligand-inducible transcription factor by hete-
rodimerizing with another NR member, RXR [4]. Like
other members of the NR superfamily, VDR structure is
divided into several functional domains. The most highly
conserved DNA binding domain (C) is located centrally

* Corresponding author. Fax: +81 3 5841 8477.
E-mail address: uskato@mail.ecc.u-tokyo.ac.jp (S. Kato).
V' Abbreviations used: VDR, vitamin D receptor; NR, nuclear receptor;
AF-1, activation function 1; VDRE;s, vitamin D responsive elements;
HAT, histone acetyltransferase.

0003-9861/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/).abb.2006.07.015

whilst the less highly conserved ligand binding domain (E)
is located at the C-terminal end [5]. Most nuclear receptors
harbor both N-terminal activation function 1 (AF-1) and
C-terminal AF-2 domains [6]. However, the VDR appears
to lack the significant N-terminal AF-1 function due to its
relatively short A/B domain.

In the promoters of target genes, VDR/RXR heterodi-
mers recognize and directly bind to cognate vitamin D
responsive elements (VDREs) [6], following recruitment of a
number of co-regulators and co-regulatory complexes. Such
co-regulators and complexes appear to transiently associate
with VDR, and their recruitment is considered to be highly
regulated and cyclic among the complexes [7]. A group of
co-regulator complexes that normally form large complexes
with multiple components and support ligand-dependent
transcriptional control of NRs have been identified, and
have been classified into three categories according to their
function [8] The major function of the first class of
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complexes is chromatin remodeling, which involves the
ATP-dependent dynamic remodeling of chromatin structure
[9-13]. Chromatin remodeling complexes utilize energy from
ATP hydrolysis to rearrange nucleosomal arrays in a
non-covalent manner. For VDR, a specific ATP-dependent
chromatin remodeling complex, WINAC, has been bio-
chemically identified [11]). A second co-regulator complex
class regulates transcriptional control directly, through
physical interaction with general transcription factors and
RNA polymerase II [14,15]. The DRIP/TRAP co-activator
complex has been well-described as a representative of this
complex class to co-activate liganded NRs invivo and
in vitro.

Members of a third co-regulator complex class are clas-
sified to modify histone tails covalently, for example, by
acetylation, methylation and phosphorylation, in promoter
nucleosomal arrays [16-19]. pl60 family members/p300/
CBP histone acetylase (HAT) co-activator complex has
been well characterized as a typical member of this class.
This type of HAT co-activator complex harbors one of
three p160 HAT family members (SRC-1 [18], TIF2 [20,21],
AIBI [22-26]) and one of CBP/p300 HAT [27] together
with other components. In addition of such co-regulator
complexes to define histone acetylation state, the other his-
tone modifying enzyme complexes to methylate histones
appear to support the ligand-dependent transcriptional
activation by NRs [28,29]. Though the DRIP/TRAP non-
HAT and the pl60/CBP HAT complexes have been
described to co-activate VDR [7,30], it remains to be
addressed if the other histone modifying enzyme complexes
are required for VDR transactivation.

Ligand-dependent interaction of NRs with co-activa-
tor complexes are mediated through physical interaction
of consensus LXXLL and related motifs present on spe-
cific complex components and the C-terminal helix 12
(H12) of the NR LBD domain [31]. The ligand-induced
association of NRs with complexes is stabilized by ligand
binding-induced shifting of NR H12. The molecular basis
of this ligand-induced association has been deduced by
X-ray analysis [32,33].

Considering the tissue-specific gene regulation by VDR
from a variety of phenotypic abnormalities seen in VDR
KO mice [34], the present study was undertaken to exam-
ine whether VDR requires multiple types of transcrip-
tional co-regulator complexes. To address this issue, we
generated a series of VDR H12 mutants and tested co-
activation of the VDR mutants by two classes of different
co-activator complexes (DRIP/TRAP and pl60/CBP
complexes). A VDR H12-point mutant, that selectively
lost its ability to physically interact with the TRAP/DRIP
complex, was still potent in ligand-induced transactiva-
tion. Another VDR H12-point mutant, that was unable to
associate with either co-activator in vitro, still retained
ligand-induced transactivation. Thus, taken together, our
results suggest that multiple known and unknown types of
co-activator complex support ligand-induced transactiva-
tion by VDR.

Material and methods
Materials

Rat VDR ¢DNA in pSGS5 [30] was applied to generate a series of ala-
nine point replaced mutants in the VDR H12. Mutagenesis was performed
through PCR with specific sets of oligonucleotide primers. For GST fusion
proteins of the VDR point mutants, the cDNAs of VDR LBD point
mutants were inserted into pGEX-4T-1. For one-hybrid analysis of the
VDR mutants with TIF2, TIF2 cDNA was fused with a cDNA of VP16
activation domain to generate a TIF2 chiimeric protein with VP16.

Cell culture and transient transfection

COS-1 cells (derived from monkey kidney) and 293T cells (derived
from human kidney) were maintained in DMEM supplemented with 5%
FBS (Gibco) at 37°C, 5% CO,. For transfection, cells were cultured in
DMEM (phenol red-free) supplemented with 5% charcoal-stripped FBS.
Cells were transfected with expression vectors of either VDR, RXR, co-
activators, or the combined and were harvested for 24 h, after treatment
with vehicle or 1, 25(0H),D; (1 x 10-8 M). For one-hybrid analysis, the
expression vectors of VDR mutants and VP16-TIF2 chimeric protein were
transfected and incubated for 24h in the presence of 1, 25(OH),D,
(1 x 1078 M). The total cell extracts prepared from the transfectants were
applied for a luciferase assays as described [11].

Western blotting

The transfected COS-1 cells used for the luciferase assay were also uti-
lized for Western blotting analysis to measure the expression levels of the
VDR mutants. Briefly the transfectants were lysed in TNE (10 mM Tris—
HCI, pH 7.8, 1% Nonidet P-40, 0.15M NaCl, 1 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, 1 ug/ml aprotini) buffer. Cell lysates were sepa-
rated by 8% SDS-polyacrylamide gel eletrophoresis, transferred onto
polyvinylidene difluoride membranes (Milliopore) and detected with rat
anti-VDR monoclonal antibody (NeoMarkers) and anti-rat IgG antibody
conjugated with horseradish peroxidase (Dako).

GST pull-down assay

For the GST pull-down assay, TIF2 and DRIP205 were in vitro-trans-
lated and incubated with GST-fused a series of VDR point mutants delet-
ing the A/B and C domain as illustrated in Fig. 3, immobilized on
glutathione-Sepharose beads, in the absence or presence of 1, 25(OH),D;
(1 x 10°°M) [35].

