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Summary

Hajdu-Cheney syndrome (HCS), a rare autosomal disorder caused by heterozygous mutations in
NOTCHZ, is clinically characterized by acroosteolysis, severe osteoporosis, short stature,
neurological symptoms, cardiovascular defects, and polycystic kidneys. Recent studies identified
that aberrant NOTCH2 signaling and consequent osteoclast hyperactivity are closely associated
with the bone-related disorder pathogenesis, but the exact molecular mechanisms remain unclear.
Here, we demonstrate that sustained osteoclast activity is largely due to accumulation of NOTCH2
carrying a truncated C-terminus that escapes FBW7-mediated ubiquitination and degradation.
Mice with osteoclast-specific Fbw7 ablation revealed osteoporotic phenotypes reminiscent of
HCS, due to elevated Notch2 signaling. Importantly, administration of Notch inhibitors in Fow7
conditional knockout mice alleviated progressive bone resorption. These findings highlight the
molecular basis of HCS pathogenesis and provide clinical insights into potential targeted
therapeutic strategies for skeletal disorders associated with the aberrant FBW7/NOTCH2 pathway
as observed in patients with HCS.

eTOC Blurb

Fukushima et a/. demonstrated that the sustained osteoclast activity in Hajdu-Cheney syndrome
(HCS) is largely due to elevated protein abundance of the C-terminus truncating NOTCH2 mutant
that escapes FBW7-mediated ubiquitination and proteolysis, suggesting that the FBW7/NOTCH2
signaling pathway is a potential therapeutic target for osteolytic bone disorders, including HCS.
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Introduction

Bone metabolism and homeostasis are regulated by the bone remodeling activities of
osteoblasts and osteoclasts, and an imbalance in these activities leads to the development of
various skeletal disorders (Boyle et al., 2003; Rodan and Martin, 2000). Hajdu-Cheney
syndrome (HCS) [OMIM ID: 102500] is a rare autosomal dominant disorder characterized
by progressive bone abnormalities, accompanied with acroosteolysis, severe osteoporosis,
short stature, specific craniofacial features, wormian bones, neurological symptoms,
cardiovascular defects, and polycystic kidneys (Brennan and Pauli, 2001; Zanotti and
Canalis, 2014). HCS is associated with heterozygous truncating mutations in NOTCHZ,
encoding a single-pass transmembrane protein from the NOTCH receptor family (NOTCH1-
NOTCH4 in mammals) (Isidor et al., 2011; Simpson et al., 2011).

NOTCH2 plays critical roles in cell fate determination (Kopan and Ilagan, 2009). The spatial
and temporal regulation of Notch expression and modifications confer functional diversity to
the pathway. NOTCH?2 interaction with its single-pass transmembrane ligands, Delta/Jagged
proteins, generally expressed on the cell surface of adjacent cells, triggers a multi-step
proteolytic cleavage of the NOTCH protein adjacent to its transmembrane domains, partly
through activation of ADAM10/17 (extracellular) and the presenilin complex of proteases
(intracellular). Consequently, NOTCH2 cleavage releases the NOTCH?2 intracellular domain
(ICD), which translocates to the nucleus where it activates the transcription of various
downstream target genes (Kopan and llagan, 2009).

Previous studies revealed important roles of the Notch2 pathway in bone resorption
(Fukushima et al., 2008; Hilton et al., 2008; Isidor et al., 2011; Simpson et al., 2011).
Suppression of all Notch receptor activities via osteoblast-specific deletion of presenilin-1
and -2 leads to age-related osteoporosis, partly due to enhanced osteoclast formation (Hilton
et al., 2008). We previously showed that NMofchZ2 depletion in osteoclast precursors impairs
osteoclastogenesis, while ectopic Notch2 ICD expression facilitates osteoclast differentiation
(Fukushima et al., 2008). Interestingly, knock-in mice harboring the Notch292319X HCs
mutant exhibited osteopenia due to enhanced osteoclast formation, without significantly
affecting osteoblast number and activity (Canalis et al., 2016). This phenotype was
alleviated by an antibody against Notch2 negative regulatory region (NRR) (Canalis et al.,
2017). Thus, osteoclastic bone loss caused by sustained NOTCH2 activity may lead to HCS
pathogenesis.

NOTCHZ mutations identified in HCS are clustered in the last exon encoding a region rich
in proline-glutamate-serine-threonine (PEST sequence) (Isidor et al., 2011; Simpson et al.,
2011), which is implicated in proteasome-dependent protein degradation (Rechsteiner and
Rogers, 1996). These NOTCHZ mutations are either nonsense or missense variants, causing
an immature truncation of NOTCH2 protein that lacks the functional PEST domain (Isidor
etal., 2011; Simpson et al., 2011). Equivalent NO7TCHI mutations in the PEST sequence
were previously reported in cancer (Wang et al., 2015). For instance, truncated NOTCH1
ICD contributes to the development of T-cell acute lymphoblastic leukemia (T-ALL) (Weng
et al., 2004), indicating that deletion or truncation of PEST sequences confers gain of Notch
function.
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The ubiquitin proteasome system (UPS) plays critical roles in various cellular processes,
including cell cycle progression, immune response, and metabolism by targeting protein
substrates for ubiquitination (Hershko and Ciechanover, 1998). The approximately 600 E3
ubiquitin ligases encoded in the human genome confer substrate specificity in the UPS
system (L.i et al., 2008). The SCF (Skp1-Cullinl-F-box protein) complex belongs to the
Cullin-Ring type of E3 ligases (CRL), the largest family of E3 ligases (Deshaies and
Joazeiro, 2009; Petroski and Deshaies, 2005). SCF utilizes 69 variable F-box proteins as
substrate receptors, thereby providing the necessary diversity for specific enzymatic
reactions controlling downstream substrates protein stability (Nakayama and Nakayama,
2006; Wang et al., 2014). Among them, FBW?7 is one of the best-characterized F-box
proteins, which selectively target oncogenic proteins such as cyclin E, c-Myc, ¢-Jun, and
Mcl-1 for proteasome-dependent degradation (Davis et al., 2014; Wang et al., 2014). In
addition, FBW?7 mutations, deletions, or epigenetic silencing is frequently observed in
various cancers (Davis et al., 2014). /n vivo studies using tissue-specific FBIWW7 ablation or
knock-in mouse models confirmed FBW?7 tumor suppressive function, especially in the
context of leukemia and colorectal cancer (Davis et al., 2014; Wang et al., 2014).

