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The architectural organization of the genome and regulatory proteins within the nucleus supports gene
expression in a physiologically regulated manner. In osteoblastic cells ligand activation induces a nuclear
punctate distribution of the 1�,25-dihydroxy vitamin D3 (1�,25(OH)2D3) receptor (VDR) and promotes
its interaction with transcriptional coactivators such as SRC-1, NCoA-62/Skip, and DRIP205. Here, we
itamin D receptor
ntranuclear trafficking
uclear matrix

discuss evidence demonstrating that in osteoblastic cells VDR binds to the nuclear matrix fraction in a
1�,25(OH)2D3-dependent manner. This interaction occurs rapidly after exposure to 1�,25(OH)2D3 and
does not require a functional VDR DNA binding domain. The nuclear matrix-bound VDR molecules colo-
calize with the also nuclear matrix-associated coactivator DRIP205. We propose a model where the rapid
association of VDR with the nuclear matrix fraction represents an event that follows 1�,25(OH)2D3-
dependent nuclear localization of VDR, but that precedes 1�,25(OH)2D3-dependent transcriptional
upregulation at target genes.

© 2010 Elsevier Ltd. All rights reserved.
. Introduction

The role that vitamin D plays in bone metabolism provides
paradigm for understanding molecular mechanisms that oper-

te in vitamin D action. Vitamin D, in particular its active form
�,25-dihydroxy vitamin D3 [1�,25(OH)2D3], promotes osteoblast
ifferentiation by regulating the transcription of a number of genes
ssociated with the osteoblast phenotype [1,2]. Increasing evidence
upport a relevant role of the nuclear architecture and genome
rganization within the nuclei in the physiological regulation of
ukaryotic genes [3]. Therefore, in this article we focus on recent

vidence that demonstrate the association of the VDR and VDR-
ound coregulators with the nuclear matrix fraction in osteoblastic
ells.

� Special issue selected article from the 14th Vitamin D Workshop held at Brugge,
elgium on October 4–8, 2009.
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iencias Biologicas y Facultad de Medicina, Universidad Andres Bello, Republica 217,
antiago, Chile. Tel.: +56 2 7703213; fax: +56 2 6980414.

E-mail address: mmontecino@unab.cl (M. Montecino).
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1.1. Components of 1˛,25(OH)2D3-dependent regulatory
complexes

1�,25(OH)2D3 exerts its genomic effects through the
1�,25(OH)2D3 receptor (VDR) which is a member of the superfam-
ily of nuclear receptors [1,2]. As in other nuclear receptors, binding
of the ligand changes the C-terminal ligand-binding domain (LBD)
of the VDR, thus establishing competency for VDR interaction
with coactivators of the p160/SRC family, which contain intrinsic
histone acetyl transferase (HAT) activity and therefore modify
chromatin structure [4]. The multisubunit DRIP (VDR-Interacting
Protein) complex also binds to VDR in response to the ligand
1�,25(OH)2D3 [2,4]. This interaction occurs through the LBD of
VDR in the same manner as the p160/SRC coactivators, resulting in
transcriptional enhancement. In contrast to p160/SRC coactivators,
DRIP is devoid of HAT and other chromatin remodeling activities
and interacts with nuclear receptors through a single subunit
designated DRIP205, which anchors the other DRIP subunits to

the receptor LBD. As several of the DRIP subunits are part of the
Mediator complex, which interacts with the C-terminal domain
(CTD) of RNA polymerase II [5], the DRIP complex appears to
function by forming a molecular bridge between the VDR and the
basal transcription machinery. The coactivator NcoA62/Skip can

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:mmontecino@unab.cl
dx.doi.org/10.1016/j.jsbmb.2010.02.013
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Fig. 1. VDR interacts with co-activators and the nuclear matrix in a ligand-dependent manner. (A) Schematic representation showing the mutually exclusive association
o nes. V
P lation
b n initi
N

a
t
t
c
p
t

i
r
e
v
c
a
n
r
p
[

1

t
d
g
o
t
[
t

f VDR with co-regulators of the p160/SRC and DRIP/mediator families at target ge
roposed model for intranuclear trafficking of the VDR. Upon 1�,25(OH)2D3 stimu
ind to the nuclear matrix and/or target genes. The arrow represents the transcriptio
: nucleus; C: cytoplasm.

lso interact with VDR in a ligand-dependent manner. However,
his protein–protein interaction occurs through a domain of VDR
hat is different from that recognized by p160/SRC or DRIP205
oactivators [6]. Moreover, NcoA62/Skip can form a ternary com-
lex with VDR and SRC-1 to cooperatively stimulate VDR-mediated
ranscription activation.

Several research groups have shown that coactivator complexes
ncluding p160/SRC and DRIP are recruited to steroid hormone-
egulated genes by nuclear receptors in a sequential and mutually
xclusive manner [reviewed in [2]] (Fig. 1A). These results pro-
ided the basis for a model in which cyclical association of different
oactivator complexes reflects the dynamics of the transcription
ctivation process of nuclear receptor-regulated genes [2]. Alter-
atively, other reports indicate that occupancy at the target gene
egulatory regions by nuclear receptor-associated coactivator com-
lexes may also occur gradually and at a significantly lower rate
2,7].

