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Anti-apoptotic Bcl-2 family member Mcl-1 regulates cell viability
and bone-resorbing activity of osteoclasts
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ARTICLE INFO ABSTRACT
Article history: Myeloid cell leukemia sequence 1 (Mcl-1) is an anti-apoptotic Bcl-2 family protein and an immediate early gene
Received 15 May 2013 expressed during myeloid leukemia cell line differentiation. We analyzed the expression and function of Mcl-1 in
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osteoclasts. Mcl-1 protein exhibited a short half-life in osteoclasts caused by its degradation in the ubiquitin-
proteasome system. Mcl-1 had no effect on osteoclast differentiation, but its overexpression prolonged osteoclast
survival and suppressed the bone-resorbing activity of these cells, as determined by pit formation assay.

Edited by: Toshio Matsumoto Conversely, Mcl-1 depletion suppressed osteoclast survival and increased bone resorption. This negative role for
Mcl-1 on the bone-resorptive activities of osteoclasts may be caused by the increase in adenosine triphosphate/

Keywords: adenosine diphosphate ratio. Finally, we showed that the local deletion of Mcl-1 by the injection of the

Osteaclast Cre adenovirus into the calvaria of Mcl1™" mice significantly affected GST-RANKL-induced bone resorption

Apoptosis in vivo. These results demonstrated that Mcl-1 positively regulates cell viability and negatively regulates the

Bone resorption bone-resorbing activity of osteoclasts both in vitro and in vivo.

Cell signaling © 2013 Elsevier Inc. All rights reserved.

Remodeling

Introduction overexpression has been reported in several hematopoietic malignan-

cies and solid cancers [12,13], and its expression is often associated

Skeletal integrity is maintained through a balance between bone with chemotherapeutic resistance and relapse [14]. Thus, Mcl-1 isan at-
formation by osteoblasts and bone resorption by osteoclasts [1] and a tractive and potential therapeutic target for a number of malignancies,
disruption in this balance can lead to pathological conditions [2]. and has been the focus of much investigation [15]. Previous studies
Osteoclasts are the primary cells responsible for bone resorption have reported that Mcl-1 prolongs cell viability in various cell types
and play crucial roles not only in maintaining bone homeostasis but [16,17}, including osteoclasts [18-20]. Although these studies suggest
also in development of pathological conditions such as joint destruction a relationship between Mcl-1 expression and osteoclast survival, the
in rheumatoid arthritis, loosening of prosthetic joints and osteolysis in exact role of Mcl-1 in osteoclasts still remains to be delineated. In this
metastatic bone tumors [3-6]. Therefore, increasing attention has study, we sought to elucidate the function of Mcl-1 in osteoclasts by
been given to understanding osteoclastic bone resorption to gain a overexpression, knockdown and knockout of the Mcl1 gene.
better understanding of its regulation for the development of new
targeted therapeutics against various pathologies.

Osteoclasts are terminally differentiated non-proliferating cells Materials and methods
and undergo rapid apoptosis in the absence of tropic factors such as
macrophage colony-stimulating factor (M-CSF) and receptor activator ~ Animals
of NF-B ligand (RANKL) [7]. There are two distinct apoptosis signaling
pathways in mammalian cells: one is initiated by death receptors while Mcl1+/ (B6;129-Mcl1"™3%¥]) mice on a C57BL/6 background carried
the other is regulated by pro- and anti-apoptotic Bcl-2 family members the Mcl1 gene with two [oxP sequences in the promoter region and the
via the release of cytochrome c and caspase-9 activation [8-10]. intron between exons 1 and 2 (The Jackson Laboratory, Bar Harbor, ME)
Myeloid cell leukemia sequence 1 (Mcl~1) is a member of the Bcl-2 family [21]. The presence of the floxed Mcl1 gene was determined by PCR using
that was initially identified as an immediate early gene expressed specific primers (5'-GCAGTACAGGTTCAAGCCGATG-3' and 5'-CTGAGA
during the differentiation of myeloid leukemia cell lines [11]. Mcl-1 GTTGTACCGGACAA-3') that produced a wild-type band of 360 bp and

a floxed gene product of 400 bp. Mice were housed under specific

" * Corresponding author. Fax: -+81 3 3818 4082. pathogen-free conditions with approval from the Animal Care and Use

E-mail address: TANAKAS-ORT@h.u-tokyo.ac,jp (S. Tanaka). Committee of The University of Tokyo.

8756-3282/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bone.2013.09.020
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Generation of osteoclasts and osteoclast differentiation/cytoskeleton assay

Bone marrow cells were obtained from the femur and tibia of 5-
week-old male Mcl1"" mice. Bone marrow macrophages (BMMSs) were
cultured in «-MEM (Gibco, Invitrogen, Carlshad, CA) containing 10%
fetal bovine serum (FBS) (Sigma-Aldrich, St Louis, MO) and 100 ng/ml
M-CSF (R&D Systems, Minneapolis, MN) for 2 days. Osteoclasts were
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generated by stimulating BMMs with 10 ng/ml M-CSF and 100 ng/ml
RANKL (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for an addi-
tional 4-5 days or via an osteoblast/bone marrow cell co-culture, as
described previously [22]. Osteoclasts were fixed with 3.7% formalde-
hyde and stained with tartrate-resistant acid phosphatase (TRAP) or
rhodamine-phalloidin using standard protocols.

Western Blotting

P : Mcl-1
1B : Mcl-1

polyUb
Mcl-1

Mcl-1

4

+
* igG heavy chain

Fig. 1. Mcl-1 expression in osteoclasts. (A) Expression of Mcl-1 during osteoclast differentiation using real-time PCR and western blotting. (B) Real-time PCR and western blotting in
osteoclasts after M-CSF and RANKL withdrawal. Mcl-1 expression was rapidly reduced by 2 h, without affecting mRNA levels, whereas Bcl-xL expression remained unchanged for 8 h.
Cleaved caspase-3 expression was increased after the decrease in Mcl-1 and increase in Bim. (C) MG132 treatment increased Mcl-1 and Bim protein expression. (D) Immunoprecipitates
with anti-Mcl-1 antibody were immunoblotted with anti-ubiquitin (left) or anti-Mcl-1 (right) antibodies. Ubiquitinated Mcl-1 was detected with MG132 (upper-shifted bands).
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Real-time PCR and RT-PCR

Total RNA was extracted with ISOGEN (Wako Pure Chemical Indus-
tries), and 1 pg was reverse-transcribed using a QuantiTect Reverse
Transcription Kit (Qiagen, Valencia, CA). PCR was performed in triplicate
on an ABI Prism 7000 Sequence Detection System (Applied Biosystems,
Foster City, CA) using QuantiTect SYBR Green PCR Master Mix (Qiagen).
A standard curve was used to normalize samples to total RNA levels.
Mouse -actin was used as an internal control. Standard plasmids were
synthesized with a TOPO TA Cloning Kit (Invitrogen). Primer sequences
were: Mcl-1, 5-GCTCCGGAAACTGGACATTA-3' and 5/-GTCCCGTTTCGTC
CTTACAA-3’; B-actin, 5'-AGATGTGGATCAGCAAGCAG-3’ and 5'-GCGCA
AGTTAGGTTTTGTCA-3'; cathepsin K, 5'-GGGCTCAAGGTTCTGCTGC-3/
and 5'-TGGGTGTCCAGCATTTCCTC-3'.