Chromatin immunoprecipitation

Soluble chromatin from 293T cells derived from human kidney, pre-
pared using the chromatin immunoprecipitation assay kit (Upstate), was
immunoprecipitated with antibodies against the indicated proteins [11,36).
Specific primer pairs were designed to amplify the promoter region of
human vitamin D 24 hydroxylase (5'-GGGAGGCGCGTTCGAA-3’ and
5'-TCCTATGCCCAGGGAC-3'), from genomic DNA. PCR conditions
were optimized to allow semi-quantitative measurement and PCR prod-
ucts were visualized on 2% agarose/TAE gels.

Results

Several, but not all, point mutations in VDR helix 12 impair
ligand-induced transactivation function

As illustrated in Fig. 1, a series of alanine replacements
were introduced into the transactivation core domain
(AD core) in the VDR HI12 domain. The amino acid
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416) /423

—Hi2
VDR wild PLVLEVFG
L417A PAVLEVFG
V418A PLALEVFG
L419A PLVAEVFG
E420A PLVLAVFG
V421A PLVLEAFG
F422A PLVLEVAG
G423A PLVLEVFA

Fig. 1. Schematic representation of VDR point mutants. Rat VDR protein
is schematically displayed, and alanine point replacement in H12 domains
are indicated in the lower panel.

residue number of rat VDR H12 is adjusted to those of
human VDR, since the length and amino acid residues of
H12 is identical between rat and human. We then exam-
ined the ligand-induced transactivation function of the
VDR mutants by a transient expression assay with their
expression vectors and a luciferase reporter plasmid con-
taining a consensus VDRE (DR3) in its promoter. The
plasmids were transfected with a renal cell line, COS-1
cells as indicated in Fig. 2.

Ligand-induced transactivation of VDR in the pres-
ence of RXR was severely impaired by alanine replace-
ment at 417Leu, 420Glu, 422Phe, while only partial
reductions in transactivation were observed in V418A,
L419A and V421A VDR H12 mutants. Unexpectedly, the
423 glycine replacement (G423A) rather potentiated
ligand-induced transactivation of VDR. Thus, the loss of
ligand-induced transactivation of 417, 420 and 422 VDR
point mutations was expected to be caused by abrogation
of co-activator interaction through H12. In contrast, the

12
>
%10
<€
< 8
8
U
£ 6
3
2 4
5
&
2
0

wild L417A V418A L419A E420A VA21A F422A G423A

QaVDR lmm oy G Qg w— a— "ﬁ

Fig. 2. H12 point mutations of VDR caused altered transactivation func-
tion of liganded VDR. The expression vectors of VDR mutants were
transfected with COS-1 cells in the presence of 1, 25(0OH),D; (1 x 108 M).
The transfected cells were applied for a luciferase analysis. The averages of
the results from three independent-experiments are shown with £SD
(upper panel). The expression levels of the VDR mutants were verified by
Western blotting with a specific antibody for VDR (lower panel).

retained though diminished activities of the other mutants
suggest there was still a retained ability to interact with
co-activators in a ligand-dependent manner in some
mutants. The transcriptional activities of the VDR
mutants appeared unlikely due to the mutant expression
levels, when the expression levels were estimated by West-
ern blot analysis (see lower panel in Fig. 2). Note that we
could confirm the same observations in human kidney cell
line 293T cells (data not shown).

Different usage of co-activators for VDR H12-point mutants

To verify whether transcriptionally active VDR H12
mutants are capable of interacting with the best charac-
terized co-activators, ligand-induced interaction of VDR
mutants with DRIP205/TRAP220 and TIF2 co-activators
was tested. DRIP205/TRAP220 was originally identified
to physically interact in vitro with liganded VDR as a
non-HAT DRIP/TRAP co-activator complex component.
This complex then co-activated VDR as observed by an
in vitro transcription assay [15]. TIF2, one of three p160
HAT co-activator family members, has been well
described to associate with VDR in a ligand-dependent
manner. By a GST pull-down assay, the inactive VDR
mutants (L417A, E420A and F422A) were expectedly
seen to lose their co-activator interactions (Fig. 3). Sur-
prisingly, a transcriptionally active VDR mutant (V421A)
was also unable to associate with either co-activator, and
the V418A mutant interacted with only TIF2, but not
DRIP205. To confirm these observations, a one-hybrid
system with the VDR mutants and a TIF2 chimeric pro-
tein fused with a VP16 activation domain for a sensitive
detection, was used to detect ligand-induced interaction
of the VDR mutants with TIF2. Reflecting the observa-
tion in vitro, TIF2 interactions were observed in the
V418A, L419A, and G423A mutants, but not in the
V421 A mutant in COS-1 cells (Fig. 4) and 293T cells (data
not shown).

e, 90 VDR 427
6T | o | E |

/ / )
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point mutation (, )
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fnput GST wild L417A V418A L419A E420A V421A FA22A G423A
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Fig. 3. Differential associations of VDR mutants with co-activators. Singu-
lar print mutations () introduced into H12 in the GST-VDR were the same
as shown in Fig. 1. Two best known co-activators (TIF2 and DRIP205)
were in vitro translated and incubated with the bacterially expressed VDR
chimeric mutants fused with GST in the absence (—) or presence (+) of 1,
25(0H),D; (1 x 10~8M). The association was visualized on SDS-PAGE.
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Fig. 4. The V421A VDR mutant failed to functionally associate with
TIF2. As described in Fig. 2, a luciferase assay was performed for one-
hybrid assay to detect ligand-dependent association of the VDR mutants
with TIF2. Although V421A mutant was only partially impaired in the
ligand-induced transactivation, this mutant failed to interact with TIF2, in
accordance with in vitro GST-pull down assay (see Fig. 3).

VDR HI12 mutants are recruited to the target promoter in vivo

We could not still exclude the possibility that several
H12 point-mutations disable VDR from associating with
the target promoter, leading to impaired transactivation in
the transient expression assay, even though the expression
levels of the VDR mutants were unaltered by the point
mutations. To address this issue, we tested if these mutants
are recruited to the endogenous target promoter of human
vitamin D 24 hydroxylase [24(OH)ase] gene, that is well
known to contain typical VDRE [37] by ChIP analysis. As
shown in Fig. 5, V418A and V421A were recruited to the
promoters, and the transcriptionally inactive VDR mutants
were also recruited (data not shown). These findings clearly
suggest that promoter targeting of VDR/RXR heterodimer
to the target promoter does not directly couple with trans-
activation function of liganded VDR. As the HAT co-acti-
vators recruited to ligand VDR are presumed to acetylate
histones for histone modification, histone modification may
be dispensable for promoter targeting of VDR.

