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Abstract (150-200 words)

Retinoid X receptors (RXRs) form a unique subclass within the nuclear receptor
(NR) superfamily of ligand-dependent transcription factors. RXRs are obligatory
partners for a number of other NRs, placing RXRs in a coordinating role at the
crossroads of multiple signaling pathways. In addition, RXRs can function as
self-sufficient homodimers. Recent advances have revealed RXRs as novel
regulators of osteoclastogenesis and bone remodeling. This review outlines the
versatility of RXR action in the control of transcription of bone forming
osteoblasts and bone resorbing osteoclasts, both through heterodimerization
with other NRs and through RXR homodimerization. RXR signaling is currently
a major therapeutic target, and therefore knowledge of how RXR signaling
affects bone remodeling creates enormous potential for the translation of basic
research findings into successful clinical therapies to increase bone mass and

improve bone quality.
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ALP: alkaline phosphatase

ATF4: activating transcription factor-4

ATRA: all-trans retinoic acid
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CalR: calcitonin receptor

CAR: constitutive androstane receptor

Col1a1: type | collagen a1

CRBP-1: cellular retinol-binding protein 1

CTSK: cathepsin K

DHA: docohexanoic acid

DR: direct repeat

ER: everted repeat

ERK: extracellular signal-regulated kinase

FXR: farnesoid X receptor

IR: inverted repeat

LRP5: LDL receptor-related protein 5

LXR: Liver X receptor

MAFB: v-maf musculoaponeurotic fibrosacroma oncogene family, protein B

M-CSF: macrophage colony-stimulating factor-1

NFATc1: nuclear factor of activated T cells, cytoplasmic 1

NR: nuclear receptor

Nurr1: nuclear receptor related 1

Nur77: nerve growth factor 1B
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OC: osteocalcin

OP: osteopontin

OPG: osteoprotegerin

PPAR: peroxisome proliferator-activated receptor

PXR: pregnane X receptor

RANKL: receptor activator of NF-xB ligand

RAR: retinoid acid receptor

Runx2: runt-related transcription factor-2

RXR: retinoid X receptor

SRXRMs: selective retinoid x receptor modulators

TRAP: tartrate-resistant acid phosphatase

TR: thyroid hormone receptor

TZD: thiazolidinedione

VDR: vitamin D receptor

1,25(0H)2D: 1,25-dihidroxyvitamin D3

9-cRA: 9-cis retinoic acid
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Introduction

Bone is a specialized connective tissue that also serves as an organ system in
higher vertebrates. Basic bone functions include protection of internal organs
and locomotion, and additionally the storage of minerals and lipids and the
production of hematopoietic cells that nourish the body and play a vital role in
protecting against infection. Recent studies have demonstrated that bone also
produces hormones that control energy balance and mineral homeostasis,
giving rise to the idea of the skeleton as a true endocrine organ [1]. Bone
undergoes constant remodeling through a dynamic process of skeletal
dissolution followed by bone formation. This cycle is maintained in a tight
balance by highly regulated differentiation, activity, and apoptosis of two main
cell types: bone-forming osteoblasts and bone resorbing osteoclasts [2-4].
These and other cells of the osteoblast family (osteocytes and lining cells)
contribute to bone turnover by producing or responding to hormones, cytokines
and growth factors implicated in bone development, remodeling, and repair [4,
5]. Differentiation and function of osteoblasts and osteoclasts is highly
controlled at the transcriptional level by changes in the expression of numerous
regulatory genes. Variations in the expression of these genes can result in
altered bone homeostasis and the development of many bone diseases, such
as osteoporosis [3].

Nuclear receptors (NRs) are transcription factors that are important
effectors of signals regulating bone development and homeostasis. Many
members of the NR superfamily respond to ligands known to affect bone

homeostasis, including thyroxine and other hormones, vitamins D and A,
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metabolites (e.g., dietary lipids), and drugs. To act as functional transcription
factors, receptors for all these molecules need to heterodimerize with retinoid X
receptors (RXRs). About a third of the 48 human NR superfamily members
serve as RXR heterodimerization partners, leading to RXRs being described as
the central NRs [6]. RXRs were initially described as silent partners in these
heterodimers, thought to have no transcriptional activity; however, RXRs are
now known to actively contribute to the transcriptional activity of dimers in which
they participate. In addition, RXRs control their own specific signaling pathways
by acting as self-sufficient homodimers [7, 8]. Because of the important roles of
RXRs in diseases including cancer and metabolic, autoimmune, and
neurodegenerative disorders, they have become major targets for drug
discovery [9-11]. A number of potent synthetic RXR ligands (called rexinoids)
have been described [12]. Rexinoids activate several heterodimers and also
RXR homodimers, suggesting potential utility against multiple therapeutic
targets. However, RXR-targeting drugs also have adverse effects in different
organs. The design of effective treatment strategies therefore requires a

thorough understanding of how RXRs regulate bone remodeling.

The Retinoid X Receptors

RXRs, much more than silent partners of other nuclear receptors

Mammals have three RXR isotypes encoded by distinct genes: RXRa
(NR2B1/RXRA), RXRp (NR2B2/ RXRB), and RXRy (NR2B3/RXRG). The three

RXR isotypes show tissue-specific expression, with partially overlapping
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functions [13]. RXRs are master regulators of gene expression, integrating and
modulating multiple functions through their ability to form obligate heterodimers
with many other NRs [13]. RXRs can also regulate gene expression as self-
sufficient homodimers or homotetramers, generating a so-far poorly explored
complexity of RXR-dependent gene regulation. This versatility permits RXRs to
exert pleiotropic transcriptional control over a wide range of biological
processes, including cell differentiation, cell death, development, immune
responses, and lipid and glucose metabolism.