Western blotting

All extraction procedures were performed at 4 °C or on ice. Cells
were washed with ice-cold PBS, and protein was extracted with TNE
buffer (1% NP-40; 10 mM Tris-HCl, pH 7.8; 150 mM NaCl; 1 mM EDTA;
2mM NasV0,4; 10mM NaF; and 10pg/ml aprotinin). Lysates were clarified
by centrifugation at 15,000 rpm for 10 min, fractionated by SDS-PAGE
with 7.5-15% Tris-Glycine gradient gels or 15% Tris-Glycine gels and
then transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA).
Membranes were blocked with 6% milk in Tris-buffered saline with
0.1% Tween-20 (TBS-T) and then incubated with primary antibodies
against Mcl-1 (Abcam, Cambridge, MA), Bcl-xL, Bim, cleaved caspase-
3, caspase-3, ERK, phosphorylated (phospho)-Akt, Akt, phospho-Mek,
Mek, phospho-c-Src, GFP (Cell Signaling Technology, Beverly, MA), Bcl-2
(BD Transduction Laboratories, San Diego, CA), ubiquitin, phospho-ERK,

TRAP

RxGFP

RxMcl-1

RxshMcl-1%

Src (Santa Cruz Biotechnology, Santa Cruz, CA), Cre (Covance, Richmond,
CA), or B-actin (Sigma-Aldrich). Membranes were then incubated with
HRP-conjugated goat anti-mouse or anti-rabbit IgG (Promega, Madison,
WI) and visualized with ECL Plus (Amersham Biosciences, Piscataway,
NJ). Membranes were re-probed with other antibodies after stripping
(2% SDS; 100 mM 2-mercaptoethanol; and 62.5 mM Tris-HCl, pH6.7) at
50 °C for 20 min.

Immunoprecipitation

Cell monolayers containing ~2 x 10° cells were treated with
50 ng/ml M-CSF and 50 pM MG132 (protease inhibitor) for 12 h. Cells
were then lysed in lysis buffer (20 mM HEPES-NaOH, pH 7.4; 150 mM
NaCl; 10 mM EDTA; 1 mM NasVO,4; 1 mM PMSF; 0.05% NP-40; and
10% glycerol), homogenized with a 26 G needle, and pelleted by cen-
trifugation at 12,000 rpm for 20 min. Supernatants (cell lysates) were
pre-cleared with 20 pl of protein-A agarose. Immunoprecipitation
was performed by incubating 500 pl of cell lysate with 2 ug of anti-
Mcl-1 antibody for 2 h followed by 20 pl of protein-A agarose for
1h at 4 °C. Immune complexes were recovered by centrifugation,
washed twice with wash buffer (20 mM Tris-HCl, pH7.5; 150 mM
NaCl; 5 mM EGTA; 2 mM DTT; and 1 mM PMSF) and subjected to
SDS-PAGE and immunoblotting with anti-Mcl-1 or anti-ubiquitin
antibodies.

Expression constructs and gene transduction
Adenoviruses carrying the Cre recombinase gene (provided by K. Ueki,

The University of Tokyo) were amplified in HEK293 cells and purified
with the AdenoX Virus Purification Kit (Clontech Laboratories, Inc.,

Rhodamine-phalloidin

Fig. 2. Mcl-1 does not affect differentiation or cytoskeletal organization of osteoclasts. TRAP staining and rhodamine-phalloidin staining of control osteoclasts (RxGFP), Mcl-1
overexpressed (RxMcl-1) and Mcl-1 knocked-down (RxshMcl-1) osteoclasts. Neither overexpression of Mcl-1 nor its knock-down affected osteoclast differentiation in response to

RANKL and M-CSF, or actin ring formation. Scale bars = 100 ym.
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Mountain View, CA). Viral titers were determined by end-point dilution reported [23,24], using AXGFP (green fluorescence protein gene),
assay, and adenoviruses were used at 0-80 multiplicity of infection AXMcl-1 (Mcl1 gene), AxCre (Cre recombinase gene), AxMek™ (consti-
(MOI). Adenoviral infection of osteoclasts was performed as previously tutively active mek1 gene), AxRas™™ (dominant-negative ras gene) or
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Fig. 3. Mcl-1 positively regulates the survival of osteoclasts. A time course showing the change in osteoclast cell number after cytokine removal. Retroviral overexpression of Mcl-1
suppressed osteoclast cell death (A). Knockdown of Mcl-1 accelerated cell death (B). (C) Retrovirus-mediated overexpression of Cre recombinase efficiently downregulated Mcl-1 expression

in osteoclasts differentiated from Mcl1"® mouse bone marrow cells (left). Mcl-1 knock-out (KO)-stimulated osteoclast cell death. Adenovirus-mediated Mcl-1 overexpression of Mcl-1
markedly suppressed cell death of Mcl-1 KO osteoclasts.
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AxAKt? (constitutively active akt1 gene). For retrovirus construction,
full-length cDNA of mouse Mcl1 gene was amplified by PCR, subcloned
into pCR-TOPO II vectors (Invitrogen), and inserted into pMx vectors
[25]. BOSC packaging cells were transfected with 2 pg of the vectors
using FUGENE (Roche Applied Science, Indianapolis, IN) for 24 h. The
medium was replaced with a-MEM/10% FBS for an additional 24 h.
The supernatant was collected as retroviral stock after centrifugation
at 3000 rpm for 5 min. BMMs were incubated with 8 ml of retroviral
stock for 6 h in the presence of polybrene (6 pg/ml) and M-CSF
(30 ng/ml), and cultured with o.-MEM/10% FBS containing M-CSF
(100 ng/ml) for an additional 48 h. BMMSs were recovered with tryp-
sin, and puromycin-resistant cells were selected by incubation with
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a-MEM/10% FBS containing 2 pug/ml puromycin for 2 days and used
for further experiments.

Survival and bone resorption assay

After osteoclasts were generated, RANKL and M-CSF were removed
from the culture (time 0), and cells were cultured for the indicated
times. Cell survival was estimated as the percentage of morphologically
intact TRAP-positive multinucleated cells compared with that at time 0.
Bone resorption was determined with pit formation assay as previously
reported [26]. Resorption areas were visualized using 1% toluidine blue
and quantified using image analysis (Microanalyzer; Japan Poladigital).
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Fig. 4. Mcl-1 mediates pro-survival activity downstream of Ras/Raf/Mek/Erk pathways. (A) Effects of Erk and Akt activity on Mcl-1 expression. AxMek” infection increased and AxRasPN
infection decreased protein levels of Mcl-1 in osteoclasts in a dose-dependent manner (upper), while AxAkt™ infection did not alter Mcl-1 expression (lower). (B) Mcl-1 acts downstream
of Erk pathways. Osteoclasts were infected with AXGFP, AxRas™™, or AxMcl-1 plus AxRasPN. Reduced osteoclast survival by RasPN overexpression was rescued by Mcl-1 overexpression.