FBW?7 has recently been implicated in osteoblast and chondrocyte differentiation
(Yumimoto et al., 2013), suggesting important roles of FBW7 as a modulator of skeletal
development. However, the molecular link between FBW?7 function and bone formation
under physiological and pathophysiological conditions remains unknown. Here, we
characterized NOTCH2 as a bona fide SCFFBW' substrate and further indicated that
NOTCH2 mutants of HCS escape SCFFBW7_catalyzed NOTCH?2 ubiquitination and
subsequent degradation. Osteoclast-specific Fow~7knockout mice exhibited osteoporotic and
acroosteolysis-like phenotypes, which are characteristic manifestations observed in patients
with HCS. Furthermore, treatment of Fbw~7 conditional knockout mice with Notch inhibitors
relieved the observed pathological bone phenotypes, suggesting that the FBW7/NOTCH2
signaling pathway is a potential therapeutic target for osteoclastic skeletal disorders,
including HCS.

Results
SCFFbW7 Controls NOTCH2 Protein Stability

NOTCHL1 is an unstable protein whose stability is largely controlled by proteasome-
dependent proteolysis (O’Neil and Look, 2007). However, the molecular mechanism
underlying NOTCH2 stability has not been characterized. NOTCH2 protein has a short half-
life compared to NOTCH1 (Figure 1A). This led us to speculate that NOTCH2 protein
stability is also regulated by the ubiquitin-proteasome pathway (Liu et al., 2016). Since CRL
is the largest family of E3 ubiquitin ligase and governs NOTCHL1 protein stability (O’Neil et
al., 2007; Thompson et al., 2007), we hypothesized that CRL negatively regulates NOTCH2
protein abundance. To identify which CRL complex interacts with NOTCH2, we performed
a co-immunoprecipitation (IP) analysis. NOTCH2 specifically interacted with Cullinl, a
scaffold subunit of SCF (Skp1-Cullinl-F-box protein) E3 ligase complex, but not with other
Cullin family members in cells (Figure 1B). Furthermore, depletion of CullinI led to
elevated protein abundance and stability of NOTCH2 in HeLa cells (Figures 1C and S1A),
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which in turn facilitated Jagged1-dependent accumulation of the NOTCH2 intracellular
domain (ICD) in the nucleus (Figures S1B and S1C). Furthermore, Skpl and Rbx1,
additional components of the SCF complex, also interacted with NOTCHZ2 in cells (Figures
S1D and S1E). Together, these data suggest a role for the SCF complex in regulating
NOTCH2 protein turnover.

We next investigated which F-box protein, the substrate recognition subunit of SCF,
regulates NOTCH2 proteolysis. FBW7 knockdown utilizing multiple shRNAs in HeL a cells
induced NOTCH2 protein accumulation, whereas no significant increase in NOTCH2
protein levels was observed in cells depleted of other related F-box proteins, including SKP2
and B-TRCP (Figure 1D). Furthermore, FBW?7 depletion significantly extended the half-life
of NOTCH2 (Figures 1E, 1F, and S1F) and enhanced Jaggedl-dependent nuclear
accumulation of NOTCH2 (Figures S1G and S1H). These results indicate that NOTCH2
accumulation may be largely due to increased protein turnover.

FBW?7 WD40-repeat domain is frequently mutated in cancer, notably at hot-spot positions
R465, R479, and R505 (Davis et al., 2014), which are crucial for the structural integrity of
the substrate recognition pocket. Wild-type (WT), but not the WD40-mutated FBW?7,
interacted with NOTCH2 ICD (Figure 1G). Furthermore, re-introducing WT FBW?7, but not
WD40-mutated FBW?7, in FBW7 '~ cells led to a decrease in protein abundance of
NOTCH2 (Figures 1H and S1I) due to FBW7-mediated shortened NOTCH?2 protein half-life
(Figures 11, S1J and S1K). NOTCHZ mRNA levels were not significantly affected following
depletion of Cullin1 and FBW?7 (Figures S1L and S1M). Taken together, these data indicated
that SCFFBWY primarily regulates NOTCH2 protein stability through post-translational
modification.

GSK3 Facilitates NOTCH2 Protein Degradation

Substrate recognition by FBW?7 typically requires prior phosphorylation of its substrates
within the consensus degron motif (Crusio et al., 2010). To identify the upstream modifying
enzyme(s) governing FBW?7 phosphorylation, we co-transfected NOTCH2 in 293T cells
with a set of protein kinases previously reported to modulate FBW?7 substrates, and assessed
their effects on NOTCH2 protein abundance. Notably, ectopic expression of active GSK3,
but neither a kinase-dead form of GSK3 (K85A) nor other kinases examined (Figures 2A
and S2A), diminished NOTCH?2 protein levels. Consistently, GSK3knockdown in HeLa
cells resulted in NOTCH2 protein accumulation (Figures 2B and S2B) without significant
changes in NOTCHZ mRNA levels (Figure S2C). GSK3 was previously shown to
phosphorylate NOTCH2 ICD and impact on NOTCH?2 transcriptional activity (Espinosa et
al., 2003). To further determine the functional impacts of GSK3-mediated NOTCH2
phosphorylation, we performed co-IP experiments following GSK3 inhibitor treatment.
Inhibition of GSK3 in 293T cells largely disrupted the interaction between FBW7 with
NOTCH2 (Figure 2C). Conversely, ectopic expression of GSK3 facilitated FBW7-directed
NOTCH2 ubiquitination (Figure 2D), while the inhibition of endogenous GSK3 activity
diminished the FBW7-mediated ubiquitination of NOTCH2 (Figure S2D). These findings
indicate that GSK3 phosphorylates NOTCH2 to promote FBW7-mediated NOTCH2
ubiquitination and degradation.
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NOTCH2 Mutations in HCS Impair the FBW7 Phospho-Degron Motif

HCS is an ideal model to study a physiological function of NOTCH2 as C-terminal
truncation mutations in HCS are shown to confer gain-of-function properties to Notch2 in
mice (Canalis et al., 2017; Canalis et al., 2016; Vollersen et al., 2017). Moreover, most
identified HCS NOTCHZ mutations cluster between the second nuclear localization signal
(NLS) and the PEST domain, resulting in C-terminal premature truncation of NOTCH2 that
lacks the PEST sequence (Figure 3A). A survey of primary sequences around the truncated
region led us to identify several putative phospho-degron motifs for recognition by FBW7
(Figure 3B). To determine the molecular link between HCS NOTCHZ2 mutations and
elevated NOTCH2 protein abundance and downstream signaling, we utilized two frequently
observed HCS truncation mutations to generate NOTCH2 ICD deletion constructs (V2151L
fsX4, named Al, and P24171 fsX6, named A2, hereafter). As shown in Figures 3C and 3D,
both Al and A2 mutants abrogated FBW?7 binding and were subsequently protected from
FBW7/GSK3-mediated degradation. Mechanistically, absence of FBW7-mediated
degradation was likely due to abolishment of FBW7-mediated poly-ubiquitination of the
NOTCH2 mutants (Figure 3E), leading to their extended protein half-life compared to WT-
NOTCH2 (Figures 3F and S3A).