240Hase promoter

mock wild V418A V421A

1,25D,106M = 4+ = 4+ = 4+ = +

1 2 34 5 6 7 8
[ avDR -~ - o NS GRS GHENN  GNE
aTIF2 R
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Fig. 5. The VDR point mutants were recruited to the human vitamin D
24-hydroxylase gene promoter. ChIP analysis was performed in the
human vitamin D 24-hydroxylase gene promoter in 293T cells transfected
with the indicated plasmids shown in the figure. The immobilized chroma-
tin immunoprecipitated by a specific antibody was used for PCR to detect
the factor bindings as described in Materials and methods.

Discussion

Is chromatin remodeling and histone modification
independent from VDR-mediated gene regulation?

In our study, we have already reported that ligand-
induced transactivation and transrepression mediated
VDR requires chromatin remodeling through one class of
ATP-dependent chromatin remodeling complex, WINAC
[11,38]. Ligand-independent association of VDR with
WSTF protein in the WINAC complex as well as non-spe-
cific but significant interaction of the WSTF bromo domain
with acetylated histone appear to assist targeting of VDR
to specific DNA binding regions in the VDR target gene
promoters [38]. At the present time it is unclear whether
chromatin remodeling is coupled with histone modification
in VDR-mediated gene regulations. For sex steroid hor-
mone receptors, histone modification appears indispensable
prior to chromatin remodeling since steroid receptor
recruitment to the target promoter is dependent on ligand
binding [39]. This is presumably accompanied by recruit-
ment of histone modifying enzyme co-regulator complexes
that undergo histone modification. However, unlike steroid
receptors, we observed ligand-independent recruitment of
VDR to the target promoters, implying a possibility that
promoter targeting of VDR does not require histone modi-
fication. This idea was further supported by the observa-
tions that the V421A VDR HI12 mutant is unable to
associate with the pl60 HAT co-activators, but was still
recruited to the promoter (Fig. 5). Thus, it is more likely
that WINAC associating with VDR remodels the target
chromosomal areas to expose VDREs, leading to stable
DNA binding of VDR/RXR.

The two classes of co-activator have distinct sites of direct
contact with VDR AF-2

By generating a series of VDR mutants, we have shown
in this study that point-mutations in VDR H12 regions
result in loss of ligand binding-dependent ability to associ-
ate with the tested co-activators, DRIP205 and TIF2. This
would agree with the recent view that H12 serves as a direct
interface for co-activator interaction through physical
interaction with LXXLL motifs of the co-activators [40,41].
By detailed analysis of the interaction of VDR HI12
mutants with co-activators in vitro, we found that a VDR
H12 mutant (V418A) lacking ligand-induced ability to
associate with DRIP20S is still capable of interacting with
the other class of co-activator TIF2 (Figs. 3 and 4). These
findings were unexpected, since the H12 domain is well
established to serve as the direct interface to recruit
DRIP205 in the DRIP/TRAP co-activator complex [42].
Indeed, loss of the interaction with DRIP205 was also con-
firmed to impair ligand-induced transactivation of VDR
in vitro. As this V418A mutant was still transcriptionally
ligand-inducible, this mutation appears unlikely to abro-
gate the indispensable H12 property of ligand-induced H12
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shifting. Moreover, ligand-induced recruitment to VDR
was seen in the VDR target gene promoter by ChIP analy-
sis (Fig. 5). Thus, together with these findings, it is most
likely that ligand-induced transactivation of VDR is sup-
ported by multiple classes of co-activator complex.

A third co-activator complex for VDR?

Accumulating evidence of co-regulator/co-regulator
complex identification suggests that ligand-induced trans-
activation of nuclear receptors is supported by a number of
co-regulators/co-regulator complexes [43,44]. Each co-regu-
lators complex is believed to govern a distinct process in
gene regulation.

However, at least among co-activators, functional
redundancy is observed in our in vitro transactivation
assays. In the present study, the V421 A VDR H12 mutant
was unexpectedly transcriptionally active even though this
mutant lost its ability to interact with either class of co-acti-
vator complexes, both of which have been shown indispens-
able for ligand-induced transactivation of VDR in vitro
[12,14,15]. These findings indicate the possible existence of
other co-activator complexes. Although histone acetylation
is well described to trigger chromatin activation for follow-
ing gene expression, methylation of specific residues of his-
tone tails has recently proposed to also enable chromatin
active for transcription [28,29]. In this respect, like the other
NR members, histone methylase complex(es) recruited to
liganded VDR may be potent enough to activate chromatin
through functional association with HAT complexes, lead-
ing co-activation of liganded VDR. To verify this idea,
identification of the third critical co-activator/co-activator
complex using several distinct approaches is required. Such
studies would enhance our understanding of the spatial and
temporal function of VDR in various target tissues.
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Central control of bone remodeling by neuromedin U
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Bone remodeling, the function affected in osteoporosis, the
most common of bone diseases, comprises two phases: bone
formation by matrix-producing osteoblasts! and bone resorption
by osteoclasts2. The demonstration that the anorexigenic
hormone leptin®-5 inhibits bone formation through a
hypothalamic relay®” suggests that other molecules that affect
energy metabolism in the hypothalamus could also modulate
bone mass. Neuromedin U (NMU) is an anorexigenic
neuropeptide that acts independently of leptin through poorly
defined mechanisms® 2, Here we show that Nmu-deficient
(Nmu-) mice have high bone mass owing to an increase in
bone formation; this is more prominent in male mice than
female mice. Physiological and cell-based assays indicate that
NMU acts in the central nervous system, rather than directly
on bone cells, to regulate bone remodeling. Notably, leptin- or
sympathetic nervous system-mediated inhibition of bone
formation®7 was abolished in Nmu mice, which show an
altered bone expression of molecular clock genes (mediators of
the inhibition of bone formation by leptin). Moreover, treatment
of wild-type mice with a natural agonist for the NMU receptor
decreased bone mass. Collectively, these results suggest that
NMU may be the first central mediator of leptin-dependent
regulation of bone mass identified to date. Given the existence
of inhibitors and activators of NMU action!?, our results may
influence the treatment of diseases involving low bone mass,
such as osteoporosis.

