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Amdﬁ‘ history: Tankyrase is a poly (ADP-ribose) polymerase that leads to ubiquitination and degradation of target proteins.
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pathway, they effectively act as Wnt inhibitors. Small molecule tankyrase inhibitors are being investigated as
drug candidates for cancer and fibrotic diseases, in which the Wnt pathways are aberrantly activated. Tankyrase
is also reported to degrade the adaptor protein SH3BP2 (SH3 domain-binding protein 2). We have previously
shown that SH3BP2 gain-of-function mutation enhances receptor activator of nuclear factor-<B ligand
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Tankyrase (RANKL)-induced osteoclastogenesis in murine bone marrow-derived macrophages (BMMs). Although the in-
SH3BP2 teraction between tankyrase and SH3BP2 has been reported, it is not clear whether and how the inhibition of

tankyrase affects bone cells and bone mass. Here, we have demonstrated that tankyrase inhibitors (IWR-1,
XAV939, and G007-LK) enhanced RANKL-induced osteoclast formation and function in murine BMMs and
human peripheral blood mononuclear cells through the accumulation of SH3BP2, subsequent phosphorylation
of SYK, and nuclear translocation of NFATc1. Tankyrase inhibitors also enhanced osteoblast differentiation and
maturation, represented by increased expression of osteoblast-associated genes accompanied by the accumula-
tion of SH3BP2 protein and enhanced nuclear translocation of ABL, TAZ, and Runx2 in primary osteoblasts. Most
importantly, pharmacological inhibition of tankyrase in mice significantly decreased tibia and lumbar vertebrae
bone volumes in association with increased numbers of osteoclasts. Our findings uncover the role of tankyrase
inhibition in bone cells and highlight the potential adverse effects of the inhibitor on bone.

© 2017 Elsevier Inc. All rights reserved.
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diseases, in which increased activation of Wnt/3-catenin pathway con-
tributes to the pathogenesis [3-6]. Some tankyrase inhibitors are cur-

1. Introduction

Tankyrase (tankyrase 1 and 2) is a member of the poly(ADP-ribose)
polymerase (PARP) family [1]. Tankyrase, also known as PARPS5, inter-
acts with target proteins and catalyzes poly(ADP-ribosyl)ation, leading
to polyubiquitination and degradation of the target proteins [1]. One
of the target proteins is AXIN, a negative regulator of the canonical
Wnt/B-catenin pathway [2]. Tankyrase induces the degradation of
AXIN and subsequently upregulates Wnt/B-catenin signaling [2]. Thus,
tankyrase inhibitors operate as Wnt/(3-catenin inhibitors through the
accumulation of AXIN [2]. Tankyrase inhibitors are attracting attention
as promising therapeutic options for various cancers and fibrotic

Abbreviations: PARP, poly(ADP-ribose) polymerase; SH3BP2, SH3 domain-binding
protein 2; BMMs, bone marrow-derived macrophages; WT, wild-type; MNCs, multinucle-
ated cells; CBP, CREB-binding protein; OIM, osteogenic induction medium.
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rently in preclinical testing [7,8].

Tankyrase is reported to mediate the degradation of SH3-domain
binding protein 2 (SH3BP2) [9]. SH3BP2 is an adaptor protein predom-
inantly expressed in immune cells, including macrophages/osteoclasts,
as well as in osteoblasts [10,11]. SH3BP2 regulates intracellular signaling
pathways such as protein tyrosine kinases ABL1 and SYK [12-14]. We
have previously demonstrated that the overexpression of wild-type
SH3BP2 protein in macrophages promotes receptor activator of nuclear
factor-kB ligand (RANKL)-induced osteoclastogenesis [12,15]. SH3BP2
gain-of-function mutant mice exhibit systemic osteopenia owing to ab-
errantly increased osteoclast formation and function in response to
RANKL [12,15]. In contrast, SH3BP2 deficiency impairs osteoclast differ-
entiation and function [11,16], which illustrates the essential role of
SH3BP2 in osteoclastogenesis. Levaot et al. demonstrated that tankyrase
interacts with SH3BP2 and treatment with a tankyrase inhibitor in-
creases osteoclast formation in cultured bone marrow-derived macro-
phages (BMMs) [9]. Therefore, while tankyrase inhibitor has the
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potential to affect bone volume, no studies exploring the influence of
pharmacological tankyrase inhibition in vivo have been conducted.

It is highly likely that tankyrase is also involved in osteoblast differ-
entiation. Osteoblasts express AXIN and SH3BP2 and their intracellular
stability is regulated by tankyrase. AXIN negatively regulates osteo-
blastogenesis through suppressing Wnt/3-catenin signaling [17,18]. In-
terestingly, it has been reported that SH3BP2-deficient mice exhibit
osteoporosis due to defective osteoblastogenesis [11,19]. Thus,
SH3BP2 may positively regulate osteoblastogenesis. It is therefore es-
sential to investigate whether tankyrase or tankyrase inhibition affects
osteoblast differentiation and maturation.

In the present study, we investigated the in vitro effects of tankyrase
inhibitors on osteoclasts and osteoblasts. We also set out to determine
whether pharmacological inhibition of tankyrase could affect bone
mass in mice.

2. Materials and methods
2.1. Mice

Wild-type (WT) C57BL/6 ] male mice were purchased from CLEA
Japan Inc. (Osaka, Japan). All mice were housed in groups of 3-5 per
cage, and maintained at 22 °C under a 12:12 h light/dark cycle with
free access to water and standard laboratory food (MF diet, Oriental
Yeast Co., Tokyo, Japan). All animal experiments were approved by the
Animal Research Committee of Kawasaki Medical School (Nos. 14-094,
14-102, and 15-088). All experimental procedures were conducted in
accordance with institutional and NIH guidelines for the humane use
of animals.

