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ABSTRACT

Maintenance of bone integrity is mediated by the balanced actions of osteoblasts and osteoclasts.
Because macroautophagy/autophagy regulates osteoblast mineralization, osteoclast differentiation,
and their secretion from osteoclast cells, autophagy deficiency in osteoblasts or osteoclasts can
disrupt this balance. However, it remains unclear whether upregulation of autophagy becomes
beneficial for suppression of bone-associated diseases. In this study, we found that genetic upregula-
tion of autophagy in osteoblasts facilitated bone formation. We generated mice in which autophagy
was specifically upregulated in osteoblasts b'%/ deleting the gene encoding RUBCN/Rubicon,
a negative regulator of autophagy. The rubcn™°%,5p7/Osterix-Cre mice showed progressive skeletal
abnormalities in femur bones. Consistent with this, RUBCN deficiency in osteoblasts resulted in
elevated differentiation and mineralization, as well as an increase in the elevated expression of key
transcription factors involved in osteoblast function such as Runx2 and Bglap/Osteocalcin.
Furthermore, RUBCN deficiency in osteoblasts accelerated autophagic degradation of NOTCH intra-
cellular domain (NICD) and downregulated the NOTCH signaling pathway, which negatively regulates
osteoblast differentiation. Notably, osteoblast-specific deletion of RUBCN alleviated the phenotype in
a mouse model of osteoporosis. We conclude that RUBCN is a key regulator of bone homeostasis. On
the basis of these findings, we propose that medications targeting RUBCN or autophagic degradation
of NICD could be used to treat age-related osteoporosis and bone fracture.

Abbreviations: ALPL: alkaline phosphatase, liver/bone/kidney; BCIP/NBT: 5-bromo-4-chloro-3'-indolyl
phosphate/nitro blue tetrazolium; BMD: bone mineral density; BV/TV: bone volume/total bone
volume; MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; MTOR: mechanistic target of
rapamycin kinase; NICD: NOTCH intracellular domain; RB1CC1/FIP200: RB1-inducible coiled-coil 1;
RUBCN/Rubicon: RUN domain and cysteine-rich domain containing, Beclin 1-interacting protein;
SERM: selective estrogen receptor modulator; TNFRSF11B/OCIF: tumor necrosis factor receptor super-
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Introduction

A bone is a complex organ in which several cell types act
together in a coordinated manner within a mineralized
matrix [1]. Bone homeostasis is mediated by bone remodel-
ing, a process maintained by the balanced actions of osteo-
clasts and osteoblasts, which promote the resorption and
formation of bones, respectively. An imbalance in these
processes results in loss of skeletal structure/function and
diseases such as osteopetrosis and osteoporosis [2].
Autophagy is an intracellular degradation pathway that
degrades and recycles cytoplasmic constituents [3,4]. In response
to a starvation signal, a cup-shaped double-membrane structure
called the phagophore is generated de novo, followed by the
formation of an autophagosome engulfing the cytoplasmic

constituents. Following fusion with lysosomes, the contents of
autophagosomes are digested [5-7]. This provides the cells with
backup energy and building blocks that are needed for survival
during starvation. In addition to nonselective autophagy, selec-
tive forms of autophagy degrade targets such as invading bac-
teria, damaged organelles, and protein aggregates. Even without
exogenous stimuli, basal autophagy constitutively works to
maintain cellular homeostasis. Because autophagy maintains
homeostasis of tissues, including bone, these activities suppress

a wide range of diseases [8-10].
A genome-wide association study of wrist bone mineral den-

sity highlighted a significant association between the autophagy
pathway and osteoporosis [11]. In fact, osteoblast-specific auto-
phagy deficiency due to osteoblast-specific deletion of Atg5
results in a phenotype that resembles age-related low bone
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mass [12]. In mice, osteoblast-specific deletion of RbIcc1/Fip200,
a gene essential for autophagy, inhibits the mineralization activ-
ity of osteoblasts, resulting in low bone density [13]. Together,
these observations show that autophagy plays a significant role
in skeletal homeostasis and suggest that reduced autophagic
activity in osteocytes during aging is likely a major cause of age-
associated bone loss.

Hence, it is reasonable to speculate that induction of auto-
phagy would be beneficial for bone-associated diseases.
Indeed, administration of the MTOR inhibitor everolimus
results in a reduction in the number of osteoclasts and upre-
gulation of osteoblast functions associated with mineraliza-
tion, thereby alleviating a symptom of osteoporosis [14].
However, because MTOR has a broad range of functions
outside of autophagy, it remains unclear whether the benefi-
cial effect is a result of an increase in bona fide autophagy. In
addition, administration of everolimus causes systemic
changes in autophagy that are expected to affect both osteo-
clasts and osteoblasts, masking the contribution of each indi-
vidual cell type to the symptoms.

In this study, we used a genetic approach to investigate
whether upregulation of autophagy promotes bone formation.
RUBCN inhibits fusion between autophagosomes and lyso-
somes, which leads to generation of autolysosomes and degra-
dation of autophagic cargo by lysosomal enzymes. Hence,
depletion of RUBCN results in upregulation of autophagic
flux, and loss of RUBCN in mice causes upregulation of
autophagy in vivo. Strikingly, accumulation of RUBCN is
a pathological event observed in liver diseases [15].
Moreover, RUBCN levels increase with age, suggesting that
pharmacological applications targeting RUBCN have the
potential to treat a wide range of age-associated diseases
[16]. This raises the question of how RUBCN confers
a selective advantage in evolution. One idea is that excessive
autophagy is harmful under some conditions. Indeed, recently
we showed that adipocyte-specific knockout of Rubcn causes
excess autophagy in adipocytes, resulting in decreased adipo-
cyte function and metabolic disorder, suggesting a need for
a factor that can limit the rate of autophagy under certain
conditions [17].