*P<0.05 and **P<0.01 versus AXGFP-infected cells.
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In vivo bone resorption model
Sixteen-week-old Mcl1"" mice were subcutaneously injected with
calcein (20 mg/kg body weight) 6 and 2 days prior to dissection. Mice
were also administered with a local calvarial injection of 10 pg RANKL
and 2 x 10® plaque forming units of either AXGFP or AxCre thrice daily.

Mice were sacrificed under deep anesthesia 2 days after the last injec-
tion [27]. Micro-CT, bone specimen processing and histomorphometry
in calvarias were performed at a commercial laboratory (Kureha Special
Laboratory, Fukushima, Japan). Calvarias were fixed in 70% ethanol
and embedded in methyl methacrylate without decalcification.
Tissues were cut into 3 um-thick sections for toluidine blue and
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Fig. 5. Effects of Mcl-1 on bone-resorbing activity of osteoclasts. (A) Adenovirus vector-mediated Mcl-1 overexpression with AxMcl-1suppressed pit formation in osteoclasts generated
from normal mice as compared with AXGFP controls. (B) Mcl-1 KO by Cre adenovirus infection increased bone resorption in osteoclasts as compared with controls. (A-B) Results are
mean = SD of 6 cultures. (C) Histological toluidine blue and TRAP-stained sections of calvaria in Mcl1™" mice injected with GST-RANKL together with AXGFP or AxCre. Scale bars:
100 pum. (D) Histomorphometric analysis of calvarias. BV/TV of calvaria was significantly decreased in AxCre-injected mice, while osteoclast number did not show a significant difference.
Results are presented as mean = SD, n == 3, using different mice. (A-C) *P<0.05 and **P<0.01 versus AxGFP-infected osteoclasts. (D) *P<0.05 and **P<0.01 versus AXGFP-injected mice.
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Fig. 5 (continued).

TRAP staining, according to standard protocols, and histomorphometry
was performed. Standard bone histomorphometric nomenclature,
symbols, and units were used according to the American Society of
Bone and Mineral Research Histomorphometry Nomenclature Commit-
tee [28]: bone volume per tissue volume (BV/TV), osteoclast number
(Oc.N), osteoclast number per bone perimeter (OcN/B.Pm), osteoclast
perimeter (Oc.Pm), osteoclast surface per bone surface (Oc.S/BS), eroded
perimeter (E.Pm), eroded surface per bone surface (ES/BS), osteo-
blast surface per bone surface (Ob.S/BS), and bone formation rate
per bone surface (BFR/BS).

Adenosine triphosphate (ATP)/adenosine diphosphate (ADP) ratio

Intracellular ATP and ADP were quantified using Enzylight ADP
Assay Kit (BioAssay Systems, Hayward, CA), as per the manufacturer's
instructions. Luminescence was measured using a Veritas Microplate
Luminometer (Promega). ATP concentrations were normalized to protein
concentrations.

Statistics

Statistical analyses were performed in EXCEL (Microsoft) using a
two-tailed unpaired Student's t test. Each series of experiments was
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repeated at least 3 times. Data are presented as mean + SD, and a
p-value less than 0.05 was considered statistically significant.

Results

Mcl-1 reduction in osteoclasts is regulated by ubiquitin
proteasomal degradation

Mature osteoclasts were generated from bone marrow cells in the
presence of M-CSF and RANKL. The expression of Mcl-1 did not markedly
change during the course of osteoclast differentiation either at the mRNA
levels or protein levels (Fig. 1A). However, Mcl-1 protein levels in mature
osteoclasts quickly decreased within 2 h after cytokine withdrawal with-
out affecting mRNA levels, while those of Bcl-2 and Bcl-xL remained
unchanged for more than 6 h (Fig. 1B). Cleaved caspase-3, an activated
form of the primary executioner caspase, increased following this de-
crease in Mcl-1 and an increase in Bim (Fig. 1B), and was correlated
with osteoclast cell death, suggesting that changes in the expression of
Mcl-1 and Bim may trigger osteoclast cell death.

We next examined the involvement of the ubiquitin proteasomal
system in Mcl-1 expression [29,30]. Osteoclasts treated with the
proteasome inhibitor MG132 showed enhanced Mcl-1 and Bim protein
levels in osteoclasts, without affecting Bcl-2 and Bcl-xL (Fig. 1C). In ad-
dition, Mcl-1 exhibited poly-ubiquitination in the presence of MG132
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(Fig. 1D). These results suggest that the rapid downregulation of Mcl-1 in
osteoclasts is mainly caused by proteasomal degradation.

Mcl-1 does not affect differentiation or cytoskeletal organization
of osteoclasts

To analyze the role of Mcl-1 in osteoclasts, Mcl-1 was overexpressed
or knocked-down in osteoclasts using retrovirus-mediated gene trans-
duction. Neither overexpression of Mcl-1 by RxMcl-1 nor its knock-
down by RxshMcl-1 changed osteoclast differentiation in response to
RANKL and M-CSF, as determined by TRAP staining, or affected actin
ring formation, as determined by rhodamine-phalloidin staining (Fig. 2).

Mcl-1 positively regulates cell viability of osteoclasts
Mcl-1 overexpression remarkably enhanced osteoclast survival after

cytokine withdrawal, and knockdown suppressed their survival (Figs. 3A
and B). We then examined Mcl-1 KO osteoclasts generated from Mcl-1""

BMMs infected with a retrovirus vector carrying Cre recombinase
(RxCre). Mcl-1 KO osteoclasts, differentiated in response to M-CSF and
RANKL, exhibited reduced survival rate compared with undifferentiated
osteoclasts (Fig. 3C). Furthermore, this reduced survival could be rescued
by the overexpression of Mcl-1(Fig. 3D), suggesting the pivotal role of
Mcl-1 in osteoclast survival.

Mcl-1 regulates osteoclast survival downstream of Erk pathways

We previously reported that Erk activation promotes osteoclast
survival [26]. Here, we showed that activation of Erk pathways by
adenovirus-mediated overexpression of constitutively active Mek1
(AxMek™) increased Mcl-1 expression in osteoclasts in a dose-
dependent manner. In contrast, constitutively active Akt (AxAkt™")
had no affect Mcl-1 expression (Fig. 4A). Suppression of the pathway
with a dominant-negative Ras (AxRas"M) decreased Mcl-1 expression
(Fig. 4A), which could be rescued by Mcl-1 overexpression (Fig. 4B).
These results suggest that Mcl-1 expression is mainly regulated by
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Fig. 6. Mcl-1 activates mitochondrial activity and accelerates ATP synthesis. (A) Mcl-1 KO or overexpression did not alter the expression of activated c-Src or Akt, whereas Mcl-1 overex-
pression slightly down-regulated activated Erk. (B) Mcl-1 KO osteoclasts exhibited decreased ATP/ADP ratio while Mcl-1 overexpression significantly increased the ratio. **P<0.01 versus

AxGFP-infected osteoclasts.
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Erk, and that Mcl-1 mediates its pro-survival action on osteoclasts
downstream of the Erk pathway.