2.2. Reagents and antibodies

Recombinant murine and human M-CSF and RANKL proteins were
purchased from Peprotech (Rocky Hill, NJ, USA). IWR-1-endo (IWR-1)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
G007-LK, XAV939, and ICG-001 were purchased from Selleck Chemicals
(Houston, TX, USA). FK506 was obtained from Sigma-Aldrich (St. Louis,
MO, USA). Anti-SH3BP2 antibody (H00006452-M01) was obtained
from Abcam (Cambridge, MA, USA). Anti-ACTIN antibody (A2066)
was obtained from Sigma-Aldrich. Anti-Phospho-SYK (Tyr352) anti-
body (2701), anti-total SYK antibody (13198), anti-NUP98 antibody
(2598), anti-GAPDH antibody (2118), anti-c-FOS antibody (2250),
anti-AXIN1 antibody (2074), anti-p-catenin antibody (8480), anti-
RUNX2 antibody (8486), HRP-conjugated anti-rabbit IgG antibody
(7074), and HRP-conjugated anti-mouse IgG antibody (7076) were ob-
tained from Cell Signaling Technology (Danvers, MA, USA). Anti-NFATc1
antibody (sc-7294), anti-NF-«B p50 antibody (sc-1190), anti-ABL anti-
body (sc-56,887), and HRP-conjugated anti-goat IgG antibody (sc-
2354) were obtained from Santa Cruz Biotechnology.

2.3. Osteoclast differentiation assay

Primary mouse bone marrow cells were isolated from the long
bones of 6- to 10-week-old WT mice as previously described [12,20].
Bone marrow cells were cultured on Petri dishes for 2-4 h at 37 °Cin
5% CO,. To minimize the contamination of stromal cells, only non-
adherent cells were collected and used for the following bone marrow
cell cultures. Non-adherent bone marrow cells were seeded on 48-
well plates at a density of 5.0 x 10* cells/well and incubated for 2 days
in a-MEM supplemented with 10% FBS containing M-CSF (25 ng/mL)
at 37 °Cin 5% CO,. After preculture for 2 days, BMMs were stimulated
with M-CSF (25 ng/mL) and RANKL at the indicated concentrations for
an additional 3 days in the presence of the tankyrase inhibitors (IWR-
1, XAV939, and GO07-LK). BMMs were seeded at a density of 0.5 x 10°
cells/well on 48-well plates. The formation of tartrate-resistant acid
phosphatase (TRAP)-positive multinucleated cells (TRAP+ MNCs)

was visualized by TRAP staining (Sigma-Aldrich). TRAP + MNCs with
three or more nuclei were counted as osteoclasts. Murine pre-
osteoclastic RAW264.7 cells were obtained from ATCC (Manassas, VA,
USA). To investigate osteoclast differentiation, RAW264.7 cells were
plated at a density of 4.0 x 103 cells/well with RANKL (50 ng/mL) in
the presence of tankyrase inhibitors. The formation of TRAP + MNCs
was quantified after 4 days of treatment with RANKL treatment. TRAP
activity in culture supernatant was determined as described previously
[12].

To compare against other tankyrase inhibitors, we used a [3-catenin/
CBP inhibitor, ICGO01, which belongs to another class of Wnt inhibitors.
ICGOO01 is a small molecule that specifically inhibits T-cell factor/p-
catenin transcription in a CREB-binding protein (CBP)-dependent fash-
ion. ICGOO01 selectively blocks the 3-catenin/CBP interaction without in-
terfering with the 3-catenin/p300 interaction [21].

2.4. Resorption assay

To quantify the mineral resorbing activity of osteoclasts, a resorption
assay was performed on calcium phosphate-coated plates [12,16]. Bone
marrow cells were plated at 2.0 x 10* cells/well on Osteo Assay Surface
96 Well Multiple Well Plates (Corning Inc., Corning, NY, USA) and cul-
tured with M-CSF (25 ng/mL) and RANKL (50 ng/mL) in the presence
of tankyrase inhibitors (IWR-1, GO07-LK) or (3-catenin/CBP inhibitor
(ICG001) for 10 days. Resorption areas were visualized by von Kossa
staining. Images were acquired via a BZX-700 microscope (Keyence,
Osaka, Japan), and the resorption area was quantified using Image] soft-
ware (NIH, Bethesda, MD). The resorption area was calculated as a per-
centage of the total area of the calcium phosphate-coated well.

2.5. Real-time quantitative PCR (qPCR)

Total RNA was extracted using RNAiso Plus (Takara Bio, Shiga, Japan)
and solubilized in RNase-free water as previously described [12,20].
cDNA was synthesized using Prime Script RT reagent Kit (Takara Bio).
qPCR reactions were performed using SYBR Green PCR Master Mix
(Takara Bio) with StepOne Plus System (Thermo Fisher Scientific, Wal-
tham, MA, USA). Gene expression levels relative to Hprt were calculated
by AACt method and normalized to baseline controls as indicated in
each experiment. The qPCR primers used in this study are listed in Sup-
plemental Table 1. All qPCR reactions yielded products with single peak
dissociation curves.