RXR heterodimers are classified as permissive or non-permissive,
depending on whether or not they can be activated by RXR ligands [14, 15].
Permissive heterodimers are formed with peroxisome proliferator-activated
receptors (PPARs), liver X receptors (LXRs), pregnane X receptor (PXR),
farnesoid X receptor (FXR), and the constitutive androstane receptor (CAR).
These receptors are lipid-activated NRs with low affinity for their ligands. Also
considered permissive are heterodimers formed by RXR and the orphan
receptors Nurr1 and Nur77, because they activate transcription in response to
RXR agonists [16]. Although Nur factors have no known endogenous ligands,
several synthetic compounds act as Nur agonists [17-19] (Table 1). An
important regulatory feature of permissive heterodimers is that binding by
agonists for both partners could have a synergistic effect relative to that
resulting from binding of a single receptor ligand [20]. Dual-ligand regulation of
permissive heterodimers can result in robust transcriptional activity and thus
achieve profound biological responses.

Non-permissive RXR heterodimers are formed with endocrine receptors

with high affinity for their cognate ligands. These partners include retinoic acid
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receptors (RARs), vitamin D receptor (VDR), and thyroid receptors (TRs) [13].
Purely non-permissive heterodimers have intrinsic repressive activity in the
unliganded state, and are activated only by ligands specific for the partner NR,
with the RXR normally acting as an obligatory but silent partner. RXRs are
generally silent in VDR and TR heterodimers, although exceptions to this rule
have been described in specific conditions [13]. RAR/RXR heterodimers have
been termed conditionally non-permissive. These heterodimers can be further
activated by specific RXR ligands in addition to the RAR ligand, and in a few
cases RXR ligands have been observed to promote RAR/RXR function even

when an RAR ligand is absent [21].

RXR, a promiscuous dimerization partner

The heterodimerization capacity of RXRs, together with the diversity of their
ligands, suggests that RXRs can regulate a wide range of cellular pathways.
This is possible due to the complex and highly regulated mechanism by which
RXRs regulate the transcriptional activity of multiple genes. Although RXRs can
establish heterodimers with other NRs spontaneously [22], dimerization is
normally ligand-dependent. RXRs form transcriptionally inactive unliganded
homotetramers that upon ligand binding dissociate to allow the formation of
homo- and heterodimers [23]. Thus, one level of regulation of RXR activity
depends on the local availability of ligands for RXRs and their heterodimeric
partners. Another level of regulation relies on the binding of RXRs and their
heterodimer partners to consensus DNA motifs in target genes [13]. These

consensus motifs consist of two copies of the hexamer AGGTCA, or derivatives
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of this, arranged as tandem repeats. The specificity of each of these NR/DNA
interactions is encoded by the orientation of the repeats (direct- (DR), inverted-
(IR), or everted-repeats (ER)), as well as the number of nucleotides separating
the two half-sites of the repeat (normally 1-5 nucleotides). Many homodimers
and heterodimers compete for the same response elements (Table 1). For
instance, PPARa-independent activation of DR1 response elements has been
described, suggesting that RXRa homodimers can bind on PPAR response
elements and provides a molecular basis for the activation of some PPARa
target genes by rexinoids in vivo [24]. Which genes are expressed in a specific
tissue may thus be determined by the local abundance of RXRs and their
partners. Promoter-bound RXRs moreover recruit various co-factors, including
histone modifying enzymes and chromatin remodeling complexes [13]. RXRs
generally bind corepressors that suppress their transcriptional activity in the
absence of agonists [13]. The presence of agonists shifts the equilibrium from
RXR-corepressor complexes to RXR-co-activator complexes, stimulating
transcriptional activity. The dynamics and recruitment of co-factor complexes

thus constitute another level of RXR regulation.

Therapeutic potential of RXR modulation

RXRs were first described in 1990 by Mangelsdorf et al. as NRs able to respond
to vitamin A derivatives, with a remarkable ligand specificity for 9-cis retinoic
acid (9-cisRA) [25, 26]. However, the identity of the physiological RXR ligands is
still debated, and there is particular uncertainty about the status of 9-cisRA as

an endogenous RXR agonist because many groups have been unable to detect
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endogenous 9-cisRA in vivo [13, 27, 28]. More recently, other vitamin A
metabolites, such as all-trans-retinaldehyde [29], b-apo-14'-carotenal [30],
dihydroretinoids [31], and 9-cis-13,14-dihydroretinoic acid [32], have been
demonstrated to act as endogenous RXR ligands in several tissues. Even all-
trans retinoic acid (ATRA), which was always considered an RAR-specific
ligand, has been suggested to directly bind and activate RXRs [33]. In addition,
RXR may function as a fatty acid receptor in vivo, since some flexible
unsaturated fatty acids, either endogenously produced or derived from the diet,
were recently shown to act as natural RXR ligands. These compounds include
methoprenic  acid, phytanic acid, docosahexaenoic acid (DHA),
docosatetraenoic acid, and arachidonic acid (reviewed in [13, 28]). These
findings suggest that RXRs can directly act as intracellular sensors that regulate
cell and tissue homeostasis.