Mcl-1 negatively regulates bone-resorbing activity of osteoclasts in vitro
and in vivo

We next analyzed the effect of Mcl-1 on the bone-resorbing activity
of osteoclasts. Mcl-1 overexpression suppressed osteoclast bone resorp-
tion as compared with control osteoclasts, despite the positive effect on
the survival (Fig. 5A). Conversely, the bone-resorbing activity of Mcl-1
KO osteoclasts was stronger than that of control osteoclasts (Fig. 5B).
These results suggest a negative regulatory role of Mcl-1 in bone resorp-
tion. To elucidate the role of Mcl-1 in osteoclasts in vivo, we attempted to
generate osteoclast-specific Mcl-1 KO mice by mating Mcl1™% mice with
cathepsin K-Cre mice. However, we were unable to obtain newborn con-
ditional KO mice in more than 100 offspring. Instead, we utilized an
in vivo bone destruction model by GST-RANKL injection (kindly provided
by Oriental Yeast Co., Ltd.). GST-RANKL was injected onto the calvaria of
Mecl1™® mice together with Cre or GFP adenoviruses, Histological analysis
showed increased resorption in calvaria injected with GST-RANKL and
Cre adenovirus (Mcl-1 KO calvaria) as compared with those injected
with GST-RANKL and control adenovirus injection (Fig. 5C), with signif-
icant reduction in bone volume/total volume (BV/TV) (Fig. 5D). Eroded
perimeter (E.Pm) was significantly increased, while osteoclast number
was not significantly different between Mcl-1 KO and control calvaria
(Fig. 5D). Bone formation parameters such as Ob.S/BS and BFR/BS were
increased in Mcl-1 KO calvaria, probably due to the coupling caused by
increased bone resorption (Fig. 5D). Together, these results suggest
that Mcl-1 negatively regulates osteoclastic bone resorption in vivo.

Mcl-1 stimulates mitochondrial activity and ATP synthesis in osteoclasts

We previously reported that Bcl-xL affects osteoclast bone resorp-
tion by regulating c-Src activity [31]. However, Mcl-1 overexpression
or KO in osteoclasts had no effect on c-Src phosphorylation (pY416).
Mcl-1 overexpression slightly suppressed Erk activity in osteoclasts,
but no effect was observed with Mcl-1 KO (Fig. 6A). Recently, we also
reported the role of intracellular and extracellular ATP in osteoclastic
bone resorption {32]. Here, we showed that the ATP/ADP ratio was sig-
nificantly decreased in Mcl-1 KO osteoclasts and increased with Mcl-1
overexpression, as compared with control cells (Fig. 6B). These results
suggest that the ATP/ADP ratio may be involved in Mcl-1-mediated
bone resorption.

Discussion

Several previous studies have analyzed the role of Mcl-1 in osteoclasts.
Sutherland and colleagues showed that RANKL increased Mcl-1 and
protected osteoclasts from the apoptotic effects of bisphosphonates [19].
Bradley and colleagues showed that M-CSF stimulated osteoclast survival
through Mcl-1 upregulation downstream of the activation of Mek/Erk and
upregulation of Egr2 [33]. In the present study, we demonstrated for the
first time that Mcl-1 expression regulates not only cell viability but also
bone-resorbing activity of osteoclasts. Interestingly, osteoclasts overex-
pressing Mcl-1 showed reduced bone-resorbing activity despite their
significantly extended survival. Conversely, Mcl-1 KO or knockdown
enhanced the bone-resorbing activity of osteoclasts, but also increased
their apoptosis. We previously reported the divergent regulation of sur-
vival and bone-resorbing activity in osteoclasts by other members of the
Bcl-2 family of proteins [31,34]. Bcl-xL not only suppresses the bone-
resorptive function of osteoclasts by regulating their cytoskeleton
through c-Src activation, but also prolongs osteoclast survival. Since
c-Src critically regulates osteoclast function [35,36], we examined
whether Mcl-1 is also affected by c-Src activity. However, neither
overexpression nor knockdown of Mcl-1 affected c-Src phosphoryla-
tion. Furthermore, the phosphorylations of Erk and Akt remained

91

unchanged. These results suggest the presence of other regulatory sys-
tem(s) through which Mcl-1 affects the bone-resorbing activity of
osteoclasts.

We recently reported the negative regulation of osteoclastic bone re-
sorption by intracellular and extraceliular ATP, showing that Bcl-xL neg-
atively regulates resorption by increasing extracellular ATP production
[32]. Perciavalle et al. also revealed a new role for Mcl-1 in regulating
mitochondrial dynamics and metabolism [37]. Here, we found a signif-
icant decrease in the ATP/ADP ratio in Mcl-1 KO osteoclasts as compared
with control cells but an increase in the ratio in cells with overexpressed
Mcl-1. These results suggest that Mcl-1-dependent ATP synthesis may
be involved in osteoclast bone resorption.

We sought to further investigate the role of Mcl-1 in vivo by gen-
erating osteoclast-specific Mcl-1 ¢cKO mice. This was attempted by
mating Mcl1"® mice with cathepsin K-Cre knock-in mice, in which
Cre recombinase gene inserts into the cathepsin K locus to be specifically
expressed in osteoclasts [38]. However, we failed to generate osteoclast-
specific Mcl-1 KO mice probably for two reasons. First, homozygous
Mcl1™® male mice have been shown to exhibit severely reduced fertility
for unknown reasons [21]. Second, the loci of Mcl1 and cathepsin K are
closely located on the same chromosome, and homologous recombina-
tion between these genes is quite difficult. Following this, we then
mated Mcl1™® mice with Mx1-Cre mice, in which Cre recombinase is
expressed under the control of an inducible Mx1 promoter, which is silent
in healthy mice and active after induction with interferon or polyinosinic:
polycytidylic acid (PIPC) administration [39]. However, although gene
deletion was clearly observed in liver cells, we were unable to verify the
efficient deletion of Mcl-1 gene in osteoclasts, even after PIPC, suggesting
that Mx1 promoter was not efficiently activated by PIPC in osteoclasts in
Mcl1%%:Mx1-Cre mice. Instead, we utilized a calvarial bone resorption
model, and successfully induce bone resorption by injecting GST-RANKL
into the calvaria of adult mice. Interestingly, the local deletion of Mcl-1 ex-
pression by co-injection of the Cre adenovirus into calvaria of Mcl1%/%
mice significantly increased bone destruction induced by GST-RANKL.
These results suggest that Mcl-1 suppresses osteoclastic bone resorption
in vivo.