2.6. Western blot

For western blot analysis, cells were washed with ice-cold PBS and
lysed with RIPA lysis buffer (Sigma-Aldrich) with protease and phos-
phatase inhibitor cocktails (Sigma-Aldrich) [12,16]. For nuclear and cy-
toplasmic fractionation, cells were lysed on ice in cytoplasmic lysis
buffer (10 mM HEPES (pH 7.9), 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
DTT, 0.05% Igepal), and nuclei were sedimented by centrifugation and
lysed in nuclear lysis buffer (2% SDS, 2 M urea, 8% sucrose, 20 mM sodi-
um p-glycerophosphate, 1 mM NaF, and 5 mM Na,VO,). Protein con-
centrations were determined by BCA Protein Assay Kit (Thermo Fisher
Scientific). Protein samples were resolved by SDS-PAGE and transferred
to nitrocellulose membranes. After blocking with 5% skim milk or 5%
BSA in TBST buffer, membranes were incubated with primary antibod-
ies, followed by incubation with appropriate HRP-conjugated species-
specific secondary antibodies. Bands were detected using SuperSignal
West Dura or Femto chemiluminescent substrate (Thermo Fisher Scien-
tific) and visualized by ImageQuant LAS-4000 (GE Healthcare, Little
Chalfont, UK). ACTIN, GAPDH, and nuclear pore complex proteins
Nup98-Nup96 (NUP98) were used as loading controls to normalize
the amount of protein in the indicated fractions.
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2.7. Human peripheral blood mononuclear cells (PBMCs) experiments

Whole blood was obtained from a healthy donor under a protocol
approved by the Research Ethics Committee of Kawasaki Medical School
(No. 2563). The donor provided prior informed consent. PBMCs were
isolated from whole blood by density gradient separation using
Lymphoprep (Axis-Shield, Oslo, Norway) [22]. PBMCs were cultured
on 100-mm dishes with human M-CSF (20 ng/mL) at 37 °C in a 5%
CO, atmosphere to generate osteoclast precursor cells for 9 days. Cells
(2 x 10° cells/mL) were then seeded into the indicated plates and stim-
ulated with M-CSF (20 ng/mL) and RANKL (25 ng/mL) in the presence
of IWR-1 (1 uM), GO07-LK (0.1 uM), ICGOO1 (1 uM), or olaparib (0.1
uM, a PARP1 inhibitor). To determine osteoclast differentiation and
function, TRAP staining, fluorescent staining, and a resorption assay
were performed at specific time points.

2.8. Immunofluorescent staining

RAW?264.7 cells (4.0 x 10°/well) were plated onto 8-well chamber
slides (BD Falcon, Franklin Lakes, NJ, USA) and stimulated with RANKL
(50 ng/mL) for an additional 4 days in the presence of IWR-1 or
XAV939. The cells were fixed in 4% PFA, permeabilized using 0.2% Triton
X-100, blocked in 2% normal goat serum/2.5% BSA/PBS, and incubated
with anti-NFATc1 antibody at 4 °C overnight [12,20]. NFATc1 was de-
tected by Alexa Fluor-555-conjugated goat anti-mouse IgG antibody
(Thermo Fisher Scientific), and ACTIN and the nuclei were co-stained
with Alexa Fluor-488-conjugated phalloidin (Thermo Fisher Scientific)
and DAPI (Santa Cruz Biotechnology), respectively. Fluorescent images
of the cells were acquired with a BZX-700 microscope. Primary BMMs
and PBMCs were also stained with Alexa Fluor-488-conjugated
phalloidin and DAPIL

2.9. Osteoblast differentiation assay

Primary osteoblasts were prepared from the calvaria of 3-6-day-old
neonatal WT mice by the sequential enzymatic digestion method [23,
24]. In brief, the calvaria were gently incubated with 0.2% collagenase
and 0.1% trypsin in a-MEM at 37 °C for 15 min, and cells were collected
in supernatants. Incubation was repeated six consecutive times. Cells
obtained during the last five digestion processes were harvested collec-
tively in c-MEM containing 10% FBS, followed by centrifugation at 430
x g for 5 min. The pellets were suspended in a-MEM containing 10%
FBS. Cells were plated at a density of 4.0 x 10* cells/mL in appropriate
dishes and cultured for indicated periods at 37 °C under 5% CO, with a
change in media every 3 days. Throughout the experiments, osteogenic
induction medium (OIM) consisting of a-MEM, 10% FBS, 50 pg/mL
ascorbic acid, and 2 mM sodium B-glycerophosphate were used to pro-
mote osteoblastic differentiation. To perform alizarin red staining, cells
were fixed with 95% ethanol, washed twice with water, and incubated
with 2% alizarin red staining solution (pH 4.2) for 10 min at room tem-
perature, followed by five subsequent washes with water. To quantify
mineralization of the matrix, the area of the nodules was analyzed
using Image] software (n = 3 wells/group) [23].

2.10. In vivo tankyrase inhibitor (G007-LK) administration

Seven-week-old WT male mice were fed on a diet containing 400 pig/
day of GO07-LK for 4 weeks. Mice were housed in groups of two per
plastic cage. Food intake per cage was monitored daily and body
weights were recorded weekly. After 4 weeks, right hind limbs, lumber
vertebrae (L6), and serum samples were obtained from the mice follow-
ing euthanasia under sevoflurane-induced anesthesia. We used these
samples for the analysis of micro computed tomography (micro-CT),
histology, and ELISA as described below.

2.11. Micro-CT analysis

Bone samples were fixed in 4% PFA in PBS for 2 days, and PFA-fixed
hind limbs and lumber vertebrae were immersed in 70% ethanol. Three-
dimensional trabecular microarchitectures of the right tibias and verte-
brae were evaluated using a micro-CT system (Ele Scan mini; Nittetsu
Elex, Tokyo, Japan) with an X-ray energy of 45 kVp (145 pA) [12,25].
The voxel resolution of the tibia is 10 um, and that of the vertebra is
15 pm. The trabecular and cortical bone properties of tibias and lumber
vertebrae were analyzed using 3D image analysis software (TRI/3D-
BON; Ratoc System Engineering, Tokyo, Japan). The region of trabecular
bone analyzed in tibias comprised 100 slices of secondary spongiosa im-
mediately adjacent to the primary spongiosa (starting 0.5 mm from the
distal border of the growth plate); that of the vertebrae comprised the
entire vertebral body area (approximately 140 slices); and that of corti-
cal bone comprised 50 slices of the midshaft (1 mm proximal to the
tibiofibular junction) of the tibia. All micro-CT parameters are described
according to international guidelines [26].