Given that both truncation mutants displayed similar effects with regard to evasion from
FBW7-mediated proteolysis, we set out to pinpoint the critical degron deleted in the A2
mutant. To this end, we found that a potential CPD motif harboring the phospho-Thr residue
(T2416) was highly conserved across different species (Figure 3G). Alanine substitution of
Thr2416 (T2416A) centered in the degron motif abolished its interaction with FBW?7 in
293T cells (Figure 3H) and abrogated GSK3-mediated phosphorylation-dependent
interaction with FBW7 /n vitro (Figure 31). Moreover, the T2416A mutant was resistant to
FBW7/GSK3-mediated degradation (Figure 3J), leading to an extended half-life (Figures 3K
and S3B), and reduced ubiquitination by FBW7/GSK3 (Figure 3L). We therefore conclude
that FBW?7 regulates NOTCH2 stability via a single degron motif including 72416
(2416TPSPES) since introducing mutations to other degron-like motifs (2149SPVDSL

and 2401TPSHSP) (Figures 3A, 3B, and S3C) did not affect the interaction between FBW7
and NOTCH?2 (Figure S3D), and the FBW7/GSK3-mediated NOTCH2 downregulation
(Figure S3E). Taken together, these data support the model that sustained NOTCH2 activity
observed in HCS is likely due to deletion of the FBW?7 degron motif in NOTCH2 C-
terminus region, leading to elevated NOTCH2 protein abundance in HCS.

Gain of NOTCH2 Function Promotes Osteoclastogenesis in Peripheral Blood Monocytes
Derived from Patients with HCS

We further validated the physiological significance of these findings using both engineered
mouse models and human pathological specimens derived from patients with HCS. We
previously described a positive role of Notch2 pathway in RANKL-induced
osteoclastogenesis (Fukushima et al., 2008). Similarly, sustained Notch2 activity in Hajdu-
Cheney mouse model (Notch292319X) has been recently shown to enhance osteoclast
formation, leading to osteopenia, a characteristic of HCS (Canalis et al., 2017; Canalis et al.,
2016). Considering the contribution of FBW?7 in the osteopenia phenotype, we generated the
human NOTCH2 Q2317X (corresponding to mouse Q2319X) mutant for biochemical
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analyses and showed that the Q2317X mutant failed to interact with FBW7 (Figure S4A)
and exhibited diminished FBW7-mediated ubiquitination in cells (Figure S4B). These data
suggested that the osteoporotic phenotypes of the HCS mice might partly result from Notch2
stabilization by escaping FBW7-dependent proteolysis. Thus, we next examined how
Notch2 gain-of-function in HCS affects osteoclast differentiation.

Depletion of Notch2in mouse bone marrow cells resulted in suppression of RANKL-
induced osteoclastogenesis (Figure 4A and 4B), while re-introducing NOTCH2 with the
HCS mutation (A2) or FBW7 degron mutation (T2416A) significantly enhanced osteoclast
formation compared to WT NOTCH2 (Figures 4A and 4B). Consistently, osteoclastogenesis
was significantly enhanced in peripheral blood derived from patients with HCS (Figures 4:
Case #1 and S4: Case #2 and #3) compared with control subjects (Figures 4C and 4D, S4D
and S4G). Semi-quantitative RT-PCR analyses revealed a comparable NOTCH2Z mRNA
expression in osteoclasts from both the HCS patients and control subjects. On the other
hand, NFATc1, an osteoclast differentiation marker, cathepsin K, a functional bone-resolving
osteoclast marker, and Hes1, a NOTCHZ2 target gene, were upregulated in patients (Figure
4E, S4E and S4H). Furthermore, NOTCH2 abundance in cells derived from patients with
HCS was significantly higher than in cells derived from control subjects (Figure 4F, S4C,
S4F and S4l). More importantly, upregulation of NOTCH2 protein was largely due to its
extended half-life (Figure 4G), but not impaired FBW?7 function as the half-life of another
FBW?7 substrate, cyclin E, is comparable between patient and control samples (Figure 4G).
These data imply that sustained NOTCH2 abundance and signaling caused by the aberrant
FBW7/NOTCH?2 pathway may facilitate osteoclast formation in vivo.

Osteoclast-Specific Ablation of Fbw7 Results in Enhanced Bone Resorption Phenocopying

HCS

Notch292319X knock-in mice display osteopenia, possibly stemming from accelerated
osteoclast formation, but the underlying molecular mechanism remains undefined (Canalis
et al., 2016). To determine if alteration of the Fow7/Notch2 signaling pathway affects bone
homeostasis, we investigated Fbw7 physiological function in utilizing an Fbw7 knockout
mouse model. Whole body depletion of Fow?7 (Fbw7~) is embryonic lethal therefore we
generated conditional knockout (cKO) mice in which Fbw?7 expression is specifically
abolished in osteoclasts by crossing Aow77F mice with mice expressing Cre recombinase
under the control of the osteoclast-specific cathepsin K promoter (Figures S5A and S5B).

Histomorphometric analysis indicated that Fow7 cKO mice exhibited an enhanced osteoclast
formation and increased bone absorption-related matrix (Figure 5A). These phenotypes are
characterized by the significant increase in osteoclast bone surface area, osteoclast number,
and bone erosion (Figure 5B). However, no significant change was observed in osteoblast
differentiation parameters including osteoblast bone surface area, osteoblast number (Figure
5B), and osteoblastic bone formation (Figure 5C). Notably, radiographic analyses utilizing
soft X-ray and 3D microcomputed tomography (microCT) indicated significant levels of
bone resorption in Fbw7 cKO mice compared with their WT littermates (Figures 5D and
5E). More importantly, compared to WT mice, Fbw7 cKO mice displayed pathological bone
phenotypes such as progressive bone resorption in the tibia and hind paws (Figures 5D and
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5E). Mechanical analyses of femur and tibia from control and Fbw7 cKO mice showed that
bone strength of Fow7cKO mice decreased by 40% and 36%, respectively (Figure 5F),
confirming that Fbw7 ablation significantly increased bone fragility. The microstructural
indicators further revealed that bone mass was lower in Fbw7 cKO mice with increased
trabecular separation which is an osteoclastic bone-resolving parameter, while no significant
change was observed in bone mineral density that is a surrogate of osteoblastic calcification
(Figure 5G). Altogether, these results demonstrated that the osteoclast-specific Fow7
deletion led to osteopenia secondary to accelerated osteoporosis, a phenotype that is
typically observed in patients with HCS and a HCS mouse model expressing mutant
NOTCH?2.