Interest in the pharmacological potential of RXR ligands arose from their
strong apoptotic effect in vitro [34]. The subsequent development of several
RXR-specific synthetic ligands, known as rexinoids, has revealed their potential
as chemotherapeutic agents and metabolic regulators. The rexinoid bexarotene
(Targretin®), a pan-RXR agonist, is already used to treat refractory or persistent
cutaneous T-cell lymphoma cancer [35], and others are being tested in
preclinical settings to treat insulin resistance [36]. The anticarcinogenic and
metabolic effects of rexinoids are proposed to derive from the ability of RXRs to
form homodimers and homotetramers [24, 37]. However, the clinical use of
rexinoids is limited by secondary effects resulting from the activation of mainly
LXR/RXR and TR/RXR heterodimers, which provokes a rise in triglyceride

levels, suppression of the thyroid hormone axis, and the induction of
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hepatomegaly [38]. There is therefore much interest in the design of selective
RXR modulators (SRXRMs) that target RXR homodimers or specific RXR

heterodimers [11].

Bone turnover and remodeling

Bone density increases rapidly during adolescence, peaking approximately 10
years after the completion of skeletal growth [39]. In the adult skeleton, bone
mass is homeostatically maintained by continuous replacement of old tissue
with new bone tissue, which is the basis of the dynamic process of bone
turnover and remodeling. An increase in bone resorption unbalanced by bone
formation leads to bone loss [3]. Bone loss is a natural consequence of aging,
but can also be accelerated by numerous conditions, leading to skeletal
damage at a relatively young age. These conditions include postmenopausal
osteoporosis, autoimmune diseases, periodontal infection, hyperparathyroidism
resulting from cancer or impaired calcium absorption, infection with human
immunodeficiency virus, and type 1 diabetes [40, 41]. Bone loss is also an
adverse secondary effect of certain pharmacological drugs, such as PPARy
specific agonists thiazolidinediones (TZDs), which increase fracture risk and are
a cause of secondary osteoporosis [42].

The main protagonists in the complex process of bone remodeling are
bone-resorbing osteoclasts and bone-forming osteoblasts [3]. These two cell
types are regulated by a multitude of systemic and local factors, including
cytokines, growth factors, hormones, the immune system, and mechanical load.

Although osteoblast and osteoclast activities are closely integrated, these cell
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types originate from different lineages and have opposing functions within the

bone remodeling cascade.

Bone resorption and osteoclasts

Bone resorption is initiated by the proliferation and fusion of osteoclast
precursors, monocyte/macrophage hematopoietic cells that give rise to
multinucleated specialized osteoclasts. Pre-osteoblastic stromal cells produce
two factors that together are necessary and sufficient for bone resorption:
receptor activator of NF-kB ligand (RANKL) and macrophage colony-stimulating
factor-1 (M-CSF) [43]. Activation of M-CSF receptor in osteoclast progenitors
triggers precursor proliferation, whereas RANK activation promotes osteoclast
differentiation. Osteoclast differentiation and cell fusion are promoted by the
dynamic expression of pro-osteoclastogenic transcription factors, such as c-fos
and NFATc1 (nuclear factor of activated T cells, cytoplasmic 1). These factors
up-regulate expression of genes encoding osteoclast function molecules,
including cathepsin K (CTSK), tartrate-resistant acid phosphatase (TRAP),
calcitonin receptor (CalR), dendritic cell-specific transmembrane protein, and
b3-integrin7 [2]. Thereafter, the mature osteoclasts form polarized actin
filaments and migrate to the bone to form a sealing zone between osteoclasts
and the bone matrix. Osteoclasts then secrete proteolytic enzymes and acids,
forming a low pH local environment and degrading organic and inorganic bone
components. After bone matrix degradation, the osteoclasts detach from the
site and migrate to a new resorption site. Osteoblasts then move into the area

to replace the resorbed bone.
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Bone formation and osteoblasts

Osteoblasts are bone-forming cells derived from mesenchymal stem cells [2].
Like osteoclastogenesis, osteoblast differentiation is regulated by several
transcription factors, in this case including runt-related transcription factor-2
(Runx2), osterix (Osx), and activating transcription factor-4 (ATF4). Osteoblasts
secrete bone matrix proteins such as alkaline phosphatase (ALP), type |
collagen a1 (Col1a1), and other non-collagen proteins such as osteocalcin (OC)
and osteopontin (OP). The osteoblast lineage regulates osteoclastogenesis in
the bone microenvironment through the release of RANKL and M-CSF. A
further level of regulation is provided by the osteoblast production of the RANKL
decoy receptor osteoprotegerin (OPG) [44]. OPG binds to RANKL, blocking its
interaction with RANK on osteoclast precursors and thus inhibiting osteoclast
activity. Once osteoblasts have formed the bone they become quiescent bone-
lining cells on the newly formed bone surface. In the adult skeleton, bone-lining

cells cover most bone surfaces not undergoing formation or resorption.