2.12. Histological analysis

Bone samples were fixed in 4% PFA in PBS for 2 days, decalcified for
4 weeks in 10% EDTA (pH 7.2) at 4 °C, and then embedded in paraffin.
Sections (3 um) were stained with hematoxylin and eosin (H&E).
TRAP staining was performed to visualize TRAP-positive cells, and the
sections were counterstained with methyl green. Histological measure-
ments were performed in a blinded manner using Image]J software. The
number of osteoclasts per bone surface (N-Oc/BS) and osteoclast sur-
face per bone surface (0c.S/BS) were determined. The terminology
and units are described according to international recommendation
[27].

2.13. ELISA assay

Mouse TRAP isoform 5b (TRAP5b), amino-terminal propeptide of
type I procollagen (PINP), and osteocalcin (OCN) concentrations in
serum were measured with mouse TRAP™ Assay (Immunodiagnostic
Systems, Tyne, UK), mouse PINP ELISA kit (MyBioSource, San Diego,
CA, USA), and mouse osteocalcin EIA kit (Biomedical Technologies Inc.,
Stoughton, MA, USA), respectively. All assays were batched and run si-
multaneously with a single kit according to the manufacturers'
protocols.

2.14. Statistical analysis

All values are given as means 4 SD. Statistical analysis was per-
formed by the two-tailed unpaired Student's t-test to compare two
groups and one-way ANOVA (Tukey post-hoc test) to compare three
or more groups using GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA). P values <0.05 were considered statistically significant.

3. Results

3.1. Tankyrase inhibitors enhanced RANKL-induced osteoclast differentia-
tion and function in BMMs

To thoroughly examine the effect of tankyrase inhibitors on osteo-
clastogenesis, we used three small molecules (IWR-1, GO07-LK, and
XAV939), all of which specifically inhibit tankyrase activity [28]. IWR-
1 and XAV939 are widely used in pharmacological experiments, and
GO007-LK is a newly developed inhibitor with higher bioavailability [3].
We found that treatment with the three tankyrase inhibitors in BMMSs
culture increased RANKL-induced TRAP + MNCs formation in a dose-
dependent manner (Fig. 1A, B, Supp. Fig. 1A). TRAP activity in culture
medium was also significantly increased in tankyrase inhibitor-treated
BMM cultures (Supp. Fig. 1B), and IWR-1 promoted actin ring formation
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Fig. 1. Tankyrase inhibitors enhanced receptor activator of nuclear factor-«B ligand (RANKL)-induced osteoclast differentiation and function. Bone marrow cells were isolated from wild-
type (WT) mice. Non-adherent bone marrow cells were seeded at a density of 5.0 x 10* per well on 48-well plates. After 2-day preculture with M-CSF (25 ng/mL), bone marrow-derived
macrophages (BMMs) were stimulated with RANKL in the presence of IWR-1, G007-LK, or ICG0O01 at the indicated time points. (A) Tartrate-resistant acid phosphatase (TRAP) staining
images of BMM s stimulated with RANKL in the presence of tankyrase inhibitors at indicated concentrations for 72 h. (B) Quantitation of TRAP-positive multinucleated cells (TRAP +
MNCs) per well. (C) qPCR analysis of osteoclast-associated gene expression. Bone marrow cells were isolated from WT mice. After preculture for 2 days with M-CSF (25 ng/mL), BMMs
were stimulated with RANKL (10 ng/mL) in the presence of IWR-1 (2 uM), GO07-LK (0.1 uM), or ICGO01 (2 uM) for 48 h. Gene expression levels relative to Hprt were calculated and
normalized to the level of expression of non-treated control cells at 48 h. (D) Resorption assays: BMMs were cultured with RANKL (50 ng/mL) in the presence of IWR-1 (2 uM), GO07-
LK (0.1 uM), or ICG001 (2 uM) on calcium phosphate-coated plates for 10 days. After removal of the cells, resorption areas were visualized by von Kossa staining. Data are presented as
means =+ SD. * P < 0.05 compared to RANKL-treated cells without an inhibitor. n.s. = not significant.

in response to RANKL (Supp. Fig. 1C). The tankyrase inhibitors alone did
not induce the formation of TRAP + MNCs without RANKL stimulation
(data not shown).

We measured the mRNA expression levels of genes associated with
osteoclastogenesis, such as osteoclast-associated receptor (Oscar), ca-
thepsin K (Ctsk), acid phosphatase 5 (Acp5), carbonic anhydrase II
(Car2), dendritic cell-specific transmembrane protein (Dcstamp), osteo-
clast stimulatory transmembrane protein (Ocstamp), and nuclear factor
of activated T-cells cytoplasmic 1 (NFATc1) isoform A (Nfatc1a) [12,16].
gPCR analysis revealed that the tankyrase inhibitors significantly

increased the expression of these osteoclast-associated genes in BMMs
48 h after RANKL stimulation (Fig. 1C).

We next examined osteoclast function by mineral resorption assay.
The tankyrase inhibitors dramatically enhanced the area of calcium
phosphate resorption (Fig. 1D). In murine preosteoclastic RAW264.7
cell cultures, as well as in primary BMMs, tankyrase inhibitors increased
TRAP + MNCs formation, actin ring formation, and the expression of
osteoclast-associated genes (Supp. Fig. 2A-D). In accordance with pre-
vious findings [9], these results demonstrated that tankyrase inhibitors
enhanced osteoclast formation and function.
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Tankyrase inhibitors are reported to have a suppressive effect on the
Wnt/p-catenin signaling pathway [3]. We also compared the effects on
osteoclastogenesis between tankyrase inhibitors and ICG001, a p-
catenin/CBP inhibitor [21]. We found that ICG0O1 did not promote the
formation of RANKL-induced TRAP + MNCs (data not shown), the ex-
pression of osteoclast-associated genes (Fig. 1C), or resorption activity
(Fig. 1D). These results suggest that the osteoclast-inducing effect of
tankyrase inhibitors is unlikely to be mediated by the inhibition of
Whnt/B-catenin signaling.