In conclusion, we show that Mcl-1 has an important regulatory role
in osteoclast survival and its activity in bone resorption. While the role
of Mcl-1 in the physiological setting still remains elusive, our results
have provided further insight into its mechanism of action. Further
studies using conditional KO mice will be required in future to validate
our results.
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Abstract: Osteoporosis is an age-related systemic skeletal disease characterized by low bone
mass and microarchitectural deterioration of bone tissue, with a consequent increase in bone
fragility. Bone remodeling involves two types of cells: osteoblasts and osteoclasts. Receptor
activator of nuclear factor-xB ligand (RANKL) is a key regulator of the formation and function
of bone-resorbing osteoclasts, and its cell surface receptor, receptor activator of nuclear factor-xB
(RANK), is expressed by both osteoclast precursors and mature osteoclasts. Denosumab is a
fully human monoclonal anti-RANKL antibody that inhibits the binding of RANKL to RANK,
thereby decreasing osteoclastogenesis and bone-resorbing activity of mature osteoclasts.
Although there are many medications available for the treatment of osteoporosis, inhibition of
RANKL by denosumab has been shown to significantly affect bone metabolism. Denosumab
appears to be a promising, highly effective, and safe parenteral therapy with good adherence
for osteoporosis. Moreover, denosumab may be cost-effective therapy compared with existing
alternatives. Therefore, in this review, we focus on studies of denosumab and the risks and
benefits identified for this type of treatment for osteoporosis.

Keywords: bone resorption, OPG, osteoclast, RANKL

Introduction

Remodeling of bone, which begins in the early fetal stages, is a process that is
maintained in the adult skeleton. It mediates the repair of microdamage while also
regulating the mechanical strength and structure of bone. The bone remodeling cycle
involves a series of highly regulated steps that depend on interactions between two cell
lineages: the mesenchymal bone-forming osteoblastic lineage and the hematopoietic
bone-resorbing osteoclastic lineage.! The latter are differentiated from monocyte—
macrophage lineage precursor cells in response to cytokines and chemokines pro-
duced by cells lining the bone surface, and these cells initiate bone remodeling.>?
Subsequent interactions between osteoclast precursors and osteoblastic cells leads to
the differentiation, migration, and fusion of large multinucleated osteoclasts.* These
mature osteoclasts then attach to a mineralized bone surface and initiate resorption by
secreting hydrogen ions and lysosomal enzymes. In particular, cathepsin K is secreted,
and this enzyme is able to degrade the bone matrix, including collagen, at low pH.
Osteoclastic bone resorption produces irregular scalloped cavities on the trabecular
bone surface, called Howship’s lacunae, or cylindrical haversian canals in cortical bone.
Following this resorptive phase, the bone surface is repopulated by osteoblasts, which
deposit bone matrix and eventually undergo mineralization to form a new bone surface.
Generally, the same amount of bone that is removed is replaced. However, when an
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imbalance between these two processes leads to an increase
in bone resorption, the result is focal articular bone loss and
generalized osteoporosis.

Various diseases, drugs, and metabolic abnormali-
ties adversely affect bone health and contribute to the
development of osteoporosis. Activation of osteoclastic bone
resorption is a common factor in the pathogenesis of bone loss
and fractures,® while estrogen deficiency during menopause
or androgen deficiency in males can also lead to an unbal-
anced increase in bone resorption versus bone formation. As
a result, bone loss can occur rather rapidly, accompanied by
the destruction of bone microarchitecture.® In older adults
who commonly experience vitamin D deficiency,” calcium
absorption is impaired and secondary hyperparathyroidism
can develop. Consequently, bone loss occurs and the risk of
fracture increases.® Painful vertebral fractures are the most
common complication of osteoporosis and account for ~50%
of reported fractures. In addition, height loss, kyphosis, back
pain, and impaired physical and psychological function can
occur following such fractures. The presence of a spine frac-
ture is also the strongest risk factor for experiencing another
fracture of either hip or spine,’ with the former representing
the most challenging type of fracture for patient recovery.
Considering that the cost of care for patients with fractures is
expensive, the incidence of fractures increases progressively
with advancing age, and the global population is growing
older; it has been estimated that the number of fractures
worldwide will double or triple by the year 2050.'°

For patients at risk for osteoporosis, or those having
already experienced a fracture, prevention of new or addi-
tional fractures is key. Antiresorptive (anticatabolic) drugs
that are currently available include estrogen, raloxifene,
and bisphosphonates. These have been shown to effec-
tively prevent bone loss in postmenopausal women without
osteoporosis.!'"!3 For postmenopausal women and men
with osteoporosis, treatment with either an antiresorptive
drug or teriparatide, an anabolic agent, has been shown to
preserve or improve bone mass and substantially reduce
the risk of fracture." Unfortunately, however, these treat-
ments can only be safely administered for a limited period
of time. For example, anabolic agents, such as teriparatide,
can only be administered for a maximum of 2 years.
Moreover, for bisphosphonates, prolonged administra-
tion increases the potential for rare, yet serious, adverse
events such as osteonecrosis of the jaw (ONIJ), atypical
fractures, and esophageal cancer.!” The treatment efficacy
of these drugs in clinical practice has also been limited by
real or perceived intolerance, as well as poor adherence

to therapy.'®!” Phase I trials of anti-sclerostin antibody,
which up-regulates the interaction between Wnt ligand and
LRP5/6 coreceptor on osteoblasts, showed increase in bone
formation in healthy men and postmenopausal women, and
Phase II trials are underway.'®® Inhibition of sclerostin is
an interesting prospect for the next generation of osteopo-
rosis drugs. In this review, we will focus on a fully human
monoclonal anti-receptor activator of nuclear factor-xB
ligand (RANKL) antibody, denosumab (Figure 1), and its
potential as a long-term treatment for osteoporosis with
appropriate administration.

Identification of the osteoclast
differentiation factor, RANKL

Bone-resorbing osteoclasts originate from hematopoietic
cells, which are hypothesized to be members of the colony
forming unit-megakaryocyte-derived monocyte—mac-
rophage family. Takahashi et al and Udagawa et al developed
a mouse coculture system of hematopoietic cells and primary
osteoblasts to investigate osteoclast formation in vitro.?-2
In this coculture system, several systemic and local factors
were found to induce the formation of tartrate resistant acid
phosphatase-positive multinucleated cells, and these cells
exhibited a number of osteoclast characteristics. In addition,
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Figure | The mechanism of action of denosumab on bone metabolism.

Notes: Denosumab (a fully human monoclonal anti-RANKL antibody) binds to
osteoblast-produced RANKL, thereby preventing RANKL from binding to the
osteoclast receptor, RANK. By preventing RANKL from binding to RANK, there
is less osteoclastogenesis and bone-resorbing activity so that bone resorption is
markedly suppressed.

