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Recently, investigators have shown that ubiquitin-proteasome-mediated protein degradation is critical in regu-
lating the balance between bone formation and bone resorption. The major signal transduction pathways regu-
lating bone formation are the RANK/NF-κB pathway and theWnt/β-catenin pathway. These signal transduction
pathways regulate the activity of mature osteoblasts and osteoclasts. In addition, the Wnt/β-catenin pathway is
one of themajor signaling pathways in the differentiation of osteoblasts. The ubiquitin ligases that are reported to
be of major significance in regulating these pathways are the ubiquitin SCFB-TrCP ligase (which regulates activa-
tion of NF-κB via degradation of IkBα in osteoclasts, and regulates bone transcription factors via degradation of
β-catenin), the Keap–Cul3–Rbx1 ligase (which regulates degradation of IkB kinase, Nrf2, and the antiapoptotic
factor Bcl-2), and Smurf1. Also of significance in regulating osteoclastogenesis is the deubiquitinase, CYLD
(cylindramatosis protein), which facilitates the separation of NF-κB from IkBα. The degradation of CYLD is also
under the regulation of SCFB-TrCP. Proteasome inhibitors influence the activity of mature osteoblasts and osteo-
clasts, but also modulate the differentiation of precursor cells into osteoblasts. Preclinical studies show that mela-
tonin also influences bonemetabolismby stimulating bone growth and inhibiting osteoclast activity. These actions
ofmelatonin could be interpreted as beingmediated by the ubiquitin ligases SCFB-TrCP and Keap–Cul3–Rbx, or as an
inhibitory effect on proteasomes. Clinical trials of the use of melatonin in the treatment of bone disease, including
multiple myeloma, using both continuous and intermittent modes of administration, are warranted.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The ubiquitin-proteasome system provides a mechanism for regu-
lating proteins that control osteoblasts and osteoclasts [103]. The ability
of the ubiquitin-proteasome system to degrade signaling proteins in a
substrate specific manner is essential in maintaining a balance between
bone formation and bone resorption, allowing for bone remodeling, and
preventing bone disease. The ubiquitin-proteasome system also regu-
lates cellular concentrations of signal transduction factors that are re-
quired for differentiation of osteoprogenitor cells [79].

A number of drugs are available to stimulate bone formation and re-
duce the risk of fractures. These include parathyroid hormone, estrogen,
calcium, vitamin D, bisphosphonates, and denosumab (Prolia) [76,101].
These agents act by promoting bone formation more than bone resorp-
tion, or by inhibiting bone resorption alone [101]. In some clinical con-
ditions, proteasome inhibitors such as bortezomib can be used to
stimulate bone formation or to prevent excessive bone resorption
[103]. The proteasome inhibitor, lactacystin, is reported to enhance os-
teoblast differentiation [48].

The indole melatonin, a well known secretory product of the mam-
malian pineal gland [114] influences a vast number of cellular proteins
involved in a variety of physiological processes [38,98,99] including
bone formation [58,69,74,108]. Considering the fact that the degrada-
tion of most cellular proteins are regulated by the ubiquitin-
proteasome system [34,135], it can be fairly assumed (but not generally
recognized) thatmany of the proteins influenced bymelatonin, are like-
ly regulated through their degradation by the ubiquitin-proteasome
system. This assumption is supported by the number of signal transduc-
tion factors that are similarly influenced by proteasome inhibitors and
by melatonin [129].

In the current manuscript, we discuss the major proteins that mod-
ulate osteoblast and osteoclast activities in terms of their regulation by
the ubiquitin-proteasome system and we review the literature related
to the actions ofmelatonin on bone.We review the similarities between
the function of melatonin and the action of proteasome inhibitors on
bone formation and suggest a model in which melatonin interacts
with the ubiquitin-proteasome system to contribute to bone regulation.
In this model, we examine the specific ubiquitin E3 ligases controlling
transcription and those controllingdegradation of proteins that regulate
differentiation of osteoblasts and osteoclasts and those controlling bone
turnover. Thismodel should be useful in testingwhether targetingubiq-
uitin ligases is clinically useful and whether melatonin administration
would be clinically effective in treating bone diseases resulting from
an imbalance of osteoblast and osteoclast activity. Cardinali et al. [16]
have suggested a relationship between age-related bone loss and age-
related decline in circulating levels of melatonin.

Bortezomib, thefirst proteasome inhibitor to be approved for clinical
use by the US Food and Drug Administration in 2004, is used in the
treatment of multiple myeloma (MM). MM is often associated with de-
structive bone disease due to increased bone resorption [24].
Bortezomib treatment reduces tumor mass, but it also lowers bone re-
sorption and increases bone mineral density in MM patients [78]. The
proteasome inhibitor lactacystin also has anti-myeloma activity [138].
Herein, we also provide a rationale (based on preclinical data) for test-
ing the effects of melatonin on bone resorption and bone mineral den-
sity in MM patients.