3.2. Tankyrase inhibitors stabilized SH3BP2 and subsequently activated SYK
and NFATc1 in RANKL-stimulated BMMs

Tankyrase is reported to degrade SH3BP2 protein [9]. In the present
study, we found that both IWR-1 and GO07-LK elevated the levels of
SH3BP2 protein (Fig. 2A) while the mRNA levels were unchanged
(Fig. 2B), confirming the post-transcriptional regulation of SH3BP2 pro-
tein by tankyrase inhibitors. We further investigated intracellular sig-
naling. SYK is an SH3BP2-binding partner, and phosphorylated SYK
controls downstream signaling events that lead to the activation of
NFATCc1, a master transcription factor for osteoclastogenesis [12,15,29].
We found that the phosphorylation of SYK increased in the presence
of IWR-1 (Fig. 2C). Immunoblot analysis revealed that RANKL induced
nuclear localization of NFATc1, and IWR-1 dramatically augmented
the expression of NFATc1 compared to that of non-treated BMMs at
48-96 h (Fig. 2D). Moreover, immunofluorescent staining revealed
that tankyrase inhibitors also increased NFATc1 nuclear expression in
RAW?264.7 cells (Supp. Fig. 3). To confirm whether NFATc1 functions
downstream of tankyrase inhibition, IWR-1-treated BMMs were treated
with a calcineurin inhibitor FK506 in the presence of RANKL. FK506
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diminished the osteoclast-promoting effect of the tankyrase inhibitor
in a dose-dependent manner (Supp. Fig. 1D). These results indicate
that NFATc1 is a crucial downstream target of tankyrase inhibitors in
osteoclasts.

Nuclear translocation of NF-kB and c-FOS has been shown to precede
the robust induction of NFATc1 [12,29]. Therefore, we examined the
protein levels in the nuclei to determine whether tankyrase inhibitors
enhance NF-<B and c-FOS activation prior to the induction of NFATc1.
RANKL induced nuclear localization of NF-«B (p50) and c-FOS at 48 h,
but IWR-1 treatment did not affect the expression levels of these tran-
scription factors (Fig. 2E). Collectively, these results indicate that
tankyrase inhibitors promote osteoclast formation via increased phos-
phorylation of SYK and subsequent nuclear translocation of NFATc1
without affecting NF-«xB and c-FOS pathways.

3.3. Tankyrase inhibitors enhanced osteoclast differentiation and function
in human PBMCs

Some functional differences have been reported between human
and mouse tankyrases [30]. We therefore examined whether tankyrase
inhibitors could promote osteoclastogenesis in human macrophages.
We found that tankyrase inhibitors increased the formation of TRAP +
MNCs, the formation of the actin ring, and mineral resorbing activity
(Fig. 3A, B), indicating that tankyrase inhibition enhances osteoclast for-
mation and function in human PBMCs as well as mouse BMMs.

To examine whether the enhancement of osteoclastogenesis is me-
diated specifically by tankyrase (also known as PARP5), we tested the
effect of a PARP1 inhibitor, olaparib, on osteoclastogenesis. Olaparib is
clinically approved anti-cancer drug for ovarian cancer and breast can-
cer [31,32]. In contrast to the apparent effect of tankyrase inhibitors,

A B Sh3bp2 C
(<) IWR-1 GO07-LK ICG001 5 1 ) IWR-
§ (72 kDa)
SH3BP2 L (75 kDa) B 1 pY352-SYK | BR| (70100
-«
% 0.5 total-SYK - (72 kDa)
ACTIN ---- (42 kDa) H -- . 1
2 00 E
& T3 GAPDH . (37 kDa)
E 2B
2&8¢
[}
Nuclear fraction Cytoplasmic fraction
D 48 hr 72hr 48 hr T2hr E O RANKL
(-) RANKL (-) RANKL (-) RANKL () RANKL (-) IWR-1 () IWR-1
TET 2T ECTE ’.*E’r;’r;?é NF-kB p50 **“?M“’“”’”J
|- 130 kDa
¢-FOS . (62 kDa)
NFATecl -- e - - w8 [ 100kDa ——
L 70kpa  NUP9S | e gumey e | (o5 0:)
NUP98 | e “ I (98 kDa)
GAPDH | [[= = = - e e | 7100

Fig. 2. Tankyrase inhibitors augmented the nuclear translocation of NFATc1 via the accumulation of SH3BP2. Bone marrow cells were isolated from WT mice. After preculture for 2 days
with M-CSF (25 ng/mL), cells were stimulated with RANKL (50 ng/mL) in the presence of IWR-1, GO07-LK, or ICGOO1. Protein samples were collected at the indicated time points.
(A) Western blot analysis of SH3BP2 in WT BMMs after culture for 2 days in the presence of IWR-1 (2 uM), GO07-LK (0.1 uM), or ICG001 (2 puM). (B) qPCR analysis of Sh3bp2 in WT
BMMs. BMMs were cultured in the presence of IWR-1 (2 uM), GO07-LK (0.1 pM), or ICG001 (2 uM) for 48 h. Gene expression levels relative to Hprt were calculated and normalized to
the level of expression of non-treated control cells at 48 h. (C) Western blot analysis of the phosphorylation of SYK stimulated with RANKL (50 ng/mL) in the presence of IWR-1 (2
1M) at 48 h. (D) Western blot analysis of NFATc1. NFATc1 expression levels in nuclear and cytoplasmic fractions were determined at the indicated time points. (E) Western blot