Role of RXRs in bone remodeling

Evidence accumulated of several decades points to a role for RXR
heterodimers in skeletal homeostasis (reviewed in [45-47]). However, these
studies have generally focused on the RXR-partner, relegating RXRs to the
status of silent NR in these heterodimers. Our recent study combining genetic

loss-of-function and pharmacological gain-of-function strategies revealed a
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direct anti-osteoclastogenic function of RXRs in mice [8]. Additionally, RXRa
methylation in umbilical cord DNA from children aged 4 years was recently
linked to lower bone mineral content, identifying RXRa as a novel biomarker in
early life for adverse bone outcomes [48]. In this review we discuss the
importance of RXRs in bone remodeling, beyond their subordinate role as

heterodimer partners of other NRs.

Osteoblasts and osteoclasts express RXRs and RXR-partner NRs

The RXRao, RXRp, and RXRy isotypes are involved in a plethora of tissue- and
isotype-specific biological responses [13], and all cells in the body express at
least one RXR isotype [49]. Of the 49 NRs found in rodents, around one third
has been shown to form heterodimers with RXRs [13, 50]. Many of these NRs
are expressed in the osteoblast and osteoclast lineages, and a number of them
can modulate their differentiation and activation, as we discuss below.
Expression studies in calvarial osteoblast primary cultures and mesenchymal
and osteoblastic cell lines show that the three RXR isotypes and their
heterodimer partners are widely expressed in the osteoblast lineage [51-56]
(Table 1). Osteoclast progenitors, which are bone marrow myeloid cells,
express RXRa and RXRp, but not RXRy [8, 57]. Several RXR heterodimer
partners, including PPARs, RARs, and LXRs, are expressed at several stages
of osteoclast differentiation, and are found in bone marrow derived
macrophages, osteoclast cell lines, and cultured osteoclasts [45, 52, 57-63]

(Table 1).
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Mouse models of RXR and RXR-partner function in the skeleton

The generation of mice carrying RXR gene deletions or mutations has been a
valuable tool for investigating the impact of RXRs on biological functions.
Animals with systemic deletions have been generated for each of the three RXR
isotypes. However, these deletions result in lethality, or cause systemic
abnormalities that mask cell- and tissue-specific effects. For examples,
ubiquitous inactivation of RXRa is embryonically lethal at mid-gestation due to
hypoplastic development of the ventricular myocardium [64]. RXRB knockout
mice show reduced spermatid formation, whereas RXRy knockout induces
metabolic defects [65, 66]; however, these mice show no evident bone
alterations (Table 2).

The physiological functions of RXRs in specific tissues, including the
bone, have been investigated in cell-type-specific RXR gene knockout mice
(reviewed in [67]). The MxCre-mediated loxP recombination system was used
to specifically delete RXR isotypes expressed in murine osteoclast progenitors.
The lack of hematologic effects in mice lacking RXRa suggested that
RXRpB might compensate for the loss of RXRa in bone marrow cells [68]. To
address the possibility of compensation, mice were generated with double
deletion of RXRa and RXRp. These mice had complete deletion of the RXRa
and RXRpB genes in all hematopoietic organs, including whole bone marrow,
undifferentiated lineage marker-negative and mature lineage marker-positive
cells, and osteoclasts [8]. Our examination of this mouse model revealed an
important role for RXR homodimers in bone homeostasis and bone remodeling

through the control of differentiating osteoclasts [8] (Table 2). Loss of RXR
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function in osteoclast progenitors resulted in formation of non-resorbing
osteoclasts. Although these osteoclasts were larger than those from wild type
animals, they had defects in bone resorption due to their deficient expression of
activity genes and failure to form cytoskeletal structures necessary for
resorption of the bone matrix. This resulted in increased bone mass in male
mice and protection from bone loss in an experimental model of
postmenopausal osteoporosis. The increase in bone mass was due to lack of
expression in osteoclast progenitors of the transcription factor MAFB (v-maf
musculoaponeurotic fibrosarcoma oncogene family, protein B), which was
shown to be necessary for their proper M-CSF-dependent proliferation and
further differentiation into functional osteoclasts. These studies demonstrated
that in the absence of exogenous RXR ligand, RXR homodimers directly target
and bind the Mafb promoter. These results suggest that RXR endogenous
ligands might be produced during osteoclastogenesis. Supporting this idea, the
fatty acid RXR ligands arachidonic acid and DHA have been found to play a role
in osteoclastogenesis [69, 70]. However, the physiological role of RXR
homodimers will remain an open question until the endogenous RXR ligands in
the bone environment are revealed.

The promiscuity of RXRs, arising from their capacity to form
heterodimers with many other NRs, makes it difficult to define the functions of
RXR homodimers because in most cases the phenotypes observed in RXR
mutant mice can be linked to alterations in pathways regulated by one or many
RXR heterodimer partners. To unambiguously determine the specific dimer
responsible for the bone phenotype of mice lacking RXRs, it is necessary to