2.Differentiationofmesenchymal stemcells into osteoblasts: role of
ubiquitin ligases

Uyama et al. [124] concluded that the proteasome plays a key role in
osteoblast differentiation by controlling thedegradationof transcription
factors. Table 1 lists the ubiquitin ligases which influence proteins in-
volved in differentiation and turnover of bone. Themain factors control-
ling osteoblast differentiation from mesenchymal stem cells are the
Wnt/β-catenin pathway [33], the transcription factor Runx2 [86], the

transcription factor ATF4 (activating transcription factor 4) [26], BMP-2
(bone morphogenetic protein-2) and the transcription factor JunB
[149]. While several signal transduction proteins are required for osteo-
blast differentiation, the Wnt/β-catenin pathway is of particular signifi-
cance in osteoblast differentiation and bone formation [6,45,102]
(Fig. 1). Indeed, this pathwayhas been referred to as themaster regulator
of osteogenesis [33]. Interference with the co-receptor forWnt, LRP5, re-
sults in very low bonemass, whereas an increase of LRP5 culminates in a
high bone mass [7]. Paradoxically, one of the targets of β-catenin as a
transcriptional factor is osteoprotegerin (OPG), a natural decoy receptor
for RANKL [12,32]. Thus, by stimulating production ofOPG,β-catenin sig-
naling can also inhibit osteoclast activity indirectly. Members of the
WNT/β-catenin pathway have been reported to be regulated by melato-
nin and by the photoperiod in rats [40].

Since degradation of β-catenin is influenced by the ubiquitin ligase
SCFB-TrCP [88], this ligase is also a significant factor in regulation of oste-
oblast differentiation. Table 1 illustrates that several signaling proteins,
in addition to β-catenin, are substrates for the ubiquitin ligase SCFB-TrCP

and contribute to regulation of bone formation and bone remodeling.
Runx2 is a transcription factor that is essential for differentiation of

osteoblasts [4,54]. Its expression is stimulated by β-catenin (see
Fig. 1). Runx2 interacts with a vitamin D3 responsive element to facili-
tate transcription of the osteocalcin (OC) gene (and the genes for
other proteins) in osteoblasts [90]. Expression of the osterix (Osx)
gene also depends on Runx2 [4]. Osterix, reportedly contributes to the
differentiation of preosteoblasts into osteoblasts, and is of functional
significance in the osteocyte [146]. Runx2 is a substrate for the ubiquitin
ligase Smurf1 (Table 1) [112].

Melatonin enhances osteoblast differentiation both in vitro and
in vivo [105,109,147,148]. Sethi et al. [111] determined that 50 nM for
21 days induced osteoblast differentiation from human mesenchymal
stem cells. This protocol of melatonin administration stimulated the

Table 1
Substrates of ubiquitin ligases that influence bone metabolism.

Ubiquitin ligase Substrates Function References

B-TrCP ATF4 Differentiation factor [142]
Β-catenin Differentiation factor

osteoblast differentiation;
stimulates OPG

[12]; [88]; [96]

IkBα Inhibitor of NF-κB [19]; [52]
PER Circadian clock protein [115]
Gli2 Transcription factor; mediates

BMP2 expression
[89]; [9]

Smad4 Transcription factor
regulated by BMP

[132]

CYLD TRAF6 inhibitor [137]
NRF2 Transcription factor for

antioxidant enzymes
[21]

GHR Growth hormone receptor [125]
Keap1–Cul3–
Rbx1

IKK IkB kinase [64]; [120]
Nrf2 Transcription factor for

antioxidants
[120]

Bcl-2 Antiapoptotic factor [120]
TRAF6 IKK kinase Activate kinase to

phosphorylate IkBα
[137]

Fbxl12 P57 Cell cycle cdk inhibitor [56]
Smurf1 Smad1 Transcription factor [112]

Runx2 Early differentiation of
osteoblasts

[151]; [113];[139]

BMP-2 Bone morphogenetic factor [15]
Jun B Transcription factor [149]
Traf6 Ubiquitin ligase [67]
MEKK2 Kinase [141]

c-Cbl α5 Integrin Transmembrane receptor [112]
EGFR/FGFR Membrane receptors [112]
PI3K Akt signaling [122]
Lyn/Fyn Osteoblast differentiation [112]
Stat-5 Osteoblast differentiation

from mesenchymal cells
[23]

Chip Smad1 Transcription factor [68]
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