analysis of NF-kB and c-FOS in nuclear fractions at 48 h.
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Fig. 3. Tankyrase inhibitors promoted osteoclast differentiation and function in human peripheral blood mononuclear cells (PBMCs). Human PBMCs were isolated in a blood sample from a
healthy individual. After preculture for 9 days with M-CSF (20 ng/mL), cells were stimulated with RANKL (25 ng/mL) in the presence of IWR-1 (1 uM), GO07-LK (0.1 M), ICG0O01 (1 pM), or
olaparib (0.1 uM). (A) (Top) TRAP staining images of PBMCs stimulated with RANKL in the presence of inhibitors at 8 days. (Middle) Fluorescent staining of RANKL-stimulated PBMCs. Cells
were fixed at 8 days. ACTIN and nuclei were visualized with Alexa Fluor-488-conjugated phalloidin (green) and DAPI (blue), respectively. (Bottom) Resorption assay. The resorbed area
was visualized by von Kossa staining after RANKL treatment for 12 days. (B) Resorbed areas (%) on calcium phosphate-coated plates were quantified (n = 3 per group). Data are presented
as means =+ SD. * P < 0.05 compared to RANKL-treated cells without an inhibitor. n.s. = not significant.

olaparib did not affect osteoclastogenesis in human PBMCs (Fig. 3A, B),
suggesting that the promotion of osteoclastogenesis by tankyrase inhib-
itors is not mediated by non-specific PARsylation.

3.4. Tankyrase inhibitors enhanced osteoblast differentiation despite their
Whnt inhibitory effect

We subsequently examined whether tankyrase inhibitors could af-
fect osteoblast differentiation and maturation. Murine primary calvaria
cells were cultured with tankyrase inhibitors (IWR-1, GO07-LK) or -
catenin/CBP inhibitor (ICG001) in osteogenic induction medium con-
taining ascorbic acid and B-glycerophosphate. We first analyzed the ex-
pression of osteoblast differentiation marker genes—runt-related
transcription factor-2 (Runx2), osterix (Osx), alkaline phosphatase
(Alp), osteocalcin (Ocn), and bone sialoprotein (Bsp)—by qPCR analysis.
We found that the tankyrase inhibitors had significantly increased the
expression of Runx2, Osx, and Alp mRNA on day 14 (Fig. 4A). Moreover,
treatment with tankyrase inhibitors had dramatically increased Ocn ex-
pression by 5- to 8-fold and Bsp expression by 3- to 5-fold on day 14
(Fig. 4A). Alizarin red staining showed that tankyrase inhibitors signifi-
cantly increased mineralization (Fig. 4B, C). These findings were in con-
trast with those of ICG-001-treated cells, which significantly suppressed
the expression of osteoblast marker genes and mineral deposition
(Fig. 4A-C). These results suggest that tankyrase inhibitors promote 0s-
teoblast differentiation and maturation, even though the inhibitors have
a suppressive effect on Wnt/R-catenin signaling [3].

3.5. Tankyrase inhibitors enhanced nuclear translocation of ABL and RUNX2
in primary osteoblasts

We evaluated intracellular signaling during osteoblast differentia-
tion using murine primary calvaria cells. Immunoblot analysis revealed
that tankyrase inhibitors IWR-1 and GO07-LK increased the expression
of both AXIN and SH3BP2 proteins, whereas ICGO01 had no effect on ex-
pression (Fig. 5A). It is worth noting that tankyrase inhibitors sup-
pressed the nuclear expression of 3-catenin (Fig. 5B), reflecting their
Whnt inhibitory effect.

ABL, a tyrosine kinase, binds to and is activated by SH3BP2 [33]. It
was recently reported that activated ABL assembles the transcriptional
factor complex of RUNX2 and transcriptional coactivator with the
PDZ-binding motif (TAZ) required for the differentiation of osteoblasts
[19]. We found that IWR-1 and GO07-LK enhanced the nuclear localiza-
tion of ABL, TAZ, and RUNX2 (Fig. 5C, D).

3.6. Tankyrase inhibitor induced bone loss in wild-type mice in vivo

To investigate whether the administration of a tankyrase inhibitor
affects bone mass in mice, seven-week-old WT male mice were fed on
a diet containing G007-LK for 4 weeks, and then their tibias and lumber
vertebrae were analyzed by micro-CT and histology. We tested G007-LK
in this study because it has greater in vivo stability and bioavailability
than other tankyrase inhibitors such as IWR-1 or XAV939 [3]. Body
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Fig. 4. Tankyrase inhibitors enhanced osteoblast differentiation and mineralization. Primary calvaria cells isolated from WT pups were cultured in the presence of IWR-1 (3 uM), GO07-LK
(0.3 uM), or ICG001 (3 pM) in osteogenic induction medium (OIM). (A) qPCR analysis of osteoblast-associated gene expression. Primary calvaria cells were cultured in the presence of IWR-
1,G007-LK, or ICG001 for 14 days. Gene expression levels relative to Hprt were calculated and normalized to the expression level of the cells cultured in OIM without inhibitors. (B) Alizarin
red staining images at day 24. (C) Quantitation of mineral nodule formation by alizarin red staining images at 24 days. Data are presented as means =+ SD. * indicates a significant increase
(P<0.05) compared to RANKL-treated cells without an inhibitor. { indicates a significant decrease (P < 0.05). n.s. = not significant.

weights and food intake were not affected by GOO7-LK administration
(Supp. Fig. 4A, B). No behavioral abnormalities were detected during
the observation period. Micro-CT analysis revealed that the trabecu-
lar bone volume (BV/TV) of proximal tibias was significantly de-
creased by approximately 30% in GO07-LK-treated mice compared
with control mice (Fig. 6A, B). Cortical bone thickness (Ct.Th) at the
midshaft of the tibias was also significantly decreased in GOO7-LK-
treated mice (Fig. 6C, D). The BV/TV of lumber vertebrae was signif-
icantly decreased by approximately 22% (Fig. 6E, F). A reduction in
bone volume was also observed in histological sections of tibias
and vertebrae (Fig. 7A).