Bone mass is maintained at a constant level between puberty and
menopause by a succession of bone-resorption and bone-formation
phases' 2. The discovery that neuronal control of bone remodeling is
mediated by leptin® shed light on a new regulatory mechanism of bone
remodeling and also suggested that bone mass may be regulated by a
variety of neuropeptides'?. In line with this observation, cannabinoids
and pituitary hormones have been shown to be intimately involved in
bone remodeling'#!>. Leptin inhibits bone formation by binding to
its receptors located in hypothalamus and thereby activating the

sympathetic nervous system (SNS), which requires the adrenergic B2
receptors (Adrb2) expressed in osteoblasts™'¢. Downstream of Adrb2,
leptin signaling activates molecular clock genes that regulate osteoblast
proliferation and hence bone formation'?. In addition, leptin regulates
bone resorption through two distinct pathways'®.

NMU is a small peptide produced by nerve cells in the submucosal
and myenteric plexuses in the small intestine, and also by structures in
the brain, including the dorsomedial nucleus of the hypothalamus”. It
is generally assumed that NMU acts as a neuropeptide to regulate
various aspects of physiology, including appetite, stress response and
SNS activation®. Indeed, NMU-deficient (Nmu") mice develop
obesity due to increased food intake and reduced locomotor activity
that is believed, at least in part, to be leptin independent®. In addition,
expression of NMU is diminished in leptin-deficient (Lep®®) mice'8,
but can be induced in these mice by leptin treatment!®. In search of
additional neuropeptides that regulate bone remodeling, we analyzed
Nmu™™ mice.

When assessed at 3 and 6 months of age, both male and female
Nmu~'~ mice showed a high bone mass phenotype as compared to the
wild type (WT), with male mice more severely affected than female
mice (Fig. 1a and data not shown). The presence of a uniform increase
in bone mineral density (BMD) along the femurs of Nmu~~ mice
suggested that both trabecular and cortical bone were equally affected
(Supplementary Fig. 1 online). Microcomputed tomography analysis
confirmed this observation (Fig. 1b,c). To determine whether this
phenotype was secondary to the obesity of the Nmu™~ mice, we
restricted their food intake for 1 month starting at 2 months of age.
This manipulation normalized the body weight and serum insulin
level of the Nmu~~ mice but did not affect their high bone mass
phenotype (Fig. 1d and data not shown). Of note, when Nmu '~ mice
were backcrossed to the C57BL/6] genetic background, their body
weight became similar to that of their WT littermates; however,
their BMD remained high (data not shown). These results suggest
that NMU regulates bone mass independently of its regulation of
energy metabolism, just as leptin does’. To better characterize the
cellular nature of the bone phenotype in the Nmu™~ mice, we
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performed histological and histomorphometric analyses of vertebrae
and tibiae in both male and female animals (Fig. 1e and Supplemen-
tary Fig. 1). At 3 and 6 months of age, Nmu~~ mice showed greater
bone volume in both vertebrae and tibiae than did WT littermates,
with male mice having a more pronounced phenotype (Fig. le and
Supplementary Fig. 1). At the present time we do not have a clear
explanation of the difference in phenotype severity between male and
female mice. Bone formation rates (WT mice, 146.9 + 12.3, Nmu™~
mice, 183.7 + 10.3, P < 0.05) and osteoblast numbers were both
significantly greater in the vertebrae and tibiae of Nmu~'~ mice (Fig. 1f
and Supplementary Fig. 1). The higher osteoblast numbers in the
presence of a normal mineral apposition rate (Fig. 1f and Supple-
mentary Fig. 1), which reflects the function of individual osteo-
blasts®®, suggested that osteoblast proliferation may be increased in
Nmu~'~ mice. Indeed, 5-bromo-2-deoxyuridine (BrdU)-positive pro-
liferative osteoblast counts were significantly increased in Nmu~'~ mice
in vivo (Fig. 1g), demonstrating that NMU affects osteoblast prolif-
eration. In contrast, Nmu”/~ and WT mice showed comparable
osteoclast numbers and osteoclast surface areas (Fig. 1f and Supple-
mentary Fig, 1), suggesting that NMU does not affect bone resorp-
tion. This observation was further supported by the normal level of
urinary elimination of deoxypyridinoline in Nmu~'~ mice (Fig. 1h).

LETTERS

Figure 1 High bone mass in Nmu™~ mice due
e to increased bone formation. (a) Bone mineral

=5 i i A density (BMD) of the femurs of 3 (left)- and

_5_ 0 6 (right)-month-old male wild-type (WT) and
§=‘»E 0.8 Nmu* mice. (b) Micro-computed tomography
2E o6 (uCT) analysis of the distal femurs of male mice
5% 54 at 3 months. Scale bars, 500 um. (c) Cortical
B% oo thickness and cross-sectional area of the femurs
5 of 3-month-old male mice. (d) Body weight and

BMD of 3-month-old male mice with restricted
food intake. (e) Histological analysis of the
vertebrae and tibiae of 3-month-old male WT,
Nmu*'- and Nmu™~ mice. Bone volume per
tissue volume (BV/TV). Scale bars, 1 mm.

(f) Histomorphometric analysis of the vertebrae of
3-month-old male mice. Mineral apposition rate
(MAR), bone formation rate over bone surface
area (BFR/BS), osteoblast surface area over bone
surface area (Ob.S/BS), trabecular thickness
(Tb. Th) and osteoclast surface area over bone
surface area (Oc.S/BS). (g) Increased osteoblast
proliferation in newborn Nmu '~ mice. Immuno-
localization of BrdU incorporation (arrows) in

the calvariae of WT and Nmu™ mice (left).
Osteoblast mitotic index (right). Scale bar,

20 pm. (h) Urinary elimination of deoxy-
pyridinoline (DPD) in WT and Nmu~ mice.

. Pe0.01; *, P-< 005,

- 8
e
g 6
a4 Taken together, these results demonstrate
S, that NMU deficiency results in an isolated
4~ 0 i increase in bone formation leading to high
WT Nmu

bone mass. Nmu-heterozygote mice did not
have an overt bone abnormality at any age
analyzed (Fig. le).

Two cognate G protein—oupled receptors
have been reported to be NMU receptors:
NMURI, which is expressed in various
tissues, including the small intestine and
lung (data not shown), and NMUR2, which
is predominantly expressed in the hypothala-
mus and the small intestine (Fig. 2a)'®. Both
receptors and NMU itself were barely detectable in bone (Fig. 2a). To
further exclude the possibility of a direct action of NMU on osteo-
blasts, we treated mouse primary osteoblasts with varying concentra-
tions of NMU. Alkaline phosphatase activity, mineralization and
expression of osteoblastic genes were all unaffected by this treatment
(Fig. 2b,c). In addition, there were no differences between WT mice
and Nmu~'~ mice in the expression of osteoblastic genes in vivo
(Fig. 2d). Moreover, both WT and Nmu ™" osteoblasts proliferated
normally in vitro in response to NMU treatment (Fig. 2e), though
Nmu=  osteoblasts proliferated more than WT osteoblasts
in vivo (Fig. 1g). Osteoclastic differentiation from bone marrow
macrophages was unchanged by NMU treatment (Fig. 2f), as expected
from the absence of a bone resorption defect in vivo (Fig. 1£h). Taken
together, these results strongly suggest that NMU’s effect on bone may
not come from its direct action on osteoblasts, but rather through
another relay.