Fbw7-Deleted Osteoclast Precursors Display Elevated Capacity of Osteoclast
Differentiation

To determine the correlation between pathological manifestations of Fow7cKO mice and
Fbw7 physiological function, we evaluated the efficiency of osteoclast formation using bone
marrow cells obtained from Fbow7cKO and control mice. Notably, RANKL-induced
osteoclast formation was increased in Fbw7 cKO bone marrow cells compared to control
cells (Figures 6A and 6B). Furthermore, Notch2 was elevated only in osteoclasts, but not
other bone marrow-derived cell types, from the osteoclast-specific Fbw7 cKO mice, which
also exhibited elevation in osteoclast differentiation markers, c-fos and NFATc, and the
activation of NFxB2 pathway occurring in differentiated osteoclasts (Figures 6C and S6A).
Furthermore, a cohort of Notch2 downstream target genes was induced, including HesZ,
NFATc1, and cathepsin K (Figures S6B-S6D).

Previous studies suggested that Notch1 activity is also critical in bone remodeling (Bai et al.,
2008). Therefore, to distinguish Notchl and Notch2 physiological roles, we depleted either
Notchl or Notch2in both Fbw7 cKO and control bone marrow cells. Interestingly, Notch2
depletion suppressed RANKL-induced osteoclastogenesis and expression of osteoclast
markers c-fos and NFATc, whereas Notfchl depletion had no significant effect in osteoclast
differentiation in this experimental setting (Figure 6D-6F). These results support a critical
role for NOTCH2 in RANKL-induced osteoclastogenesis. Moreover, the addition of PTHrP,
which stimulates RANKL secretion from osteoblasts, significantly promoted osteoblast-
supported osteoclastogenesis in Fow7 cKO bone marrow cells (Figure 6G and 6H). Taken
together, our data imply that Notch2 stabilization in osteoclasts leads to the elevated bone
resolving phenotypes observed in Fow7 cKO mice.

Notch Inhibitor Treatment Suppresses Bone Resorption in Vivo

A recent study reported that Notch inhibitor, N-[N-(3,5-difluorophenylacetate)-L-alanyl]-
(S)-phenylglycine t-butyl ester (DAPT), effectively suppresses osteoarthritis (OA)
progression in animal models (Hosaka et al., 2013). Since the observed bone loss
phenotypes in Fow7 cKO mice were largely due to the aberrant Notch2 signaling, we next
explored whether Notch inhibitor treatment is effective to reverse the observed pathological
bone dysfunction in Fbw7 cKO mice. Treatment of bone marrow cells derived from Fbw7
cKO and control mice with DAPT, -y-secretase inhibitor (GSI-1), and zoledronic acid
(widely used for osteoporosis treatment in the clinic) efficiently inhibited osteoclast
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formation (Figures 7A-7C and S7). However, all three agents were relatively less effective
in suppressing the growth of osteoclasts derived from Fbw7 cKO, which might be due to a
relatively higher Notch2 abundance. Radiographic analyses further demonstrated that
intraperitoneal injection of DAPT in Fbow7 cKO mice suppressed bone resorption and
improved bone-resorptic parameters. Comparable effects were achieved with GSI-1 and
zoledronic acid treatments (Figures 7D and 7E). These pharmacological approaches
indicated that inhibiting Notch2 signaling led to a reversal of pathogenic bone-loss
phenotypes in Fow7 cKO mice (Figure 7F).

Discussion

In this study, we determined that the SCFFBW7 E3 ubiquitin ligase plays crucial roles in
controlling bone homeostasis. Although NOTCHZ mutations have been considered as a
cause of HCS (Isidor et al., 2011; Simpson et al., 2011), molecular mechanisms underlying
how NOTCHZ variations lead to skeletal abnormalities remain unclear. Here we show that
the C-terminus truncated region of NOTCHZ2 contains a consensus FBW?7 degron motif,
which mechanistically explains NOTCH2 stabilization and activation in osteoclasts in HCS.
We demonstrated that bone marrow cells derived from patients with HCS have an enhanced
capacity of osteoclastogenesis partly due to sustained NOTCH2 activity, confirming that
misregulation of NOTCHZ2 proteolysis leads to HCS bone resorptic features. Osteoclast-
specific Fow7 knockout mice display severe bone-loss phenotype, characteristic in HCS
patients with severe osteoporosis. The observed phenotypes were partly due to abnormal
NOTCH2 accumulation in osteoclasts as additional depletion of NotchZ, but not Notchl,
rescued these phenotypes. These data imply that FBW7/NOTCH2 signaling plays crucial
roles in bone homeostasis and that dysfunction of this signaling pathway could lead to
various skeletal disorders.

While Notch has been shown to regulate osteoblast differentiation, knowledge of Notch
function in osteoclast differentiation is relatively limited. We previously reported that
Notch2 function is essential in the process of osteoclast differentiation (Fukushima et al.,
2008). In recent mouse studies, LyzM-Cre mediated myeloid-specific
Notch1™~Notch2™~Notch3™!~ triple knockout facilitates osteoblast formation and
concomitantly impairs osteoclastogenesis (Bai et al., 2008). Other recent studies
demonstrated that the Notch2 HCS mutant mice faithfully recapitulate the features of HCS
(Canalis et al., 2016; Vollersen et al., 2017). Additionally, a recent case study reported that
the administration of denosumab, a RANKL antagonist, increases bone mineral density in a
patient with HCS (Adami et al., 2016). This finding further confirms the notion that the
manifestation of HCS with NOTCHZ2 mutation is due to osteoclast hyper-activation (Adami
etal., 2016).

Here, we identified a molecular mechanism underlying how NOTCHZHCS mutations lead
to hyper osteoclast activity by dysregulation of FBW7-mediated Notch2 degradation.
Similarly, in T-ALL cells, the truncated NOTCH1 protein escapes proteasome-dependent
degradation directed by the SCFFBW” E3 ubiquitin ligase complex (O’Neil et al., 2007;
Thompson et al., 2007). In addition, tissue-specific genetic-engineered mice with FBW7
deletion or expressing a deficient FBW7 frequently develop cancers with accumulation of

Mol Cell. Author manuscript; available in PMC 2018 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fukushima et al.

Page 10

Notch protein (Crusio et al., 2010; Davis et al., 2014). Consistent with these /n vivo cancer
models, we also observed that osteoclast-specific Fow7 inactivation promotes Notch2
accumulation, leading to hyper osteoclastogenesis. Therefore, these animal studies suggest
that NOTCH2 post-translational modification is a potential therapeutic target for treating
patients with osteoporosis.