The analysis of TRAP stained tibias revealed that osteoclast numbers
and surface areas were significantly increased in GO07-LK-treated mice
compared to control mice (Fig. 7B, C). Accordingly, the serum TRAP5b
level tended to be higher in GOO7-LK-treated mice compared to control
mice (Fig. 7D). There were no significant differences in the serum levels

of PINP and OCN between G007-LK-treated mice and control mice
(Fig. 7E, F).

4. Discussion

Tankyrase inhibitors have been investigated as promising drug can-
didates for cancer and fibrotic diseases, during which the Wnt pathways
are aberrantly activated [3-7]. However, tankyrase inhibitors might
have adverse effects on bone tissue. In this study, we investigated the ef-
fects of the pharmacological inhibition of tankyrase on bone metabolism
in vitro and in vivo. We observed that tankyrase inhibitors enhanced os-
teoclast differentiation and function through the accumulation of
SH3BP2 in murine macrophages and human PBMCs. In murine primary
osteoblasts cultures, tankyrase inhibitors promoted osteoblast differen-
tiation and maturation, despite the suppression of Wnt/3-catenin sig-
naling. Most importantly, systemic administration of a tankyrase
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Fig. 5. Osteoblast-promoting effect of tankyrase inhibitors. Primary calvaria cells isolated from WT pups were cultured in the presence of IWR-1 (3 uM), GO07-LK (0.3 pM), or ICG001 (3
puM) in OIM. Nuclear and cytoplasmic protein samples were collected at indicated time points and subjected to Western blot analysis of the indicated proteins. (A) Western blot analysis of
SH3BP2 and AXIN in the cytoplasmic fraction after culture for 10 days. (B) Western blot analysis of -catenin in the nuclear fraction after culture for 7 days. (C) Western blot analysis of ABL,
TAZ, and RUNX2 in the nuclear fraction after culture for 7 days. (D) The intensities of the bands were quantified, and the ratio of RUNX2 to NUP98 was calculated and normalized to that of

non-treated cells.

inhibitor resulted in bone loss with increased numbers of osteoclasts in
mice.

Tankyrase (tankyrase 1 and 2) is ubiquitously expressed in various
tissues [1]. Tankyrase 1 and tankyrase 2 generally have overlapping
functions, shown by the development of subtle phenotypes on the dele-
tion of either gene [9,34]. Since double knockout mice of both tankyrase
1 and 2 genes show embryonic lethality [34], Levaot et al. generated ra-
diation chimeric mice lacking tankyrase 1 and 2 in hematopoietic cells.
In these mice, tankyrase 1 was knocked down in tankyrase 2-deficient
bone marrow cells by using a lentivirus harboring tankyrase 1-specific
shRNA, and the infected bone marrow cells were transplanted into
tankyrase 2-deficient mice. The group reported that the depletion of
tankyrase 1 and 2 in hematopoietic cells results in an osteopenic pheno-
type associated with increased numbers of osteoclasts [9]. Our results,
showing that the pharmacological inhibition of tankyrase causes signif-
icant bone loss, are consistent with the results obtained in the genetic
deletion model in hematopoietic cells.

We aimed to further explore the detailed mechanisms by which
tankyrase inhibition promotes osteoclastogenesis, and obtained several
pieces of additional data. First, all three tankyrase inhibitors (IWR-1,
XAV939, and GO07-LK) enhanced RANKL-induced osteoclast formation
and function in murine BMMs, RAW264.7 cells, and human PBMCs. Sec-
ond, tankyrase inhibitors significantly increased the expression of
osteoclast-associated genes such as Oscar, Ctsk, Acp5, Car2, Dcstamp,
Ocstamp, and Nfatc1a in RANKL-stimulated BMMs. Third, tankyrase in-
hibitors increased the phosphorylation of SYK and the subsequent nu-
clear translocation of NFATc1 in RANKL-stimulated BMMs, without
affecting NF-B and c-FOS pathways. Based on these results, we con-
cluded that the inhibition of tankyrase enhances osteoclastogenesis in
murine and human cells.

Tankyrase inhibitors increased the amount of SH3BP2 protein, and
led to enhanced osteoclastogenesis in murine macrophages and
human PBMCs. The findings recapitulate the mechanisms underlying
the human genetic disease cherubism (OMIM#118400). Cherubism is
an autosomal dominant craniofacial disorder characterized by excessive

macxillary and mandibular bone resorption associated with activated os-
teoclasts [35,36]. Cherubism is caused by mutations in the SH3BP2 gene
[37]. Tankyrase recognizes SH3BP2 protein and represses SH3BP2 pro-
tein levels through ADP-ribosylation and subsequent ubiquitination
[9]. Cherubism mutant SH3BP2 protein escapes the degradation process
[9,15]. Moreover, SH3BP2 gain-of-function mice, carrying the SH3BP2
cherubism mutation, exhibit systemic osteopenia owing to aberrantly
increased osteoclastogenesis due to hyper-responsiveness to RANKL
[12,15]. Our in vitro data and previous reports suggest that increased
amounts of SH3BP2 protein via tankyrase inhibition contribute to
bone loss in mice.