.2. VDR functions in association with the nuclear architecture

Increasing evidence indicates that components of nuclear struc-
ure, including nuclear pores, the nuclear matrix and subnuclear
omains, contribute to subnuclear distribution and activities of

enes and regulatory factors [3]. In mammalian cells, including
steoblastic cells, the VDR exhibits a nuclear punctate signal dis-
ribution that is significantly enhanced upon ligand stimulation
8,9], suggesting that the VDR is interacting with components of
he nuclear architecture.
DRE: Vitamin D-responsive element; HAT: histone acetyl transferase activity. (B)
VDR rapidly heterodimerizes with RXR, preferentially localize in the nucleus and
ation site and indicates the level and direction of transcription. NM: nuclear matrix;

Several reports indicate that transcriptional coactivators that
normally interact with nuclear receptors are associated with the
nuclear matrix fraction. GRIP/SRC-2 is associated with specific sub-
nuclear domains [10] and colocalizes with either the glucocorticoid
receptor (GR) or the estrogen receptor (ER) upon activation by dex-
amethasone or estradiol, respectively (reviewed in [11]). Similarly,
SRC-1 is associated with specific subnuclear domains in human
breast carcinoma cells and is bound to the nuclear matrix frac-
tion in response to estrogen [12]. In addition, NCoA-62/Skip is
bound to the nuclear matrix in osteoblastic cells that respond
to 1�,25(OH)2D3 [13], further indicating that nuclear regulatory
complexes including VDR are associated with subnuclear domains
where 1�,25(OH)2D3-dependent transcriptional control occurs.

We have recently demonstrated that in osteoblastic cells, the
VDR binds to the nuclear matrix in a 1�,25(OH)2D3-dependent
manner [14] (see Fig. 1B). This VDR-NMIF interaction occurs rapidly
after addition of 1�,25(OH)2D3 and does not require a functional
VDR DNA binding domain (DBD). A significant fraction of the
NMIF-bound VDR molecules are found to colocalize with the tran-
scriptional coactivator DRIP205 (Fig. 1B), which interacts with the
VDR in a highly dynamic ligand-dependent manner to upregulate
transcription of bone-related target genes [2,4]. DRIP205 [14], as
well as the NcoA62/Skip coactivator [13], is bound to the nuclear
matrix of osteoblastic cells in the absence of 1�,25(OH)2D3 (Fig. 1B),

indicating that the association of VDR and these transcriptional
coactivators with components of the nuclear architecture is con-
trolled through different mechanisms. Interestingly, we find that
the coactivator SRC-1 is not bound to the nuclear matrix frac-
tion in osteoblastic cells (Fig. 1B), irrespective of the presence of
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�,25(OH)2D3. As SRC-1 colocalizes with the estrogen receptor at
ubnuclear compartments in the human breast cancer cells incu-
ated with estradiol [12], these results indicate that the association
f SRC-1 with subnuclear structural components may be a cell-and
igand-specific event.

Paschal and colleagues have reported that upon androgen stim-
lation the androgen receptor (AR) is transiently bound to a
ubnuclear compartment. This transient association appears to
acilitate protein–protein interactions between the receptor and
oactivators localized at these subnuclear domains before ligand-
nduced transcription of target genes occurs [15]. Interestingly,
hese authors find that specific mutations in the DBD that pre-
ent the AR from interacting with its DNA element result in the
rrest of AR at specific subnuclear foci and strong colocalization
ith transcriptional coactivators. This distribution pattern, how-

ver, was not found when other nuclear receptors were analyzed,
ncluding the glucorticoid receptor, retinoic acid receptor and thy-
oid receptor. Hence, these results raise the possibility that different
uclear receptors may follow alternative subnuclear distribution
athways once activated by their cognate ligands.

We have found that single aminoacid mutations in the
BD of VDR that prevent direct DNA sequence-specific recogni-

ion and 1�,25(OH)2D3-mediated transcriptional enhancement in
steoblastic cells, do not affect the ability of this receptor to inter-
ct with the nuclear matrix fraction in a ligand-dependent manner
14]. Moreover, these mutations do not affect the ability of VDR
o colocalize with the transcriptional coactivator DRIP205 at the
uclear matrix. These results support a model (Fig. 1B) where
wo 1�,25(OH)2D3-dependent properties of VDR, nuclear matrix
ssociation and DNA binding-transcriptional activation, represent
wo independent and perhaps sequential, events occurring in
steoblastic cells exposed to the ligand.

A mechanism for targeting the VDR to subnuclear compart-
ents remains undefined. In addition, it is necessary to establish
hether specific signaling pathways, including those activated by

�,25(OH)2D3 through non-genomic actions at the cell membrane
16], are also contributing to VDR subnuclear localization. It is inter-
sting that a recent report indicates that treatment of osteoblastic
ells with 1�,25(OH)2D3 results in VDR accumulation in the nucleus
hrough a process that involves a protein–protein interaction with
he tumor suppressor BRCA1 [17]. Moreover, in osteoblastic cells
n which BRCA1 expression is depleted, 1�,25(OH)2D3-dependent
ccumulation of VDR in the nucleus is significantly reduced. Inter-
stingly, BRCA1 has been shown to be localized in subnuclear
omains [18] and bound to the nuclear matrix [19], raising the pos-
ibility that it may be contributing to the targeting of the VDR to
ubnuclear structural components in 1�,25(OH)2D3-treated cells.
his, as well as other alternative nuclear matrix-targeting mecha-
isms for VDR, is currently under evaluation.
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