Abbreviations: c-Fms, colony stimulating factor-1 receptor; M-CSF, macrophage
colony-stimulating factor; RANK, receptor activator of nuclear factor-kB; RANKL,
receptor activator of nuclear factor-kB ligand.
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cell-to-cell contact between osteoblastic cells and osteoclast
progenitors was shown to be essential for the induction
of osteoclastogenesis. Based on these findings, Suda et al
proposed that osteoblastic cells induce the membrane-
associated osteoclast differentiation factor in response to
various osteotropic factors.”® In 1997, it was first reported
that RANKL and its receptor, receptor activator of nuclear
factor-kB (RANK), regulate interactions between dendritic
cells and T-cells.?* Furthermore, when osteoclast differentia-
tion factor was cloned from a complimentary DNA library
of mouse stromal ST2 cells treated with bone-resorbing
factors,? it was found to be identical to RANKL, to tumor
necrosis factor (TNF)-related activation-induced cytokine,
and to the osteoprotegerin (OPG) ligand. These results were
independently validated by other research groups.’*?® In
these studies, RANKL was also shown to induce osteoclast
differentiation from mouse hematopoietic cells and human
peripheral blood mononuclear cells in the presence of mac-
rophage colony-stimulating factor.?>? To date, RANK is the
only signaling receptor that has been identified for RANKL
for the induction of osteoclastogenesis and the activation of
mature osteoclasts.* OPG, which lacks transmembrane and
cytoplasmic domains and is released in a soluble form by a
variety of cells including osteoblasts, also serves as a decoy
receptor for RANKL. As such, OPG competes with RANK
to inhibit the differentiation and activity of osteoclasts.*

A crucial role for RANKL

in bone metabolism

RANKL is a membrane-anchored molecule that is released
from the cell surface following proteolytic cleavage by matrix
metalloproteinases such as matrix metalloproteinases 14293
Both the soluble and membrane-bound forms of RANKT. func-
tion as agonistic ligands for RANK, with the membrane-bound
form functioning more efficiently.?>>*? Using a knockout
mouse model of OPG, a natural inhibitor of RANKL, a link
between RANKL and the development of osteoporosis was
demonstrated. Furthermore, overexpression of OPG in mice
results in lower numbers of osteoclasts and greater bone
mass.* Correspondingly, for patients experiencing estrogen
deficiency, hyperparathyroidism, or other disorders that
stimulate bone resorption, perturbations in the ratio of OPG to
RANKL have been detected.’>” More recently, Nakashima
etal reported that purified osteocytes express higher levels of
RANKL and undergo enhanced osteoclastogenesis in vitro,
while osteocyte-specific RANKL knockout mice exhibit
a severe osteopetrotic phenotype.’® Taken together, these
results indicate that osteocytes represent a major source of

RANKL for bone remodeling in vivo. Mutations in RANKL,
RANK, and OPG genes have also been identified in patients
with bone disorders such as autosomal recessive osteopet-
rosis, familial expansile osteolysis, and juvenile Paget’s
disease, respectively.® Moreover, when RANKL expression
is upregulated in response to factors such as vitamin D3,
prostaglandin E , parathyroid hormone, interleukin (IL)-1,
IL-6, IL-11, IL-17, and TNF-0, pathological osteoclasto-
genesis has been observed.?40# Therefore, regulation of the
RANKI/RANK/OPG axis represents a potential therapeutic
target for the treatment of osteoporosis, theumatoid arthritis,
and cancer bone metastasis.

Immunological function of RANKL
Prior to their identification in bone cells, RANKL and
RANK were found to effect T-cell activation and dendritic
cell survival 2?74 Moreover, during early development,
RANKL signaling regulates the microenvironment of the
thymus, thereby facilitating the deletion of self-reactive
T-cells to provide self-tolerance and prevent autoimmunity.*
These results imply that inhibition of RANKL by denosumab
may alter immune function, or increase susceptibility to
infections. In studies of mice deficientin RANKL or RANK,
an absence of lymph nodes and significantly smaller Payer’s
patches were observed.?®* These findings demonstrate the
critical role that RANK activation has in the early stages
of lymphoid tissue inducer cell development in peripheral
lymphoid organs. A pathological model of inflammatory
bowel disease has also demonstrated a role for RANKL in
the stimulation of dendritic cells,** suggesting that RANKL
may mediate the activation of dendritic cells under certain
autoimmune conditions. On the other hand, inhibition of
RANKL by OPG has not been found to alter cellular or
humoral immunity, nor does it render mice susceptible to
bacterial challenge.*® Thus, although dendritic cells and
T lymphocytes express RANK and RANKL, it would appear
that they play a minor or redundant role in the mammalian
immune response. However, these results do not guarantee
the safety of denosumab treatments.

In vitro studies of denosumab

Direct binding assays have demonstrated that denosumab
is able to bind human RANKL, yet does not bind murine
RANKL, human TNF-related apoptosis-inducing ligand, and
other human TNF family members.*” Denosumab also does
not suppress bone resorption in normal mice or rats, although
it prevented a resorptive response in mice challenged with
human RANKL (huRANKL). huRANKL knock-in mice
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have been generated, and these mice exclusively express
chimeric (human/murine) RANKL* and are responsive to
denosumab. In studies of young huRANKL mice treated with
denosumab, trabecular osteoclast surfaces were reduced by
95% and bone density and volume increased.”” In contrast,
adult huRANKIL mice treated with denosumab exhibited
reduced bone resorption, increased cortical and cancellous
bone mass, and improved trabecular microarchitecture.*’ The
same group also reported that subcutaneous administration
of denosumab (25 or 50 mg/kg/month) for up to 16 months
prevented the loss of cancellous bone and preserved indices
of bone strength for adult ovariectomized cynomolgus
monkeys.*

Clinical development of denosumab
as a prophylactic and/or therapeutic

agent for osteoporosis

To evaluate whether inhibition of RANKL has clinical util-
ity, 52 healthy postmenopausal women were given single
doses of an osteoprotegerin-immunoglobulin Fc segment
complex (Fc:OPG) (0.1, 0.3, 1.0, or 3.0 mg/kg) in a Phase I
randomized placebo-controlled study.* Urinary levels of the
cross-linked N-telopeptide of type I collagen (NTX), a spe-
cific marker of bone resorption, and bone-specific alkaline
phosphatase (BSAP), an index of bone formation, were sub-
sequently monitored for 84 days. Within 12 hours of receiving
Fc:OPG, a dose-dependent decrease in NTX/creatinine ratios
was observed. Furthermore, this ratio decreased by 70% to
80% within 5 days for the highest doses of Fc:OPG. After
several weeks, levels of NTX/creatinine returned to baseline.
A significant decrease in levels of BSAP were also observed
for the 1.0 mg/kg and 3.0 mg/kg doses. For the latter group,
inhibition of BSAP occurred more slowly, with levels 30%
below baseline observed after 60 days. There were also no
serious adverse events reported in this study. In one patient, a
transient neutralizing antibody to OPG was detected, although
this did not have any obvious clinical effect. These data pro-
vide evidence that inhibition of RANKL by its natural inhibi-
tor, OPG, can result in clinically measurable effects. However,
the development of OPG as a therapy for osteoporosis was
not further pursued due to its potential immunogenicity, and
because immunologic resistance to OPG could have negative
effects on the skeleton.*