compare this phenotype with those presented by mice lacking RXR heterodimer
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partners. Systemic or cell-specific deficiency models for several RXR
heterodimeric partners have revealed the importance of many of these NRs in
the control of bone remodeling (Table 2). General deletion of VDR and TR, long
established as regulators of bone and mineral homeostasis, has profound
skeletal effects (for detailed reviews see [71-73]). VDR knockout mice present a
general phenotype that mimics human vitamin D-dependent hereditary rickets
type Il, whose main clinical manifestations are low bone mineral density, rachitic
malformation, growth retardation and short stature, hypocalcemia,
hypophosphatemia, and hyperparathyroidism. Studies in VDR knockout mice
reveal that the main role of VDR is to maintain serum calcium and phosphate
homeostasis. VDR signaling additionally plays a direct role in osteoblast
differentiation and an osteoblast-mediated role in osteoclastogenesis. The
action of thyroid hormone on bone is mediated principally by TRa, which is
expressed in the skeleton at much higher levels than TRp. Mutation of TRp
disrupts the hypothalamic-pituitary axis, leading to systemic hyperthyroidism
and overstimulation of intact TRa in bone. Thus, deletion or mutation of each of
these receptors has opposite effects. TRa mutant mice have elevated bone
mass as a result of reduced osteoclast activity resulting from the impaired
thyroid hormone action in bone. In contrast, TR mutant mice have
osteoporosis as a result of accelerated bone resorption due to the effects of
systemic hyperthyroidism.

Studies reported in the last five years provide new insight into the role in
bone remodeling of other RXR heterodimeric partners. General deletion of
PPARpB/5 [74], RARy [75], PXR [62], FXR [61], or Nur77 [63] in mice provokes

osteopenia. In all these models, the systemic lack of the RXR heterodimeric
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partner increases osteoclastogenesis, due to the loss of either a direct or a
paracrine effect of the NR on osteoclastic cells. Mice conditionally lacking
PPARP/S in all tissues except the placenta (PpardS°x2-¢KO) have an above-
normal osteoclast count and osteopenia due to decreased Wnt signaling in
bone-lining osteoblasts [74]. Wnt/B-catenin signaling is required to direct
mesenchymal progenitor cells toward the osteoblast lineage, and its inactivation
imbalances bone formation and resorption due to a decline in the level of
osteoblast-secreted OPG [76]. PPARp/6-deficient mice have an elevated
RANKL-to-OPG ratio, thereby influencing the rate of osteoclastogenesis.
Among RAR deletion mutants, only RARy knockouts show increased
osteoclastogenesis and osteopenia [75]. The authors of this study suggested
that the increased bone resorption was in part due to an increase in osteoclast
size but not in osteoclast numbers. Notably, both RARy and RXR-double
knockout mice have abnormally large osteoclasts [8, 75]. However, whereas in
the RARy knockout model this results in apparently elevated lytic activity, RXR-
double knockout mice have bone resorption defects. Increases in osteoclast
size in vivo have been linked either to reduced osteoclast resorptive activity [77]
or to increased osteoclast activity [78, 79]. The authors did not further explore
the mechanism underlying this RAR-mediated osteoclast phenotype, but
speculated that it must involve M-CSF-mediated increased osteoclast
progenitor fusion. In the case of RXR-deficient osteoclasts, our work excluded
changes in the expression of cell fusion and adhesion molecules as the cause
of the giant and resorption-deficient osteoclast phenotype [8]. Rather, we found
that RXR dependent expression of MAFB was involved in M-CSF-dependent

proliferation of osteoclast progenitors and that this affected osteoclastogenesis.

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

The reduced bone mass in female mice lacking PXR [62] and male mice lacking
FXR [61] was proposed to be due both to decreased bone formation and
increased bone resorption. Histomorphometrical differences observed in the
trabecular bones of female Pxr”’— mice accounted for the osteopenic phenotype
of these mice, but the underlying mechanism remains unexplored [62]. Calvarial
cells from Fxr’™- mice show reduced expression of the osteoblast-specific
transcription factors Runx2 and Osx and osteoblast marker genes, including
Col1a1, ALP, and OC. The increased osteoclast activity of Fxr’- mice was
shown to be mediated both by osteoblasts and by osteoclasts. On the one
hand, augmented expression of RANKL by FXR-deficient osteoblasts increased
RANKL/OPG ratio, which could account for the increased bone resorption
status. On the other hand, the lack of FXR in osteoclast precursors resulted in
increased expression of the NFATc1 protein. NFATc1 is the key transcriptional
factor for osteoclastogenesis [80], and its induction could therefore account for
the elevated bone resorption in Fxr’- mice. Similarly, increased expression of
NFATc1 is involved in the osteopenic phenotype of general Nur77 knockout
mice [63]. This study identified Nur77 as both regulator and transcriptional
target of NFATc1: NFATc1 induces Nur77 expression at late stages of
osteoclast differentiation, and in turn Nur77 transcriptionally upregulates E3
ubiquitin ligase Cbl-b, which triggers NFATc1 protein degradation. Interestingly,
Nurr77-- differentiating cultures contain larger and more active mature
osteoclasts. However, it remains unclear whether this phenomenon is due to
increased proliferation or to osteoclast progenitor fusion.