Because the anorexigenic effect of NMU requires a hypothalamic
relay®'® and because hypothalamic neurons have been shown to
regulate bone mass, we tested whether NMU’s regulation of bone
formation could involve a central relay. Continuous intracerebroven-
tricular (i.c.v.) infusion of NMU into Nmu™"~ mice decreased their fat
mass and fat pad weight significantly, although body weight was not
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affected (Fig. 2g and Supplementary Fig. 2 online). In addition,
NMU i.c.v. infusion eliminated the high bone mass phenotype in
Nmu~ mice (Fig. 2g and Supplementary Fig. 2), suggesting that
NMU inhibits bone formation through the central nervous system.
The central nature of bone remodeling regulation by NMU, along
with the notion that the anorexigenic effect of NMU may be
independent of leptin®, prompted us to examine whether leptin
could be involved in the regulation of bone formation by NMU. To
address this question, we performed i.c.v. infusion of NMU or leptin
in Lep®® mice. NMU decreased fat pad weight significantly, albeit to a
milder extent than that achieved by leptin (Fig. 3a and Supplemen-
tary Fig. 3 online). Body weight was not significantly changed by the
NMU infusion, indicating that this treatment had only a mild effect
on energy metabolism (data not shown). In contrast, NMU decreased

bone mass in Lep®® mice as efficiently as leptin did (Fig. 3a). These
results indicate that NMU inhibits bone formation in a leptin-
independent manner. Next, we asked whether leptin could correct
the high bone mass phenotype of Nmu~'~ mice. Leptin i.c.v. infusion
decreased bone volume and bone formation in WT mice, as previously
reported (Fig. 3b and Supplementary Fig. 3)%. However, the leptin
paradoxically increased bone volume and osteoblast number in
Nmu™~ mice (Fig. 3b,c and Supplementary Fig. 3). The fact that
leptin decreased fat mass and fat pad weight in Nmu™" mice and
increased urinary elimination of normetanephrine, a metabolite of
noradrenaline'’, verified that the administration of leptin was properly
performed (Fig. 3b,d and Supplementary Fig. 3). Therefore, taken
together, these results suggest that NMU acts downstream of leptin to
regulate bone formation.
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Figure 2 Absence of NMU’s direct effect on osteoblasts; decrease in bone mass by NMU i.c.v. infusion. (a) Expression of Nmu, Nmurl and Nmur2 in

the hypothalamus at the atlas-levels of 38 (top) and 43 (bottom) and in the femur as shown by in situ hybridization. Note the expression of Nmu in the
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The SNS is a major mediator of leptin’s antiosteogenic action’.
NMUR?2 is expressed in paraventricular nuclei, whose neurons directly
© project to the sympathetic preganglionic neurons, and NMU stimu-
lates sympathetic outflow™?!. These observations, along with the fact
@that Nmu~~ mice have osteoblastic defects similar to the one observed
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in Adrb2-deficient mice'é, prompted us to explore whether NMU and
sympathetic tone are in the same pathway regulating bone formation.
Indeed, Nmu/Adrb2 double heterozygote mice had higher bone mass
than Adrb2 single heterozygote mice (Fig. 4a), although Nmu single
heterozygote mice had normal bone mass (Fig. le and Supplemen-
tary Fig. 1). Given that Nmu expression in the hypothalamus was
reduced in Nmu single heterozygote mice (data not shown), com-
pound heterozygosity of Nmu and Adrb2 may have resulted in higher
bone mass. Furthermore, this result suggests that these two pathways
share a common molecule. Of note, Nmu~'~ mice had a higher degree
of urinary elimination of normetanephrine than WT littermates
(Fig. 4b), which would decrease bone mass, yet they had high bone
mass. This suggests that their high bone mass phenotype is not caused
by decreased SNS activity, but is instead the result of resistance to the
antiosteogenic activity of the SNS. This is in agreement with the
observation that i.c.v. infusion of leptin, a potent stimulator of SNS
activity, did not decrease bone mass in Nmu~~ mice (Fig. 3b and
Supplementary Fig. 3). Furthermore, injection of isoproterenol, a
sympathomimetic, reduced bone mass in WT mice’ but not in Nmu~=
mice (Fig. 4c and Supplementary Fig. 4 online). Thus, Nmu '~ mice
are resistant to the antiosteogenic effects of both leptin and the SNS.

We present six experimental arguments to strongly suggest that the
failure of leptin or isoproterenol to decrease bone mass in Nmu ™'~
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Figure 3 Leptin does not eliminate high bone mass in Nmu~~ mice. (a) Effect of NMU or leptin i.c.v. infusion in Lep®” mice (3-month-old males). Fat pad
weight and bone mass were determined by histology and cortical thickness by uCT analysis. (b-d) Effect of leptin i.c.v. infusion on Nmu™= mice (3-month-old
males). (b) Fat pad weight, fat mass and bone mass shown by histology. (€) Histomorphometric analysis. N. Ob/B.Pm indicates the number of osteoblasts per
bone perimeter. (d) Urinary elimination of normetanephrine. Scale bars, 1 mm. **, P < 0.01; *, P < 0.05.

mice is not due to leptin-SNS signaling defects. First, leptin infusion
decreased fat pad weight equally well in WT and in Nmu~" mice and
could increase normetanephrine abundance in Nmu~~ mice (Fig. 3b,d
and Supplementary Fig. 3). Second, the expression of Adrb2 was not
different in WT and Nmu~~ bones (Fig. 4d). Third, treatment with
NMU did not affect Adrb2 expression in osteoblasts (Supplementary
Fig. 5 online). Fourth, isoproterenol induced expression of Tnfsfll
(encoding tumor necrosis factor superfamily, member 11) and
decreased expression of Tnfrsfl11b (encoding tumor necrosis factor
superfamily, member 11b, also known as osteoprotegerin), Runx2
(encoding runt-related transcription factor-2) and Collal (encoding
collagen type I), molecular markers for the effect of SNS activation on
osteoblasts, in both WT and Nmu~~ osteoblasts (Fig. 4d). Fifth,
isoproterenol induced cAMP production equally well in WT and
Nmu~ osteoblasts (Fig. 4e). Sixth, and most notably, leptin increased
bone resorption to a similar extent in WT and Nmu™"~ mice (Fig. 3¢
and Supplementary Fig. 3).