In clinical practice, bisphosphonate, which suppresses osteoclast formation, is commonly
used for treating patients with HCS (Canalis and Zanotti, 2014; Galli-Tsinopoulou et al.,
2012). Recent studies indicate that NOTCH2-dependent osteoclastic bone resorption results
in HCS development (Canalis et al., 2017; Canalis et al., 2016; Isidor et al., 2011; Simpson
et al., 2011; Vollersen et al., 2017). Notably, the administration of anti-NOTCH2 NRR
antibody in the HCS mouse reverses the osteopenia phenotype (Canalis et al., 2017). This
study using NOTCH2 neutralization antibody supports our strategy that inhibition of
osteoclastogenesis via administration of Notch inhibitors as well as bisphosphonate may
become a first-line treatment for HCS. Notably, our study demonstrates the efficacy of a
specific Notch signaling inhibitor, DAPT, against excess bone resorption in Fbw7 cKO mice.
Interestingly, a recent study on osteoarthritis (OA) showed that an intra-articular injection of
DAPT significantly suppresses joint-destruction in (Col2al1)-CreERT/Rppffl OA mice
(Hosaka et al., 2013). In addition, DAPT treatment of mice overexpressing TNFa that
causes inflammatory bone resorption also effectively suppresses systemic osteoporotic
phenotype (Zhang et al., 2014). Since DAPT efficiently inhibited the observed bone
absorption in the osteoclast-specific Fow7 conditional knockout mice, Notch signaling could
be a potential target for treating various bone absorptic disorders. In addition to Notch
receptor inhibition, targeting Notch ligands could be an alternative approach to suppress
Notch activation. We previously reported that Jagged1, the Notch ligand implicated in
metastatic bone destruction, activates Notch2 signaling pathway in osteoclasts (Fukushima
et al., 2008), suggesting that Jagged1 antagonists could be potential therapeutics. However,
TGFp or PTHrP activates Jagged1 in the osteoclast supportive environment, which might
cause an unexpected Jagged1 activation in the setting of Nofch activating genetic disorders
(Fukushima et al., 2008; Nakao et al., 2007).

In summary, we demonstrated that the NOTCH2/FBW?7 signaling plays crucial roles in
osteoclast differentiation, and misregulation of the NOTCH2 proteolytic pathway leads to
hyper bone absorption. Consistently, we demonstrated that the osteoclast-specific
inactivation of Fbw7 in mice results in systemic osteoporosis. Our study implies that the loss
of FBW?7 function leads to skeletal dysfunction and aberrant cell cycle regulation. Given that
various genetic bone abnormalities are reported in clinic, and age-related osteoporosis is
becoming one of the most common public health issues, this study provides insights for the
development of therapeutics for patients with HCS and other genetic bone-loss disorders.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCES SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Hiroyuki Inuzuka (hinuzuka@tohoku.ac.jp).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture—All cell lines listed in the Key Resources Table were maintained in DMEM
medium supplemented with 10% fetal bovine serum (FBS), 100 units of penicillin and 100
ug/mL streptomycin. Wild-type (FBW7**) and FBW7-'~ HCT116 and DLD1 cells were
kind gifts from Dr. Bert Vogelstein (Rajagopalan et al., 2004). After cells were infected with
various lenti-viral ShRNA or FBW7-expressing lenti-viral vectors, the resulting cells were
treated with 1 ug/ml puromycin for 7 days to eliminate the non-infected cells before the
subsequent biochemical assays. Mouse bone marrow cells (1 x 107 cells/ml) were cultured
in 96-well plates in the presence of M-CSF (50 ng/mL) in a-MEM medium supplemented
with 10% fetal bovine serum (FBS), 100 units of penicillin and 100 pg/mL streptomycin.
After 3-day culture, all non-adherent cells were removed. Remaining adherent cells were
considered pre-osteoclasts and were further cultured for 3 days with RANKL (50 ng/mL).
Cells were fixed with 3.7% formaldehyde and stained for tartrate-resistant acid phosphatase
(TRAP), an osteoclast marker. TRAP-positive multinucleated cells (MNCs) (more than three
nuclei) were counted as osteoclasts. Data shown are the number of osteoclasts perculture
well (values are mean £ SD, n = 3 individual experiments).

Fbw7 Conditional Knockout Mice—Floxed Fow7 (Fbw77F) mice and cathepsin K-Cre
(CtsK-Cre) mice were described previously (Nagai et al., 2013; Onoyama et al., 2007).
Osteoclast-specific Fbw7 knockout (CtsK-Cre/Fbw77F) mice were generated by crossing
Fbw7F mice with CtsK-Cre mice. For genotyping, genomic DNA was isolated from bone
marrow macrophages and osteoclasts derived from control (Fbw7/F), heterozygous
knockout (CtsK-Cre/Fbw7*/F), and homozygous knockout ( CtsK-Cre/Fbw77F) mice.
Floxed or wild-type (WT) Fbw7 alleles were identified by PCR using the following primers:
Floxed 1: 5'-CCTATAGGGAATTATGTTATTT-3’, Floxed 2: 5'-
CTCACAGCCAAGTTATTCTGTT-3". All animal experiments were conducted in
compliance with the Institute of Laboratory Animal Research Guide for the Care and Use of
Laboratory Animals and approved by the University Committee on Use and Care of Animals
at the Tohoku University.

METHOD DETAILS

Plasmids—Flag-NOTCH2 ICD and GST-NOTCH2 ICD expression plasmids were
constructed by subcloning the NOTCH2 ICD cDNA into pCMV-Flag and pGEX4T-1,
respectively. The NOTCH2 ICD and GSK3p mutants were generated by Quik-Change XL
Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) according to
manufacturer’s instruction. HA-AMPK was a gift from Dr. Toshiyuki Kobayashi (Juntendo
University, Japan). Human Jaggedl plasmid was a gift from Dr. Linheng Li (Stower Institute
for Medical Research) (Li et al., 1998).

Immunoblots and Immunoprecipitation—Cells were lysed in EBC buffer (50 mM
Tris pH 7.5, 120 mM NaCl, 0.5% NP-40) supplemented with protease inhibitors (cOmplete
Mini protease inhibitor cocktail, Sigma) and phosphatase inhibitors (PhosSTOP phosphatase
inhibitor tablets, Sigma). The protein concentrations of the lysates were measured using the
Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA, USA). Same amounts of whole cell
lysates were resolved by SDS-PAGE and immunoblotted with indicated antibodies. For
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immunoprecipitation, 1 mg lysates were incubated with the indicated antibody-conjugated
agarose beads for 4 h. Immunoprecipitates were washed five times with NETN buffer (20

mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40) before being resolved by
SDS-PAGE and immunoblotted with indicated antibodies.

In Vitro Binding Assays—Prior to the /n vitro binding assay, indicated bead-bound GST-
NOTCH2 ICD proteins were incubated with purified, recombinant active GSK3 (NEB
#P2040, with kinase reaction buffer as a negative control) in the presence of ATP at 30°C for
30 min. Next, the kinase reaction products of GST-NOTCH2 ICD were incubated with
whole cell lysates derived from 293T cells transfected with HA-FBW?7 for 12 h at 4°C. The
bead-bound protein complex was washed 5 times and eluted by addition of 2 x SDS-PAGE
sample buffer. Eluates were resolved by SDS-PAGE and probed with anti-HA antibody.