Together these studies indicate that none of PPARB/3, RARy, PXR, FXR,

or Nur77 could be involved in the osteopetrotic phenotype of RXR-double
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knockout mice. Among the mouse models of deficiency for RXR heterodimer
partners, the only ones to show increased bone mass are systemic or
osteoclast-specific PPARy knockouts [81, 82], systemic LXRa knockouts [60],
systemic CAR knockouts [52], and chondrocyte-specific VDR knockouts [83]
(Table 2). However, the mechanisms underlying this phenotype are different
from that described in RXR-double knockout mice. For example, mice with
general deletion of PPARy (Pparg*-) have high bone mass due to increased
osteoblast number and bone formation rather than bone resorption [81]. The
authors observed that PPARY insufficiency favored differentiation of osteoblasts
over adipocytes from their shared mesenchymal progenitor, a finding consistent
with the role of PPARYy in adipogenesis [84]. The mechanism for this action
remained unclear, since the authors observed an upregulation of key molecules
for osteoblast differentiation (Runx2, Osx, and LRP5, the LDL receptor-related
protein 5), but could not demonstrate direct binding of PPARy to the promoter of
these genes. More recently, PPARy was revealed to play a role not only in
osteoblastogenesis, but also in osteoclastogenesis [82]. Loss of PPARy function
in mouse hematopoietic lineages (Tie2Cre/Pparg™™) causes osteoclast defects
and impaired bone resorption. The lack of osteoclast bone resorbing activity in
these mice is due to complete blockade of osteoclast differentiation and
reduction of c-fos expression [82]. Osteoclasts from mice with general deletion
of LXRa (Lxra™") are unable to effectively resorb bone in the cortical
compartment [60]. The authors speculated that LXRa might regulate late stages
of osteoclast function rather than their differentiation from progenitor cells;
however, the underlying mechanism was not defined. In male mice with
systemic deletion of CAR (Car”), the increased bone mass observed was
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attributed to decreased hepatic expression of Cyp2b and a consequent
reduction in testosterone metabolism [52]. Positive correlations between
testosterone concentration and bone mass had been reported previously in
animals and humans [85]. The mechanism driving the testosterone effect in
bone is increased osteoprotegerin mMRNA expression in mouse osteoblast cells
[86]. Finally, the specific absence of VDR in chondrocytes (Col2Cre*-VDR")
impairs osteoclastogenesis during early postnatal life [83]. Although the authors
aimed to elucidate the function of VDR during growth-plate development and
endochondral bone formation, growth plate morphology was normal in these
mice. Unexpectedly, the authors demonstrated a VDR-mediated paracrine loop
between chondrocytes, osteoblasts/osteocytes, and osteoclasts. The decrease
in osteoclastogenesis in these mice is secondary to a decrease in chondrocyte
RANKL production. These mice also have elevated levels of circulating
phosphate and the VDR ligand 1,25-dihydroxyvitamin D3 (1,25(0OH)2D) before
weaning. This was thought to be due to decreased osteoblast expression of the
phosphaturic hormone fibroblast growth factor 23 (FGF23) [83], which plays a
direct role in skeletal remodeling through the control of osteoclastogenesis [87].

These studies together indicate that RXRs play pleiotropic functions as
heterodimeric partners of other NRs with important roles in bone remodeling.
Remarkably, because none of the RXR heterodimer partner-knockout mice
recapitulate the mechanism leading to increased bone mass in RXR-deficient
mice, these studies also support a previously unrecognized pro-

osteoclastogenic function of RXR homodimers in physiological conditions.

Protective effect of pharmacological RXR activation on bone loss
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The role of retinoids in bone biology has been studied extensively (for a
detailed review see [88]). Numerous clinical studies have assessed the link
between vitamin A intake and fracture risk; however, it remains unclear whether
vitamin A is deleterious or protective to bone. The transcriptional effects of
retinoid signaling are mediated through RAR/RXR heterodimers. RARs can be
activated by all-trans retinoic acid (ATRA) and by 9-cisRA, whereas RXRs are
activated only by 9-cisRA. Additionally, 9-cisRA induces RXR homodimer
formation in vitro, suggesting the existence of a retinoid response pathway
distinct from that activated by the heterodimer RAR/RXR [89]. Here we
summarize the effects on bone remodeling of 9-cisRA and rexinoids, as well as
several RXR permissive heterodimeric partner agonists (Table 3). However, it is
important to note that in specific conditions even the non-permissive
heterodimers might be directly activated by RXR agonists, depending on factors
such as tissue specificity, the cellular environment, and the ability of various
RXR ligands to recruit coactivator or corepressor complexes [13].

Our recent study demonstrated that in vitro RXR activation of bone
marrow osteoclast progenitors with the rexinoid LG100268 inhibits
osteoclastogenesis [8]. This effect was unexpected, given the anti-
osteoclastogenic effect of RXR deficiency under baseline conditions. Treatment
with LG100268 upregulates MAFB expression during in vitro osteoclast
differentiation, blocking RANKL signaling and consequently the formation of
mature active osteoclasts. This result is in agreement with a previously
described anti-osteoclastogenic role of MAFB, which when overexpressed in