The fact that the leptin-SNS pathway is intact in Nmu~'" mice,
together with the paradoxical increase in osteoblast number induced
by leptin i.c.v. infusion in Nmu~~ mice (Fig. 3¢c), suggests that NMU
affects only the negative regulator of bone remodeling by leptin, that
is, the molecular clock. Indeed, the expression of Per] and Per2
(encoding period homolog-1 and -2, respectively) was downregulated
in Nmu~"~ bones as compared to WT bones (Fig. 4f and Supplemen-
tary Fig. 6 online). Thus, NMU, acting through the central nervous
system, affects the molecular clock in bone.

Because bone resorption in Nmu ™~ mice was comparable to that in
the wild type, despite the high SNS activity in these mice, we also
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tested whether the expression of Cartpt (encoding cocaine- and
amphetamine-regulated transcript propeptide), a central mediator of
leptin’s action on bone resorption'®, was altered in these mice. Indeed,
Cartpt expression was increased in Nmu~'~ mice as compared to WT
littermates (Fig. 4g and Supplementary Fig. 7 online). These results
suggest that the protective activity of Cart on bone resorption
compensates for the bone-resorbing activity induced by the SNS in
Nmu~"~ mice. The effect of other leptin-regulated neuropeptides, such
as NPY (neuropeptide Y), AgRP (agouti-related protein) and x-MSH
(a-melanotropin), will be limited, because the expression of Npy and
Agrp was unchanged in Nmu™~ mice® and melanocortin 4 receptor, a
major receptor for a-MSH, has been shown to have little effect on
bone remodeling by itself22.

Lastly, we treated WT mice with rutin, a natural NMUR2 agonist
found in daily foods such as buckwheat®’, Consistent with the high
bone mass phenotype of the Nmu ™~ mice, rutin decreased bone mass
significantly in WT mice (Fig. 4h). This result, together with the
predominant expression of Nmur2 in the hypothalamus (Fig. 2a),
suggests that NMU regulates bone remodeling through NMUR2.

Collectively, these results suggest that NMU, through a central relay
and via an unidentified pathway, acts as a modulator of leptin-
SNS-Adrb2 regulation of bone formation (Fig. 4i). However, one
concern still remains: because leptin affects several pathways originat-
ing in the hypothalamus and elsewhere in the brain, i.c.v. infusion of
leptin may have resulted in an uncoordinated change in leptin-
regulated bone remodeling that does not reflect a physiological role
of leptin. To rigorously address that question, an analysis of a mouse
model in which a specific nucleus of the hypothalamus is activated by
leptin will be necessary. From a therapeutic point of view, given the
lack of an obesity phenotype in Nmur2-deficient mice?*, an NMU
antagonist may be a candidate for the treatment of bone-loss disorders
without inducing unwanted body weight gain.

METHODS
Animals. Nmu~™~ and Adrb2~~ mice were previously described®'®, We pur-
chased C57BL/6] mice and C57BL/6] Lep® from the Jackson Laboratory. We
maintained all of the mice under a 12 hr light-dark cycle with ad libitum access
to regular food and water, unless specified. For pair-fed experiments, we caged
eNmu"‘and WT mice individually for 12 weeks as described®. In brief, Nmu="~
=P mice were given access to water ad libitum and fed the amount of chow eaten
on the previous day by a WT littermate. We determined mouse genotypes by
PCR as previously described® ¢, We injected isoproterenol (10 mg/kg, Sigma)
intraperitoneally (i.p.) once daily for 4 weeks. Rutin (Sigma) was administered
orally 300 mg per kg body weight per day for 4 weeks. All animal experiments
were performed with the approval of the Animal Study Committee of Tokyo
Medical and Dental University and conformed to relevant guidelines and laws.

Dual X-ray absorptiometry and microcomputed tomography analysis. We
measured bone mineral density (BMD) of the femurs and fat pad composition
by DCS-600 (Aloka). We obtained two-dimensional images of the distal femurs
by microcomputed tomography (pCT, Comscan). We measured cortical
thickness and cross-sectional area at the center of the femur. We examined at
least eight mice for each group.

Histological and histomorphometric analysis. We injected calcein (25 mg/kg,
Sigma) ip. 5 and 2 d before sacrifice. We stained undecalcified sections of
the third and fourth lumbar vertebrae and tibiae with von Kossa staining.
We performed static and dynamic histomorphometric analyses using the
Osteomeasure Analysis System (Osteometrics). We analyzed 8-10 mice for
each group.

In situ hybridization analysis. We performed in situ hybridization analysis
according to the established protocol?®. Antisense cRNA probe for Cartpt was
previously described®®. We used fragments of cDNA for Nmu (105 base pairs
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upstream to 647 base pairs downstream of the initiation codon), Nrmurl
(13-1242 base pairs downstream of the initiation codon) and Nmur2 (16-1252
base pairs downstream of the initiation codon) to generate antisense probes.
We stained sections hybridized with *°S-labeled probes with Hoechst 33528
and quantitatively analyzed the expression of Cartpt with a phosphorimager
(Bass-2500, Fuji). The atlas-level of designations corresponds to those
described previously’”. We analyzed six mice for each group.

Measurement of deoxypyridinoline cross-links and normetanephrine. We
measured urinary deoxypyridinoline cross-links (DPD) and normetanephrine
with the METRA DPD-EIA kit (Quidel) and the Normetanephrine-ELISA kit
(ALPCO), respectively, according to the manufacturer’s instructions. We used
creatinine values to standardize between samples (Creatinine Assay Kit,
Cayman). We examined eight samples for each group.

Cell culture. In vitro primary osteoblast cultures were established as previously
described®. Briefly, we cultured primary osteoblasts from calvariae of 4-d-old
mice in 2-MEM (Sigma) containing ascorbic acid (0.1 mg/ml, Sigma). We
added NMU to the medium twice daily. After 14 d, we measured alkaline
phosphatase activity with the ALP kit (Wako). For the mineralization assay, we
supplemented the medium with B-glycerophosphate (5 mM, Sigma). We
assessed mineralized nodule formation by von Kossa staining. We performed
the cell proliferation and cAMP assays with the Cell Proliferation Assay
(Promega) and cAMP EIA kit (Cayman Chemical), respectively. In vitro
osteoclast differentiation has been described previously'S. Briefly, bone marrow
cells of 2-month-old mice were cultured in the presence of human macrophage
colony-stimulating factor (10 ng/ml, R&D Systems) for 2 d and then differ-
entiated into osteoclasts with human RANKL (50 ng/ml, Peprotech) and
human macrophage colony-stimulating factor (10 ng/ml) for 3 d. We counted
tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cells (more
than 3 nuclei). We performed all the cell cultures in triplicate or quadruplicate
wells and repeated more than 3 times.