Subcellular Fractionation—HeLa or HCT116 cells (1x107) were collected in 200 ul ice-
cold buffer A (10 mM HEPES pH7.9, 10 mM KCI, 0.1 mM EDTA) containing protease
inhibitors. Cells were left to swell on ice for 10 min, lysed by addition of 10 pl 1% NP-40,
left for 5 min at RT, and vortexed vigorously. The lysates were centrifuged at 2000 rpm for
15 min at 4 °C. The supernatant was taken from the tube and cleared by centrifugation at
90,000 rpm for 30 min (cytosolic fraction). Pellets obtained after the first spin were washed
with 100 pl of Buffer A, centrifuged at 3000 rpm for 1.5 min, and resuspended in Buffer C
(20 mM HEPES, pH7.9, 0.4 M NaCl, 1 mM EDTA). After vigorous shake for 15 min at

4 °C, the extracts were cleared by centrifugation at 14,000 rpm for 20 min (nuclear fraction).

Peripheral Blood Sample Preparation—Peripheral blood was collected from a patient
with HCS as described previously (Narumi et al., 2013). The samples from healthy
volunteers were collected from individuals of the same age and sex-group as the patient.
Informed consent was obtained from the patient in accordance with the guidelines of the
ethics committee of Tohoku University School of Medicine (Approval No.26-51). Venous
blood was collected by venipuncture in lithium heparin-containing blood collecting tubes
(Nipro, Osaka, Japan) from both the patient and control. Blood samples of the patient and
his matched control were taken on the same day and time and were processed within 3 h.
Twenty milliliters of blood was kept separate for determination of the leucocyte
composition. Peripheral blood monocytes (PBMCs) were isolated from whole blood by
density gradient. Heparinized whole blood was diluted in a 1:1 concentration with Hank’s
Balanced Salt Solution (Wako, Osaka, Japan). Diluted blood was layered on top of
HistoPaque 1077 (Sigma) and centrifuged without brake at 1000 g for 30 min at room
temperature. The interface was carefully collected and washed twice with a-MEM.
Collected PBMCs were cultured for 3 days in the presence of M-CSF (100 ng/mL) in a-
MEM. The cells were further cultured for 4 days with RANKL (100 ng/mL) in the presence
of M-CSF (30 ng/mL).

Histologic Preparation—Bone analyses including histomorphometric and micro-
radiographic examinations were performed as described previously (Maruyama et al., 2010;
Soysa et al., 2010). Briefly, mice were intraperitoneally injected with 15 mg/kg of calcein
twice with an interval of 5 days and were euthanized 24 h after the second injection. Fixed
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bones were embedded in mixtures of methyl methacrylate (MMA) and 2 hydroxyethyl
methacrylate (GMA) resins as described previously (Jimi et al., 2004). Sagittal sections (4
um) of the long bones were prepared. These sections were then stained according to von
Kossa with a modified Van Gieson method to clarify the mineralized tissue. To detect
osteoclasts, sections were stained for tartrate-resistant acid phosphatase (TRAP) using
TRAP/ALP Stain Kit (Wako) according to manufacture’s instruction and counterstained
with methyl green. Osteoclasts were designated as the TRAP-positive (TRAP*)
multinucleated cells (MNCs) containing more than three nuclei located on the bone surface.
Histomorphometric analyses were performed by using a light microscope with a micrometer
and an image analyzer (Osteoplan II; Carl Zeiss Japan, Tokyo, Japan). The quantitative
histomorphometric analyses were performed in a blinded fashion.

Radiologic Assessment—Bones were fixed in PBS-buffered glutaraldehyde (0.25%)-
formalin (4%) fixative (pH 7.4) for 2 days at 4°C and washed with PBS for further studies.
Radiographs of the femora and tibiae were taken by soft x-ray (model CMB-2; SOFTEX Co.
Ltd., Tokyo, Japan). Images of tibia and three-dimensional (3D) reconstruction images of
hind paw were obtained by focal micro-computed tomography (UCT) (SkyScan 1176, TOYO
Corporation, Tokyo, Japan). Bone morphometric parameters and bone mineral density
(BMD) were analyzed using CTan software (SkyScan).

Mechanical Analyses of Bone Strength—Strength of femora and tibiae from control
and Fbw7 cKO mice was assessed by a three-point bending test according to the method of
Jamsa (Jamsa et al., 1998). The tests were conducted on the Autograph Precision Universal
Tester (Shimadzu AG-Xplus) at a span of 5 mm and a load speed of 2 mm/min. The energy
to failure (N.mm) was calculated and normalized to the control mouse group.

Immunofluorescence Staining and Microscopy—HeLa cells grown on chamber
slides (lwaki, 5732-008) were fixed in 4% paraformaldehyde/PBS for 15 min, permeabilized
with 0.5% Triton X-100/PBS for 5 min, and incubated in blocking buffer (5% FBS/TBST)
for 1 h. The cells were stained with a primary antibody (anti-NOTCH2 D76A6 at 1:1200, or
anti-Jaggedl TS1.15H at 1:400) in 0.05% BSA/TBST overnight at 4°C. Cells were washed
four times for 5 min with TBST and incubated with secondary Alexa Fluor 568-conjugated
goat anti-rabbit antibody and Alexa Fluor 488-conjugated donkey anti-rat antibody
(Invitrogen at 1:1500 each), and with 4,6-diamidino-2-phenylindole (DAPI) for 1 h at room
temperature. Cover glasses (0.12-0.17 mm, 24 x 24 mm) were then mounted on slides with
PermaFluor Aqueous Mounting Medium (Lab Vision). The slides were examined with a
confocal microscope (Fluoview FV10i; Olympus, Tokyo, Japan).

RT-PCR Analyses—RNA was extracted using TRIzol reagent, and the reverse
transcription reaction was performed using SUPER SCRIPT 11 reverse transcriptase
(Invitrogen, Carlsbad, CA, USA). The real-time RT-PCR reaction was performed with
SYBR Select Master Mix and ABI 7500 Real-Time PCR System. All procedures were
performed according to the manufacturer’s instructions. Primers used in this study are listed
in Table S1.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot band intensities were quantified by ImageJ software (NIH). All quantitative
data are presented as the mean + SD of at least three independent experiments and were
analyzed by Student’s #test for between group differences. p < 0.05 was considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. NOTCH2 Hajdu-Cheney mutants escape FBW?7-mediated ubiquitination and

. Elevated NOTCHZ2 and osteoclast activities in the peripheral blood of HCS

patients.

. Osteoclast-specific ablation of Fbw7in mice results in osteoporotic
phenotypes.