Since denosumab specifically binds RANKL," it is
less likely to affect the immune system or other regulatory
systems. Moreover, denosumab does not have the potential
for autoimmunization against a vital regulatory protein and
is characterized by a longer half-life, which permits less

frequent dosing.”! Each of these attributes makes denosumab
a more attractive therapeutic agent than forms of OPG. To
evaluate the safety, pharmacokinetics (PK), and possible
bone resorption effects of denosumab, a Phase I study was
conducted. Subcutaneous administration of various con-
centrations of denosumab (0.01 mg/kg to 3.0 mg/kg) were
administered to 49 healthy postmenopausal women.’! The
PK of denosumab were found to be nonlinear with dose.
A prolonged absorption phase also occurred, with maximum
serum concentrations reached between 5 days and 21 days
after the women received the initial dose. Conversely, the
disappearance of denosumab from the serum occurred in two
phases: a slow phase and a fast phase. The initial slow phase
was associated with half-lives of approximately 20 days
for the lower doses of denosumab, and approximately
32 days for the higher doses. When circulating levels of
denosumab were ~1,000 ng/mL, clearance occurred more
rapidly. Urinary NTX levels were also found to decrease
within 12 hours of dosing. Overall, the magnitude of
the initial response was similar among the doses, although
the duration of the effect was dose-dependent. These results
are consistent with the pharmacokinetic data. By the end
of the 9-month follow-up period, NTX levels had returned
to baseline for all of the doses. Alternatively, serum levels
of BSAP remained stable for the first two weeks following
dosing, then decreased in a dose-dependent manner. Taken
together, these results suggest that the effect of denosumab
on bone formation is indirect.

Optimizing the dose of denosumab

for osteoporosis

To evaluate the safety, tolerability, PK, and pharmacody-
namics (PD) of denosumab, a randomized double-blind
dose-escalation study was conducted. For a group of healthy
postmenopausal Japanese women, denosumab was admin-
istered subcutaneously at doses of 0.03, 0.1, 0.3, 1.0, or
3.0 mg/kg, and was compared with a placebo.*? Suppression
of bone turnover markers (BTM) was rapidly detected
(within 2 days of dosing) and the duration of suppression
was dose-dependent. Moreover, there was no marked dif-
ferences in the PK and PD profiles between Japanese™ and
non-Japanese subjects,” and denosumab was well tolerated.
In another study, the efficacy and safety of three doses of
denosumab (14, 60, and 100 mg) were compared with a
placebo over 12 months for a group of postmenopausal
Japanese women with osteoporosis. The results associated
with the 60 mg dose of denosumab were consistent with
the results of a similar Phase II study of osteoporosis in
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a Caucasian population that was conducted in the United
States. %

Reduced fracture risk

with denosumab

A total of 7,868 women between the ages 0f 60 and 90 years who
had a bone mineral density (BMD) T-score <—2.5 and >—4.0
at the lumbar spine or total hip received either 60 mg deno-
sumab or a placebo subcutaneously every 6 months for
36 months.’” In this study, it was observed that denosumab
reduced the risk of new radiographic vertebral fractures by
68% (P<<0.001), with the risk of hip fractures and nonver-
tebral fractures decreasing by 40% and 20%, respectively.
Moreover, this effect did not significantly differ for any of
the nine subgroups analyzed according to patient age, body
mass index, femoral neck BMD T-score, prevalent vertebral
fracture, prior nonvertebral fracture, estimated creatinine
clearance, geographic region, ethnicity, and prior use of
osteoporosis medications.*®

Long-term denosumab treatment
To evaluate denosumab efficacy and safety for up to 10 years
of treatment, participants who completed the FREEDOM
(Fracture REduction Evaluation of Denosumab in Osteo-
porosis every 6 Months) trial’” were eligible to receive an
additional 2 years of denosumab treatment (the long-term
group). For comparison, patients from the FREEDOM pla-
cebo group could receive 2 years of denosumab treatment
(the cross-over group). A total of 4,550 women elected to
participate in the extended trial, with 2,343 women in the
long-term group and 2,207 women in the cross-over group.>®
In the former group, BMD for the lumbar spine and the total
hip further increased, resulting in 5-year gains of 13.7%
and 7.0%, respectively. BMD for the lumbar spine and the
total hip also increased for the latter group, with values of
7.7% and 4.0%, respectively, over the 2-year denosumab
treatment period. Regarding adverse events, the number
did not increase for the long-term group. However, for the
cross-over group, two adverse events consistent with ONJ
were reported. In one woman, healing occurred within
the 6-month dosing interval, and she continued to receive
denosumab (two further doses) without any additional oral
events. For the other woman, healing occurred after the
6-month dosing interval, and denosumab was subsequently
discontinued.

In a Phase II study, denosumab treatment was admin-
istered for up to 8 years to postmenopausal women with
low bone mass.® For the subjects who received continuous

administration of denosumab over that period, BMD for the
lumbar spine (n=88) and for the total hip (n=87) increased
by 16.5% and 6.8%, respectively, compared with the base-
line of the parent study, and increased by 5.7% and 1.8%,
respectively, compared with the baseline of the extension
study. At the end of year 8, serum levels of C-terminal telo-
peptide of type I collagen (CTX) and BSAP remained below
the parent study baseline, and median reductions of 65%
and 44%, respectively, were observed. Overall, the results
of this Phase II study and its extension demonstrate that
denosumab therapy mediated a progressive and substantial
increase in BMD over 8 years for postmenopausal women
with low bone mass. In addition, treatment was well tolerated
and the adverse event profile was similar to what has been
reported previously.

Effects of discontinuing denosumab
on BMD and levels of BTM

For 256 postmenopausal women, 60 mg denosumab or a
placebo was administered every 6 months for 2 years, fol-
lowed by 2 years of discontinued treatment.’! After this
4 year period, the group that initially received denosumab
was found to maintain a higher BMD than the placebo
group (P=0.05). Furthermore, levels of BTM were found
to increase above baseline within 3 months (for the serum
C-terminal telopeptide of type 1 collagen) or 6 months (for
the N-terminal propeptide of type 1 procollagen) of the initial
2 year treatment period. By the end of the 4 year period, the
levels of the BTM had returned to baseline. Adverse event
rates during the nontreatment phase were found to be similar
between the two groups. For the 60 mg denosumab dose that
was administered for 24 months, levels of BMD and BTM
were found to be reversible upon discontinuation, thereby
reflecting the biological mechanism of action for denosumab.
However, residual BMD measurements did remain greater
than those of the placebo group.®!

Effects of denosumab on bone

histomorphometry

Iliac crest bone biopsies were collected 24 and/or 36 months
from the first diagnosis of osteoporosis for 45 postmenopausal
women who received a placebo and 47 postmenopausal
women who received denosumab in the FREEDOM study.”’
Biopsies were also collected from postmenopausal women
who had been treated for 12 months with alendronate in the
STAND (Study of Transitioning from AleNdronate to Deno-
sumab) study.®? Of this latter group, 21 continued to receive
alendronate while 15 received denosumab upon entry into
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the FREEDOM trial. Indices of bone turnover tended to be
lower for the women who received denosumab compared
to alendronate alone. Moreover, the women who received
denosumab maintained normal bone microarchitecture and
there were no adverse effects associated with the mineraliza-
tion or formation of lamellar bone. In future studies, a longer
follow-up period will be necessary to determine the duration
during which such low turnover is safe.