BrdU immunohistochemistry. For BrdU labeling, we injected 100 pg BrdU i.p.
into 3-d-old mice 1 h before sacrifice. We embedded calvariae in paraffin and
cut coronally. We detected BrdU-incorporated osteoblasts with the BrdU
Immunohistochemistry Kit (Exalpha Biologicals). We calculated the number
of BrdU-positive osteoblasts over the total number of osteoblasts (osteoblast
mitotic index) at three different locations (+3.0, 3.5 and 4.0 AP (0 point:
bregma)) per mouse. We analyzed six mice per group.

Intracerebroventricular infusion. Intracerebroventricular infusion was per-
formed as previously described®. Briefly, we exposed the calvaria of an
anesthetized mouse, implanted a 28-gauge cannula (Plastics ONE) into the
third ventricle and then connected the cannula to an osmotic pump (Durect)
placed in the dorsal subcutaneous space of the mouse. We infused rat
Neuromedin U-23 (Peptide Institute) or human leptin (Sigma) at
0.125 nmol/hr or 8 ng/hr, respectively, for 28 d.

Quantitative RT-PCR analysis. After flushing mouse bone marrow out of the
bone with PBS, we extracted bone RNA with Trizol (Invitrogen) and performed
reverse transcription for cDNA synthesis. We performed quantitative analysis of
gene expression with the Mx3000P real-time PCR system (Stratagene). Primer
sequences are available upon request. We used GAPDH expression as an
internal control.

Statistical analysis. All data are represented as mean + s.d. (n = 8 or more). We
performed statistical analysis by Student’s t-test. Values were considered
statistically significant at P < 0.05. Results are representative of more than
four individual experiments.

Note: Supplementary information is available on the Nature Medicine website.
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Abstract

We have previously shown that the novel ATP-dependent chromatin remodeling complex WINAC is required for the ligand-bound Vitamin
D receptor (VDR)-mediated transrepression of the 25(OH)D; l1a-hydroxylase [1a(OH)ase] gene. However. the molecular basis for VDR
promoter association, which does not involve its binding to specific DNA sequences, remains unclear. To address this issue, we investigated
the function of WSTF in terms of the association between WINAC and chromatin for ligand-induced transrepression by VDR. Results of in
vitro experiments using chromatin templates showed that the association of unliganded VDR with the promoter required physical interactions
between WSTF and both VDR and acetylated histones prior to VDR association with chromatin. The acetylated histone-interacting region
of WSTF was mapped to the bromodomain, and a WSTF mutant lacking the bromodomain served as a dominant-negative mutant in terms of
ligand-induced transrepression of the 1a(OH)ase gene. Thus, our findings indicate that WINAC associates with chromatin through a physical
interaction between the WSTF bromodomain and acetylated histones, that appears to be indispensable for VDR/promoter association for

ligand-induced transrepression of 1a(OH)ase gene expression.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Lipophilic ligands, such as fat-soluble Vitamins A and
D, as well as thyroid/steroid hormones, are thought to exert
their physiological effects through transcriptional control of
target genes via cognate nuclear receptors (NRs) [1]. NRs
form a gene superfamily, and they act as ligand-inducible
activators. A number of co-regulator complexes that support
ligand-dependent transcription control have been identified,
and these complexes can be classified into three categories
according to function [2]. The first co-regulator complex class
regulates transcriptional control directly, through a physi-
cal interaction with general transcription factors and RNA
polymerase II [3,4]. Members of the second co-regulator

* Corresponding author at: The Institute of Molecular and Cellular
Biosciences, The University of Tokyo. 1-1-1 Yayoi, Bunkyo-ku, Tokyo
113-0032, Japan. Tel.: +81 3 5841 8478; fax: +81 3 5841 8477.

E-mail address: uskato@mail.ecc.u-tokyo.ac.jp (S. Kato).

0960-0760/$ — see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/}.jsbmb.2006.12.038

complex class modify histone tails covalently, for example
by acetylation, in promoter nucleosomal arrays [5—8]. The
major function of the last class of complexes is chromatin
remodeling, which involves the ATP-dependent dynamic
remodeling of chromatin structure [9-13]. Chromatin remod-
eling complexes utilize energy from ATP hydrolysis to
rearrange nucleosomal arrays in a non-covalent manner.
As chromosomal DNA is generally packed as nucleosomal
arrays, chromatin remodeling complexes are thought to ren-
der specific promoter regions accessible to other co-regulator
complex classes and sequence-specific regulators.

Recently, we identified a novel, multifunctional, ATP-
dependent chromatin remodeling complex, designated
WINAC, which consists of 13 subunits [11]. It contains
SWI/SNF chromatin remodeling complex components and
DNA replication-related factors. VDR interacts with WINAC
in a ligand-independent manner through the Williams syn-
drome transcription factor (WSTF). WSTF contains a
bromodomain that is adjacent to a zinc-finger motif of the
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(active form)
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!
\

» NVDRE . AVDRE

Fig. 1. Schematic view of ligand-induced transrepression by VDR in the human 1a(OH)ase gene promoter. A bHLH-type activator, VDIR, binds to the
lanVDRE, and activates transcription. PKA signaling downstream of PTH/PTHrP phosphorylates VDIR, leading association of VDIR with HAT co-activator
p300/CBP. Upon 1«,25(0OH); D5 binding, VDR associates with VDIR, inducing dissociation of the HAT co-activator, and recruitment of HDAC co-repressor
for ligand-induced transrepression.

(BAZ) protein family. Members of this family harbor both a 2. Vitamin D negatively regulates expression of the
PHD finger and a bromodomain in their C-terminal domain 25(OH)D3 la-hydroxylase gene
[14]. As bromodomains have been recently shown to bind

acetylated histones, it is possible that WSTF serves as an Expression of the 25(OH)D3; la-hydroxylase
adaptor protein for acetylated histones, facilitating the asso- [la(OH)ase] gene a key enzyme in Vitamin D biosyn-
ciation between WINAC and chromatin [15-18]. thesis, is negatively regulated by Vitamin D [19-21].