osteoclast progenitors attenuates the expression of NFATc1 during RANKL-

22



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

mediated osteoclastogenesis [90]. Our studies demonstrated that in vivo
pharmacological activation of RXRs with bexarotene significantly diminished
osteoclast activation and bone resorption in ovariectomized mice, but had no
significant effect on steady-state bone turnover. The effect of bexarotene in
steady-state conditions was recently tested in male Wistar rats [91]. Although
the authors reported variations in the levels of OC and plasma TRAP, as well as
in bone parameters, these changes were mild [91]. These results suggested
that pharmacological RXR activation has no major effect in physiological
conditions, but might be protective against bone loss after the menopause
Whether RXR activation affects osteoblast differentiation and activation is
debated. Recent studies report that 9-cisRA induces osteogenic differentiation
of mesenchymal progenitor cells [92] and promotes osteogenic markers in
mesenchymal progenitor cells [92] and human osteosarcoma cell lines [93].
However, long-term treatment with 9-cisRA inhibits differentiation of primary
calvarial osteoblast cultures [94]. Decreases in ALP activity, mineralization, and
expression of osteoblast-related genes are achieved in primary mouse
mesenchymal stem cells upon RXR activation with bexarotene, LG100268, and
the organotin contaminant tributyltin, which is also a known PPARy agonist [95].
However, we found no changes in osteoblast number or activity in mice treated
with bexarotene [8]. We concluded that RXR activation in mice provokes
defects in osteoclastogenesis as a consequence of MAFB regulation, but other
RXR-modulated signaling pathways could be involved in this effect. For
instance, RXR agonists induce proteasome-mediated p-catenin degradation
[96]. RXR-mediated B-catenin degradation is inhibited by cellular retinol-binding

protein 1 (CRBP-1), a factor implicated in vitamin A metabolism and intracellular
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retinoid transport [97]. Wnt/B-catenin signaling influences progenitor cell
differentiation toward osteoblasts or osteoclasts [76], and it is therefore possible
that modifications of Wnt/B-catenin signaling could account for the skeletal
phenotype of bexarotene-treated mice. In addition, agonists of diverse RXR
permissive heterodimers modulate other genes regulating osteoclast and
osteoblast differentiation and activity, as discussed below.

We recently reported that rexinoids inhibit osteoclastogenesis via indirect
regulation of Mafb expression, through LXR/RXR-induced expression of the
master lipid homeostasis regulator SREBP-1c (sterol regulatory element binding
protein-1c) [8, 98]. This is supported by an earlier report showing that LXR-
specific ligand GW3965 induces Mafb expression and blocks in vitro
osteoclastogenesis of human and murine osteoclast progenitors [99]. The
authors concluded that the effect of GW3965 on osteoclastogenesis was
NFATc1/p38/MITF-dependent and c-Fos or RANK-independent. Moreover,
abolition of these effects in LXRB’- osteoclast precursors suggested that the
LXR-specific ligand acts via an LXRp-dependent mechanism [99]. Also
consistent with the bexarotene data [8], treatment of ovariectomized mice with
the LXR-specific agonist T0901317 provides protection from estrogen-depletion-
induced bone loss [100]. The authors of this study concluded that the effects of
LXR on osteoclastogenesis are osteoblast-mediated: in osteoblast/osteoclast
co-cultures, LXR activation reduced the RANKL/OPG ratio, but when
osteoblasts were absent no changes were observed in the number of in vitro
differentiated osteoclasts, despite clear reductions in osteoclast size and activity
[100]. However, our work shows that TO901317 blocks in vitro differentiation of

osteoblast-free wild type osteoclast cultures but not of their RXR-deficient or
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LXR-deficient counterparts [8], demonstrating an osteoblast-independent role of
LXR activation in osteoclastogenesis. Another study claimed that the effects of
LXR activation on murine osteoblasts depend on the duration of ligand
exposure [101]. In this study, short T0901317 exposure decreased OC levels in
primary murine osteoblasts and in male mice. However, long-term oral
administration of T0901317 or GW3965 did not alter trabecular and cortical
bone structure or bone turnover in female [101]. The gender effect in this study
suggests that LXR activation effects are not exclusively dependent on treatment
duration. Indeed, our work with RXR double-knockout mice demonstrated that
the physiological role of RXRs in osteoclastogenesis is gender-dependent,
affecting the bone phenotype of males but not females [8]. These data
suggested that osteoclast function is influenced in vivo by estrogenic
contributions to the transcriptional modulation of RXRs and probably LXRs.
Agonists for the three PPAR isotypes, a, 8/ and vy, have diverse effects
on bone remodeling. PPARa activation with bezafibrate has anabolic effects on
bone in vitro, stimulating osteoblast differentiation (shown by increased ALP
activity, collagen production, and calcification) [102], and inhibiting the formation
of human multinucleated osteoclasts [103]. The effect of PPARB/® activation in
bone is more confusing. Activation of PPARB/d with GW501516 induces Wnt-
dependent expression of osteoblast marker genes in osteoblasts and
mesenchymal cells and has an osteoblast-mediated inhibitory effect on
osteoclastogenesis [74]. However, two independent reports showed that
PPARGS/B activation can induce bone resorption. In one report,
carbaprostacyclin-mediated PPARGS/B activation upregulated CTSK and TRAP

expression and potently induced the bone-resorbing activity of isolated mature
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rabbit osteoclasts [104]. Accordingly, in cultured human osteoclasts derived
from peripheral blood mononuclear cells, PPARS/B activation with L165041
stimulated the resorptive activity of mature osteoclasts [103]. The role of PPARy
activation in bone biology has been extensively studied due to its detrimental
effects on bone anabolism in mice and humans (for reviews see [105, 106]).
Recent trials report that long-term treatment of insulin resistance with the
synthetic PPARy agonist rosiglitazone increases fracture rates among diabetes
patients [107]. PPARy activation both suppresses osteoblastogenesis and
activates osteoclastogenesis, thereby decreasing bone mass as a net effect.
Agonists of FXR increase bone formation while decreasing bone
resorption. In vitro FXR activation with bile acids or synthetic FXR agonists
enhances osteoblast differentiation through the transactivation of Runx2 [56]
and enhanced signaling via extracellular signal-regulated kinase (ERK) and -
catenin [61]. As a consequence, FXR agonists stimulate the expression of
osteoblast marker genes such as bone sialoprotein, OC, OP, and ALP [56].
FXR agonists also suppress RANKL-induced osteoclast differentiation from
bone marrow macrophages and inhibit the expression of c-fos and NFATc1;
however, the molecular mechanism driving these effects was not dissected [61].
Accordingly, a farnesol-enriched diet marginally protects against ovariectomy-
induced bone loss and enhances bone mass gain in growing mice [61]. Finally,
bone formation is potentiated by PXR activation with the anti-osteoporotic agent
menaquinone-4 (Vitamin K2) [108], which induces the expression of key
osteoblastic marker genes like ALP, OPG, OC, and OP [53] and extracellular