Tankyrase inhibitors are classified into two types: one targets the
nicotinamide subsite of the tankyrase protein, which is conserved in
various PARPs (e.g. XAV939), and the other targets a unique adenosine
subsite that is more potent and specific to tankyrase (e.g. IWR-1 and
G007-LK) [20]. XAV939 is reported to cross-react with PARP1 and
PARP2 with an ICso of 0.11 pM and 2.2 pM, respectively, due to the
high degree of conservation of the nicotinamide subsite between PARP
family members [2,38]. Thus, it has been assumed that the adenosine
subsite is a more desirable target for tankyrase 1/2-specific inhibition.
We did not observe any detectable differences in the effects among
the three tankyrase inhibitors in this study. Furthermore, a PARP1 inhib-
itor olaparib did not affect osteoclastogenesis in human PBMCs. We
therefore concluded that the effects of tankyrase inhibitors are mediat-
ed by tankyrase (PARP5)-specific inhibition but not by non-specific
PARP inhibition.

Another interesting observation made in the present study is that
the pharmacological inhibition of tankyrase promotes osteoblast differ-
entiation and mineralization in vitro. We observed that tankyrase inhib-
itors increased the expression of AXIN protein and suppressed the
nuclear expression of 3-catenin, reflecting their Wnt inhibitory effects.
These findings suggest that other molecules promote osteoblastogene-
sis, despite the suppression of Wnt/B-catenin signaling. This may be ex-
plained, at least in part, by the function of SH3BP2 in osteoblasts.
Osteoblasts express SH3BP2, and SH3BP2-deficient mice are reported
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Fig. 6. Decreased bone mass in mice by pharmacological tankyrase inhibition. Seven-week-old male WT mice were fed with diets containing with GO07-LK for 28 days (n = 4/group). Bone
samples were collected and subjected to micro-CT analysis. (A) Representative micro-CT images of the trabecular bone in the proximal tibia. (B) Bone volume per total volume (BV/TV),
trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th) in trabecular bone of proximal tibia. (C) Representative micro-CT images of cortical bone from
the midshaft of the tibia. (D) Cortical thickness (Ct.Th), cortical area fraction (Ct.Ar/Tt.Ar), cortical bone area (Ct.Ar), and total cross-sectional area (Tt.Ar) of the midshaft of tibias
(E) Representative micro-CT images of trabecular bone from lumber vertebra. (F) Bone properties of the trabecular bone from lumber vertebra. Data are presented as means 4 SD. * P

< 0.05 compared to control mice. n.s. = not significant.

to exhibit osteoporosis due to defective osteoblastogenesis [11,19].
SH3BP2 activates the tyrosine kinase ABL, which is required for the dif-
ferentiation of osteoblasts in association with the transcriptional coacti-
vator TAZ [19]. We found in our study that tankyrase inhibitors
increased the amount of SH3BP2 protein and the nuclear expression of
ABL, TAZ, and RUNX2. This suggests that elevated levels of SH3BP2
may contribute to the activation of the ABL-TAZ complex and conse-
quently to the acceleration of osteoblastogenesis. Other than SH3BP-
mediated pathways, tankyrase inhibitors have been reported to affect
PI3K signaling and telomere shortening [39,40]. We cannot exclude
the possibility that other molecules besides SH3BP2 also modulate os-
teoblastogenesis in tankyrase inhibitor-treated osteoblasts in vitro.
Although tankyrase inhibitors promoted osteoblast differentiation
and maturation in vitro, systemic administration of the inhibitor caused
significant bone loss in trabecular and cortical bones in mice. These find-
ings may reflect a higher susceptibility of osteoclasts to tankyrase inhib-
itors than osteoblasts. Indeed, GOO7-LK promoted RANKL-induced

osteoclast formation at an even lower concentration (0.01 puM)
(Fig. 1A). On the other hand, the osteoblast-promoting effect appeared
at a higher concentration (0.3 uM) of GO07-LK (Fig. 4), while a lower
concentration (0.01 uM) did not promote osteoblast differentiation or
mineralization (data not shown). Another possible consideration is
that the in vivo effects of tankyrase inhibitors on osteoblasts may be
modulated by several indirect mechanisms via other cells. In our
study, serum PINP and OCN levels were not elevated in tankyrase
inhibitor-treated mice. Thus, it is plausible that the osteoblast-
inducing effect of the inhibitor was not exerted in the mice. The findings
in radiation chimeric mice lacking tankyrase 1 and 2 in hematopoietic
cells, in which tankyrase activity is conserved in the osteoblasts [9],
could support this view because the results were similar to our observa-
tions in the pharmacological inhibition experiment. Conditional knock-
out of tankyrase in osteoblasts will likely be necessary to yield a
definitive conclusion on the direct effects of tankyrase inhibition on os-
teoblastogenesis in vivo.
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Since tankyrase inhibitors accumulate SH3BP2 protein in macro-
phages, we should be aware of another possible adverse effect. Macro-
phages from homozygote SH3BP2 gain-of-function mutant mice
exhibit prominent inflammatory responses against Toll-like receptor li-
gands in an SH3BP2 concentration-dependent manner [15]. Homozy-
gous mice spontaneously develop severe systemic macrophage-rich
organ inflammation of the lung, liver, and stomach in addition to a
marked osteopenic bone phenotype. To examine whether tankyrase in-
hibitors affect the response to inflammatory stimuli, RAW264.7 cells
were stimulated with lipopolysaccharides in the presence of tankyrase
inhibitor. We did not observe any increased inflammatory responses
in tankyrase inhibitor-treated RAW264.7 cells (Supp. Fig. 5). Further-
more, the administration of a tankyrase inhibitor to mice did not induce
any detectable inflammation-mediated phenotypes, at lease at the dose
we tested. Although we did not observe activated inflammation in
tankyrase inhibitor-treated macrophages and mice, we should consider

the possibility that higher concentrations of tankyrase inhibitors might
trigger macrophage-mediated inflammation.

In summary, we uncovered a novel function of tankyrase in osteo-
clasts and osteoblasts, and revealed that the pharmacological inhibition
of tankyrase causes systemic osteopenia due to increased numbers of
osteoclasts. These findings highlight the potential adverse effects of
tankyrase inhibitors on bone tissue.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bone.2017.10.017.
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