Chromatin
reconfiguration

Histone
deacetylation

@A 1¢,25(0H);D;

WINAC
Histone Chromatin

acetylation LRG ' reconfiguration

Ac

Ac VDRE Ac

Fig. 2. WINAC supports ligand-induced transactivation by VDR. A WSTF-containing chromatin remodeling complex, WINAC. associates with VDR in a
ligand-independent manner, and aids VDR to stably bind to the VDRE for ligand-induced transactivation.
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Fig. 3. WSTF enhances VDIR-mediated transrepression of 1a(OH)ase gene expression. (A) The effect of gene-specific knockdown of endogenous factors,
WSTEF, VDIR and VDR on 1a(OH)ase gene expression in a luciferase reporter assay. Gene-specific knockdown of the factors by RNAi was confirmed by Western
blots ‘using the relative antibodies (data not shown). MCF7 cells were transfected with 0.3 g of the indicated siRNAs, 48 h after the transfection luciferase
reporter gene containing 1a(OH)ase native promoter was transfected again into the cells. Luciferase activity was assessed after 12 h culture in the presence
or absence of 1a,25(0OH), D3 (10~8 M). (B) 1a,25(0OH),D3-dependent interaction between endogenous WSTF and VDIR in vivo. MCF7 cells cultured with
or without with 1e,25(OH),Dj3 for 12 h were subjected to immunoprecipitation with anti-WSTF or anti-VDIR antibodies. Immunoprecipitates were Western
blotted with specific antibodies as shown on the left.{C) SDS-PAGE gels of a series of GST-fused WSTF deletion mutants was visualized by CBB staining.
Recombinant proteins were expressed in E. coli and purified by affinity chromatography. (D) GST pull-down assay. Schematic diagrams of the WSTF deletion
mutants used are illustrated. [3°S]-labeled VDR translated in vitro was incubated with deletion mutants immobilized onto glutathione-sepharose beads in the
presence or absence of 1a,25(OH);D3 (10~ M). Bound proteins were resolved by SDS-PAGE followed by autoradiography (upper panel). Autoradiographs
show [35 S]-labeled VDIR, preincubated with (lower panel) or without (middle panel) cold recombinant VDR, bound to the GST-fused mutants immobilized
on beads [22].
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We recently reported that a bHLH-type activator, VDR-
interacting repressor (VDIR), directly binds to the negative
Vitamin D.response element (1anVDRE) in the human
la(OH)ase gene promoter, thus activating transcription
(Fig. 1) [22]. However, ligand-induced association between
VDR and VDIR results in ligand-induced transrepres-
sion of la(OH)ase gene expression. This occurs through
the switching of co-regulator complexes from histone
acetyltransferase (HAT) co-activator complexes to histone
deacetylase (HDAC) co-repressors upon VDIR binding to
1anVDRE [22].

3. WSTF potentiates the ligand-induced
transrepression by VDR in the human 1a(OH)ase
gene promoter

We have previously shown that WINAC supports
ligand-induced transactivation through chromatin remod-
eling [11] (see Fig. 2). However, it remained unclear if
ligand-induced transrepression by VDR requires WINAC.
To test this idea, the function of WSTF, with respect
to ligand-induced VDR/VDIR transrepression, was stud-
ied by a transient expression assay using MCF7 cells,
which express the la(OH)ase gene endogenously. A
luciferase reporter gene plasmid containing two consen-
sus 1anVDRE sequences recognized by VDIR, that confer
negative responsiveness to 1o,25(OH);D3 in gene repres-
sion.

We found that endogenous VDR, VDIR and WSTF were
responsible for ligand-induced negative responsiveness of
the 1a(OH)ase gene, by their overexpression assay and
RNAI approach (Fig. 3A). It is likely that WSTF mediates
the ligand-induced transrepression of the 1a(OH)ase gene,
together with VDR and VDIR.

We then examined the complex formed by these three
factors in MCF-7 cells using an immunoprecipitation assay.
As unliganded VDR was reported to associate with NCoR
co-repressor complex [2], the co-repressor dissociation of
exogenous VDR was observed in respond to ligand binding.
As previously reported [11,22,23], while VDR associ-
ated with WSTF irrespective of 1a,25(0OH);D3; binding,
1a,25(OH), D3 binding enhanced the interaction between
VDR and VDIR (Fig. 3B). '

By in vitro GST pull-down assay on a series of
bacterially-expressed GST-fused WSTF mutants (Fig. 3C).
The WSTF ml domain (a.a. 163-576, illustrated as a
shaded box above the panel) was found to interact with in
vitro translated VDR, irrespective of 1a,25(0H);D3 bind-
ing. While none of the WSTF regions exhibited physical
interaction with VDIR, in the presence of 1a,25(0OH);D3-
bound VDR, an association between WSTF and VDIR
was detected (Fig. 3D, middle and lower panel). Together,
these findings suggest that while WSTF interacts with
VDR, VDIR is stably recruited only when VDR is
liganded.

4. WSTF aids recruitment of ligand-unbound VDR
to the 1a(OH)ase gene promoter

To test whether WSTF was recruited to VDIR via lig-
anded VDR in the nuclei of living cells, we performed a ChIP
assay using endogenous proteins and the native 1a(OH)ase
gene promoter. In agreement with previous reports [11,22],
VDIR was constitutively bound to 1anVDRE (Fig. 4). As
WSTF RNAI remarkably attenuated the promoter occupancy
of VDR in the absence of ligand, WSTF appeared to facilitate
the binding of ligand-unbound VDR to the 1anVDRE region
(Fig. 4).

To clarify the mechanism by which WSTF targets unli-
ganded VDR to the promoter in vitro, we addressed which
factors are indispensable for the promoter targeting of unli-
ganded VDR by employing an immobilized DNA/chromatin
template recruitment assay. DNA fragments containing either
1anVDRE (—60 to —615) or the 1a(OH)ase distal region
(—3632 to —3032) were end-biotinylated to allow their
immobilization onto streptavidin beads. Using these factors,
the end-biotinylated DNA fragments were correctly recon-
stituted into nucleosome arrays according to the MNase
digestion assay (Fig. SA). Whole cell extracts from MCF-
7 cells that stably expressed FLAG-tagged WSTF treated
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Fig. 4. WSTF is indispensable for ligand-induced promoter assembly of

the VDR and HDAC co-repressor complex. Recruitment of VDR, WSTF,
VDIR, and other co-regulators to the 1a(OH)ase gene promoter in vivo, as
shown by ChIP analysis. Soluble chromatin was prepared from MCF7 cells
treated with 10,25(0OH);D3 (10~8 M) for 45 min and immunoprecipitated
with the indicated antibodies. Extracted DNA samples were amplified using
primer pairs that covered the 1a(OH)ase negative VDRE region (1an VDRE)
[11,22] or a distal region (3 kb upstream from 1anVDRE) as a control.
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