A cohort study was also conducted to evaluate the
effects of discontinuing denosumab at the tissue level.s
The mean period of discontinued osteoporosis treatment
was 25.1 months (range, 21-29 months). Bone histo-
morphometry studies showed normal histology and bone
remodeling similar to that observed for untreated post-
menopausal women with osteoporosis. Furthermore, all of
the biopsy specimens from women who had discontinued
treatment showed evidence of tetracycline labels. Assays
of biochemical markers also found levels to be comparable
with pretreatment levels. Taken together, these data confirm
that the effects of denosumab on bone turnover at the tissue
level are reversible.

Renal function does not significantly

affect the PK or PD of denosumab

Chronic kidney disease (CKD) has been identified as
a potential independent risk factor for bone loss.®-¢
Correspondingly, CKD is also more common among older
adults. To evaluate whether treatment with denosumab
affects renal function, subjects were enrolled in one of
five renal function groups based on glomerular filtration
rates (GFRs) as follows: normal renal function (GFR >80
mL/minute/1.73 m?) (n=12); mild CKD (GFR 50-80 mL/
minute/1.73 m?) (n=13); moderate CKD (GFR 30-49 mL/
minute/1.73 m?) (n=13); severe CKD (GFR <30 mL/min-
ute/1.73 m?) (n=9); or kidney failure requiring hemodialysis
(n=8).9 Data collected for these groups indicated that renal
function did not have a significant effect on the PK or PD of
denosumab, and dose adjustments were not needed for these
patients. However, the potential for developing hypocalcemia
was found to be higher for subjects with severe CKD and
kidney failure compared with subjects with mild or moderate
CKD or subjects with normal renal function. Two subjects
who experienced kidney failure (one symptomatic and one
asymptomatic) were hospitalized for intravenous calcium
gluconate treatment. Thus, it is recommended that patients
with impaired renal function who receive denosumab,
particularly those with severe kidney disease (GFR <30
mL/minute/1.73 m?), should receive calcium and vitamin

D supplements and should be monitored for secondary
hyperparathyroidism.

Safety

Although denosumab has been shown to be safe in the col-
lective data from Phase II and I1I clinical trials,® the clinical
concern was the potential risk for infections or neoplasms
due to the ubiquitous presence of RANKL throughout many
tissues. In a meta-analysis of randomized placebo-controlled
trials involving denosumab, including the large FREEDOM
registration trial,”” a borderline increased risk of serious
infection was observed (risk ratio =1.25, 95% confidence
interval: 1.00-1.54) for women with postmenopausal osteo-
porosis when intention-to-treat analysis was used.® However,
a nonsignificant risk ratio of 2.1 was observed when a per-
protocol analysis was employed.” Thus, the incidence of
infection and neoplasms in ongoing larger Phase III trials
will be of interest.

While accumulating evidence indicates that denosumab
is a safe treatment, there remains the potential for side effects
from this treatment. For bisphosphonate therapy, ONJ has
recently emerged as an adverse side effect,’""? although the
nature and cause of ONJ remains controversial. Given the
capacity for denosumab to strongly inhibit osteoclastic bone
resorption similar to bisphosphonates, it will be important
for future studies of denosumab to monitor the incidence and
clinicopathologic characteristics of ONJ. Another potential
side effect to consider is the so-called frozen bone process,
whereby complete inhibition of remodeling leads to an
accumulation of microfractures and an increased risk for
atypical femoral fractures. This complication was considered
in an analysis of postmenopausal women receiving bispho-
sphonate therapy based on the findings of animal studies.”
In trials that have continuously administered denosumab for
up to 5 years, there have been no reports of atypical femoral
fractures.’™* However, two cases of atypical femoral frac-
ture have been confirmed in patients receiving denosumab
60 mg for 2.5 years or more participating in the ongoing
open-label extension study of the pivotal Phase III fracture
trial in postmenopausal osteoporosis (FREEDOM).” 1t is
possible that differences in shorter half-life of denosumab
compared with bisphosphonates (5 years or longer) can
account for less incidence of atypical femoral fractures. Tsai
et al also recently reported that a combination treatment of
teriparatide and denosumab increased BMD to a greater
extent than either agent alone.” Teriparatide is an effective
anabolic (bone growing) agent that might help prevent fro-
zen bone caused by denosumab-induced oversuppression of
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bone turnover. Furthermore, although denosumab has been
found to be completely cleared from the body following its
discontinuation, the frozen bone process may still be an issue
for long-term denosumab treatments.

Since RANK and RANKL are also expressed by
endothelial cells and lymphocytes,’ additional studies are
needed to evaluate the potential effects of denosumab therapy
on the cardiovascular and immune systems of the body.
Continued documentation and quantification of the efficacy
of denosumab for large numbers of patients will also be
important. Recently, RANKL signaling was implicated in the
pathogenesis of hepatic insulin resistance and type 2 diabetes
mellitus.”” This may provide a link between inflammation and
disrupted glucose homeostasis, and may also contribute to
pharmacological strategies being developed for the treatment
of RANKI -related diseases.

Finally, Freemantle et al reported that postmenopausal
women with osteoporosis were more adherent, compliant,
and persistent with subcutaneous injections of denosumab
every 6 months than with once-weekly alendronate tablets
in a 2-year randomized crossover study.”® In addition,
the women expressed greater satisfaction with injectable
denosumab and preferred it over oral alendronate. Thus,
preferences in the administration of denosumab may influ-
ence patient persistence and adherence to therapy, and this
represents an important consideration for the treatment of
chronic conditions that require long-term therapy.

Conclusion

The inhibition of RANKL by denosumab has been shown
to significantly affect bone metabolism. Correspondingly,
this highly specific antibody for RANKL appears to be a
promising treatment for osteoporosis and other bone diseases
characterized by increased bone turnover. Freemantle et al
showed that denosumab was more effective at reducing the
occurrence of vertebral fractures than raloxifene, risedronate,
and alendronate.” The cost-effectiveness of denosumab in
postmenopausal osteoporotic women has been evaluated
by estimating expected cost and quality-adjusted life-years.
Analyses have shown that denosumab represented good
value-for-money in postmenopausal women with low bone
mass compared with no treatment % or treatment with oral
bisphosphonates,®*# and, therefore, has the potential to
be a first-line treatment for postmenopausal osteoporotic
women. In addition, the cost-effectiveness of denosumab is
favorable, particularly for patients at high risk of fracture and
low expected adherence to oral treatments.® The long-term
efficacy and toxicity of denosumab remains to be confirmed

with studies that include longer follow-up periods. This
is particularly relevant since postmenopausal women are
increasingly experiencing a longer life expectancy, and, thus,
the potential for anti-osteoporosis therapy to span multiple
decades is a growing consideration.
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