. Notch inhibitor treatment in Fbw7 cKO mice relieves progressive bone loss.
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Figure 1. SCFFBWT controls NOTCH?2 protein stability
A. Immunoblot (I1B) analysis of whole cell lysates (WCL) derived from HeLa cells treated

with 20 pg/mL cycloheximide (CHX) and harvested at the indicated time points.
B. IB analysis of WCL and anti-Myc immunoprecipitates (IPs) derived from 293T cells
transfected with Flag-NOTCHZ2 ICD along with empty vector (EV) or the Myc-Cullins
(Cullinl, 2, 3, 4A, and 5). At 24 h post-transfection, cells were treated with proteasome
inhibitor, 15 pM MG132, for 12 h before harvesting.

Mol Cell. Author manuscript; available in PMC 2018 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fukushima et al.

Page 20

C. IB analysis of WCL derived from HeLa cells infected with shRNA lentiviral vectors
specific for GFPor Cullinl. After infection, cells were selected with 1 ug/mL puromycin for
7 days before harvesting. FL, Full length; NICD, NOTCH intracellular domain.

D. IB analysis of WCL derived from HeLa cells infected with indicated shRNA lentiviral
vectors specific for GFP, FBW7, SKPZ2, B-TRCP1, B-TRCPZ, or B-TRCP1+2 (ShRNAS
against both B-7TRCPI1 and B-TRCPZ paralogs).

E. IB analysis of WCL derived from wild-type (WT) (FBW7"*) and FBIWW7knockout
(FBW7'7) HCT116 cells treated with 20 ug/mL cycloheximide (CHX) and harvested at the
indicated time points.

F. Quantification of the band intensities in (E). NOTCH2 ICD intensity was normalized by
Tubulin and to the t = 0 time point.

G. IB analysis of WCL and anti-HA IPs derived from 293T cells transfected with Flag-
NOTCH2 ICD along with EV, WT, R465H, R479L, or R505C HA-FBW?7. At 24 h post-
transfection, cells were treated with 15 uM MG132 for 12 h before harvesting.

H. 1B analysis of WCL derived from parental WT HCT116 (FBW7**) and FBW?7 knockout
HCT116 (FBW77) cells infected with lentiviral vectors expressing GFP and WT, R465H,
R479L, or R505C HA-FBW?7.

I. IB analysis of WCL derived from parental WT HCT116 and FBW?7-reconstituted FBW7
knockout HCT116 cells that are presented in (H). Cells were treated with 20 ug/mL CHX
and harvested at the indicated time points.

See also Figure S1
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Figure 2. GSK3-mediated phosphorylation of NOTCH2 promotes its subsequent degradation
A. IB analysis of WCL derived from 293T cells transfected with Flag-NOTCH2 ICD and

HA-FBW?7 along with the expression plasmids of protein kinases as indicated. GFP served
as an internal control for transfection efficiency.

B. IB analysis of WCL derived from HeLa cells transfected with control and indicated
siRNAs specific for GSK3a and GSK3p. FL, Full length; NICD, NOTCH intracellular
domain.

C. IB analysis of WCL and anti-HA IPs derived from 293T cells transfected with Flag-
NOTCH2 ICD and HA-FBWT? as indicated. At 24 h post-transfection, cells were treated
with GSK3 specific inhibitor, BIO (2 uM), and 15 pM MG132, for 12 h before harvesting.
D. IB analysis of WCL and anti-Flag IPs derived from 293T cells transfected with Flag-
NOTCH?2 ICD, Myc-ubiguitin (Myc-Ub), HA-FBW?7, and HA-GSK3p as indicated. At 24 h
post-transfection, cells were treated with 15 uM MG132 for 12 h before harvesting.

See also Figure S2
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Figure 3. NOTCH2 mutations in HCS impair the FBW?7 recognizable phospho-degron motif
A. Domain structure of human NOTCH2 protein, positions of mutations reported in patients

with HCS, and truncation mutations used in this study (namely NOTCH2 ICD Al and A2).
B. FBW?7 consensus degron motifs in human cyclin E, c-Jun, Presenilin, and NOTCH2.

C. IB analysis of WCL and anti-HA or -Flag IPs derived from 293T cells transfected with
EV or indicated Flag-NOTCH2 ICD (WT, A1, or A2). At 24 h post-transfection, cells were
treated with 15 uM MG132 for 12 h before harvesting.
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D. IB analysis of WCL derived from 293T cells transfected with Flag-NOTCH2 ICD, HA-
FBW?7, and HA-GSK3p as indicated. GFP served as the internal control for transfection
efficiency.

E. IB analysis of WCL and anti-Flag IPs derived from 293T cells transfected with Flag-
NOTCH2 ICD (WT, Al, or A2), Myc-Ub, HA-FBW?7, and GSK3p as indicated. At 24 h
post-transfection, cells were treated with 15 pM MG132 for 12 h before harvesting.

F. IB analysis of WCL derived from HeLa cells transfected with Flag-NOTCH2 ICD (WT,
Al, or A2), HA-FBW?7, and HS-GSK3p. At 48 h post-transfection, cells were treated with 20
pg/mL CHX and harvested at the indicated time points.

G. Alignment of NOTCH2 sequences surrounding the putative FBW?7 degron motif from
different species.

H. IB analysis of WCL and anti-HA or -Flag IPs derived from 293T cells transfected with
EV or Flag-NOTCH2 ICD (WT or T2416A) and HA-FBW?7. At 24 h post-transfection, cells
were treated with 15 pM MG132 for 12 h before harvesting.

I. /n vitrobinding of HA-FBW?7 with GST-NOTCH2 ICD. Bacterially purified GST or GST-
NOTCH2 ICD (WT, A2, or T2416A) protein treated with active GSK3 as indicated was
incubated with WCL derived from 293T cells transfected with HA-FBW?7. The bound HA-
FBW?7 protein with GST-NOTCH2 ICD was eluted and subjected to 1B analysis.

J. IB analysis of WCL derived from 293T cells transfected with Flag-NOTCH2 ICD (WT or
T2416A), HA-FBW?7, and HA-GSK3p as indicated. GFP served as an internal control for
transfection efficiency.

K. IB analysis of WCL derived from HeLa cells transfected with Flag-NOTCH2 ICD (WT
or T2416A), HA-FBW?7, and HA-GSK3p. At 48 h post-transfection, cells were treated with
20 pg/mL CHX and harvested at the indicated time points.

L. IB analysis of WCL and anti-Flag IPs from 293T cells transfected with Flag-NOTCH2
ICD (WT or T2416A), Myc-Ub, HA-FBW?7, and GSK3p as indicated. At 24 h post-
transfection, cells were treated with 15 pM MG132 for 12 h before harvesting.