matrix-related genes involved in collagen assembly [109].
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RXR activation by rexinoids thus blocks osteoclast differentiation and
protects against bone loss in postmenopausal conditions. This protective effect
is driven by the activation of LXR/RXR and probably PPARa/RXR and
FXR/RXR in cells of the osteoclast lineage. Bone anabolic effects might also be
achieved by the activation of PPARo/RXR, PPARB/6/RXR, FXR/RXR, or

PXR/RXR in osteoblastic cells.

Concluding remarks

Despite the growing body of literature on the roles of NRs in bone biology, few
studies have examined the key role of RXRs, which were historically studied as
subordinate partners of other NRs. However, we and others have demonstrated
that RXRs can be directly activated by specific ligands and modulate multiple
signaling pathways in vivo both as heterodimers with other NRs and as
homodimers.

The studies summarized in this review indicate that RXRs can modulate
osteoclast and osteoblast formation and function at several levels of cell
differentiation and activation (Figure 1). Remarkably, under physiological
conditions RXRs control osteoclast progenitor proliferation and osteoclast
activation independently of RXR heterodimeric partners with known roles in
bone physiology. This finding supports an in vivo role for RXR homodimers,
indicating that they can function as biologically relevant transcription units.
Pharmacological RXR activation blocks osteoclast differentiation and protects
female mice from estrogen-depletion-induced bone loss. Notably, the effects of

RXR activation on bone remodeling are independent of PPARy. This finding is
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important because PPARY ligands have negative effects on bone anabolism in
mice and humans, challenging their therapeutic benefits as insulin sensitizers.
The studies reviewed here highlight the potential utility of RXR ligands for
the treatment of low bone mass disorders. However, medical use of currently
available pan-RXR modulators is limited by the pleiotropic effects of RXR
activation. This issue could be solved by the design of selective RXR
modulators (SRXRMs) with cell-specific and dimer-specific effects. For
instance, protection against bone loss might be achieved without undesirable
secondary effects through the use of specific RXR homodimer antagonists in
bone marrow progenitors or of specific LXR/RXR heterodimer agonists in
differentiating osteoclasts. Advances in SRXRM development and the bone-
specific delivery of these agents have the potential to overcome the current

limitations to RXR targeting.
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Figure legends

Figure 1: RXR-mediated regulation of bone remodeling. Blue arrows indicate
genes or processes activated by RXR dimers, and red arrows represent
repressive actions of RXR dimers (continuous line: bone fide target gene;

dotted line: undefined mechanism).

Table 1: RXRs and heterodimer partners expressed in the osteoblast and

osteoclast lineages

Table 2: Adult bone phenotypes of knockout mice for RXR and RXR-partners

Table 3: Effects of agonists of RXRs and their permissive heterodimer partners

on osteoclast and osteoblast differentiation or activity
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Nur77 Nurr77--[63] Systemic Osteopenia 1 1 -
Nurr1 Nurr1*~[111] Systemic Normal NA NA NA
Rara™[75] Systemic Normal — — —
RAR Rarb™~ Systemic Normal NA NA NA
Rarg™[75] Systemic Osteopenia 1 1 ?
R TRa7[112] Systemic Osteos;clerom 1 l NA
TRb"[112] Systemic Osteoporosis 1 1 NA
e . Rickets
VDR VDR [113, 114] Systemic Osteomalacia ! — 0
Col2Cre"-VDR™[83] | Chondrocyte | nCreased | ! 5
one mass

*Embryonically lethal. NA: not assessed. Arrows indicate increase, decrease, or

no change.
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NR Ligand differentiation | differentiation
or activity or activity
LG100268 (1, 2) 12 12
RXRs Bexarotene (1, 2) 1P —ba
9-CisRA (3-5) 12|
Bezafibrate (6, 7) 72 12
PPARa Fenobbrate (7) 1@
Linoleic acid (6) 1@
Carbaprostacyclin (8) 1@
PPARS/B L165041 (7) 72
GW501516 (9) 12
Rosiglitazone (10-14) 1 ab 1P
PPARy Ciglitizone (7) E
GW3965 (15) 13—-P — P
LXRs T0901317 (1, 16, 17) T a0 b
Chenodeoxycholic acid (18) 1@
Farnesol (18) 1@
FXR Bile acids (19) 12 1 b
GW4064 (19) 12 12
Fexaramine (19) 12 12
Vitamin K2 (20) 12
PXR Rifampicin (20) 1@
Hyperforin (20) 1@

a jn vitro; ® in vivo. Arrows indicate increase, decrease, or no change.
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