See also Figure S3
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Figure 4. Gain of NOTCH2 function promotes osteoclastogenesis in peripheral blood monocytes
derived from patients with HCS

A. Microscopic analysis of osteoclasts. Mouse bone marrow cells (BMCs) were cultured in
the presence of M-CSF (50 ng/mL) for 3 days. Cells were infected with shRNA lentiviral
vectors specific for Juciferase (Luc) or mouse Notch2 and sequentially infected with
lentiviral expression vector of empty vector (EV) or human NOTCH2 ICD (WT, A2, or
T2416A) as indicated. The infected cells were cultured with RANKL (50 ng/mL) for 3 days.
Cells were fixed and stained for tartrate-resistant acid phosphatase (TRAP), a histochemical
osteoclast differentiation marker. The TRAP-positive multinucleated cells (MNCs), which
display cytoplasmic red staining and a minimum of three nuclei, were counted as
osteoclasts. Scale bar, 100 pm.

B. TRAP-positive MNCs in each well were counted. Date represents mean + SD, n = 3, *p<
0.05, **p < 0.01, Student’s ftest.
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C. Peripheral blood cells derived from a patient (Case #1) with HCS or control subject were
cultured in the presence of M-CSF (50 ng/mL) for 3 days and then treated with RANKL (50
ng/mL) for 3 days. Cells were fixed and stained for TRAP. Scale bar, 100 pm.

D. Peripheral blood cells derived from a patient (Case #1) with HCS or control subject were
cultured in the presence of M-CSF (50 ng/mL) for 3 days. Then the differentiated monocytes
were treated with increasing concentration of RANKL for 3 days for differentiation to
osteoclasts. Cells were fixed and stained for TRAP, and then TRAP-positive MNCs were
counted. Data represents mean + SD, n = 3, **p < 0.01, Student’s ftest.

E. RT-PCR analysis of NOTCH1, NOTCHZ, RelA, NFATcl, Cathepsin K, Hes1, FBWY7, and
GAPDH expression in monocytes and osteoclasts of a HCS patient or control subject.

F. IB analysis of WCL derived from monocytes and osteoclasts of a control subject or
patient with HCS.

G. IB analysis of WCL derived from osteoclasts of a HCS patient or control subject, which
were treated with 20 pg/mL CHX and harvested at the indicated time points.

See also Figure S4
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Figure 5. Osteoclast-specific genetic ablation of Fbw7 results in enhanced bone resorption that
phenocopies HCS

A. Histological analyses of von Kossa- (upper panel, scale bar: 1 mm) and TRAP- (middle
panel, scale bar: 0.5 mm, lower panel, scale bar: 0.1 mm) stained sections of the proximal
tibia from Fbw7 cKO mice (Cathepsin K-Cre/Fbw77F) and control mice (Fow 7).

B. Histomorphometric analyses of the proximal tibia. Data represents mean + SD, n =5, *p
<0.05, **p<0.01, NS, not significant, Student’s ¢test.

C. Calcein labeling of the tibia from Fbw7 cKO and control mice, and bone formation rate.
Data represent mean + SD, n = 5, NS, not significant, Student’s #test.
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D. Soft X-ray images of the femurs. Scale bar, 3 mm.

E. Micro-CT images of the proximal femur (upper, scale bar: 1 mm), medial tibia (middle,
scale bar: 1 mm), and hind paws (lower, scale bar: 5 mm).

F. Three point bending tests for assessing biomechanical bone properties of femur and tibia
from Fbw7 cKO and control mice. Energy to failure (N.mm) was measured and normalized
to the control mouse group. Data represent mean + SD, n = 4-6, **p < 0.01, Student’s ftest.
G. Microstructural parameters of the distal femur. Data represents mean + SD, n = 3, *p<
0.05, **p < 0.01, NS, not significant, Student’s #test.

See also Figure S5
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Figure 6. Fbw7-depleted osteoclast precursors display elevated capacity of osteoclast

differentiation

A. BMCs derived from Fbw7 cKO or control mice were cultured in the presence of M-CSF
(50 ng/mL) for 3 days. The culture of differentiated bone marrow macrophages (BMM) was
treated with 100 ng/mL RANKL for 3 days for differentiation into osteoclasts (OC). Cells
were fixed and stained for TRAP, and TRAP-positive MNCs were counted. Scale bar: 100

um.

B. BMM in (A) were treated with increasing concentration of RANKL for 3 days for
differentiation to osteoclasts. Cells were fixed and stained for TRAP, and TRAP-positive
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MNCs were counted. Data represents mean = SD. The presented data was obtained from
three animals (n = 3) of each genotype, and plotted the average of three animal data with six-
sample number per mouse, *p < 0.05, **p < 0.01, Student’s #test.

C. IB analysis of WCL derived from BMC, BMM, and OC cultured in (A).

D. Microscopic view of osteoclasts. Mouse BMCs were cultured in the presence of M-CSF
(50 ng/mL) for 3 days. Cells were infected with shRNA lentiviral vectors specific for GFP,
Notchl, or Notch2. The infected cells were cultured with RANKL (50 ng/mL) for 3 days for
differentiation into osteoclasts. Cells were fixed and stained for TRAP. Scale bar: 100 pm.

E. Osteoclasts cultured in (D) were fixed and stained for TRAP, and the TRAP-positive
MNCs were counted. Data represent mean + SD, n = 3, *p < 0.05, Student’s #test.

F. IB analysis of WCL derived from osteoclasts cultured in (D).

G. Representative microscopic view of osteoclast formation in co-culture of BMM and
osteoblasts in the presence of PTHrP (10~7 M). MNCs were fixed and stained for TRAP.
Scale bar: 100 pm.

H. TRAP-positive MNCs were counted. Data represents mean + SD, n = 3, **p < 0.01,
Student’s ttest.

See also Figure S6
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Figure 7. Notch inhibitor treatment suppresses bone resorption in vivo
A-C. BMCs derived from Fbw7 cKO or control mice were cultured in the presence of M-

CSF (50 ng/mL) for 3 days for differentiation into BMMs, and further cultured with 100
ng/mL RANKL for 3 days for differentiation into osteoclasts. Cells were fixed and stained
for TRAP. At 3 days prior to fixation, cells were treated with increasing concentration of
DAPT (A), GSI-1 (B), or zoledronic acid (C). The TRAP-positive MNCs, which display
cytoplasmic red staining and a minimum of three nuclei, were counted as osteoclasts. Data
represents mean + SD, n = 3, **p < 0.01, Student’s #test.
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D. Micro-CT images of the distal femurs derived from Fbw7 cKO or control mice that were
intraperitoneally injected with DMSO, DAPT (5 mg/kg), GSI-1 (5 mg/kg), or zoledronic
acid (ZOL) (250 pg/kg) every four days for 8 weeks. Scale bar: 1 mm.

E. Microstructural parameters of the distal femurs analyzed in (D). Data represents mean +
SD, n =5, *p<0.05, Student’s ftest.

See also Figure S7
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