Here, we show that the increase in autophagy in osteoblasts
results in a range of changes that support osteoblast function.
Importantly, we found that osteoblast-specific deletion of
RUBCN alleviates the symptoms of osteoporosis in a mouse
model. This observation is consistent with the idea that inhi-
bition of RUBCN in osteoblasts represents a potential ther-
apeutic target for age-associated bone disease.

Result

To determine whether osteoblast-specific upregulation of
autophagy can increase osteoblast function, we used Sp7/
Osterix-Cre mice, in which expression of Cre-recombinase
expression is activated before osteoblast differentiation [18].
Considering the previous study showing that Sp7-Cre trans-
genic mice exhibit severe hypomineralization from an early
stage of development [19], we tested whether the mice might
show any changes in the bone phenotype even in our experi-
mental condition. We also tested Rubct"™/M or Atgso*/flox

mice for the phenotype as well. We found that the Sp7-Cre,
Rubcr" 1% or Atg5"*°* did not show significant changes in
the bone mineral density, BV/TV (bone mineral density and
bone volume), and bone mineral contents from C53BL6]J wild-
type mice except for the slight reduction in bone mineral
contents of the Sp7-Cre mice (Figure S1A, S1B and SI1C).
Moreover, to eliminate the possibility that hormonal status
affects bone phenotypes [20], we used male mice except in
the ovary removal experiments described below. We used
young mice (12 weeks of age) because aged mice exhibit bone
abnormalities such as osteoporosis. We crossed the Sp7-Cre
mice with Rubc""°* mice and then analyzed bone formation
in the resultant rubcn™"°%Sp7-Cre mice. Immunoblotting
confirmed that RUBCN was conditionally deleted in this
model (Figure S1D). We also conducted PCR genotyping
in osteoblasts purified from 12-week-old mice of control,
rubcr" 0% Sp 7. Cre,atg5"*°%,8p7-Cre, and  rubcn™%;
atg5"°%,$p7.Cre mice. We confirmed genomic deletion of
Rubcn in osteoblasts of rubcn™%,.8p7-Cre and rubcn™/%;
atg5"*1°%;5p7.Cre mice and deletion of Atg5 in osteoblasts of
atgs" % $p7.Cre and ruben™"%,atg5" ¥ %,$p7-Cre mice
(Figure S1E).

Micro computed tomography (CT) revealed that rubcrn™
fox.$p7-Cre mice had higher BV/TV than control Sp7-Cre lit-
termates at the age of 12 weeks (Figure 1A and B). To eliminate
the possibility rubcr*/°%;Sp7-Cre mice had larger bones, we
measured the femur bone length and weight of 12 Sp7-Cre
background mice and 12 rubcn™%Sp7-Cre mice; we
observed no significant difference between them (Figure S1F).

Autophagy flux assay confirmed a significant increase in
basal autophagy in primary osteoblasts from rubcr"%;Sp7-
Cre mice, suggesting that the bone phenotypes were due to
upregulation of autophagy (Figure S2A and S2B). To obtain
direct evidence that autophagy is upregulated in the model
system, we performed electron microscopy. Autophagosome
formation was significantly increased in primary cultured
rubcn™°%,5p7-Cre osteoblasts that had been starved for
2 h to induce autophagy (Figure S2C and S2D), indicating
that autophagy is upregulated in rubcn-deleted osteoblasts.

To confirm the autophagy dependency of the phenotype
in vivo, we investigated whether simultaneous genetic ablation
of Atg5 and Rubcn would abolish the phenotype. A previous
study showed that atg5"**/"°%;Colla-Cre mice, in which Cre is
driven by a promoter that functions with high efficiency in
osteoblasts, exhibit significantly underdeveloped trabecular
formation [12]. Consistent with this, atg5™*/"°%;$p7-Cre mice
had significantly reduced bone mineral density and BV/TV
(Figure 2A and B). Notably, we observed a similar phenotype
even in rubcn™1°%atg5"¥%,.§p7_Cre mice (Figure 2A and
B), suggesting an epistatic relationship of Atg5 to Rubcn with
regard to this phenotype. Therefore, we conclude that the
increased bone formation in rubcn™°%,$p7-Cre mice was
autophagy-dependent. Supporting these CT data, we assessed
other histomorphometric parameters. In the histomorpho-
metric data, Tb.N, Tb.Sp., and mineral apposition rate
revealed similar dynamic effects of RUBCN inactivation on
bone morphology (Figure S3A, S3B and S3C).

Next, we sought to determine whether the osteoblast-
specific increase in autophagy could improve the symptoms



ru bcnflox/flox;
Sp7-Cre

3
S

500
400
300
200
100

Bone mineral density (mg/cm?)

Total bone image

Trabecular bone image

AUTOPHAGY (&) 2325

**
*%

6.E-05 -
5.E-05 -
4.E-05 -
3.E-05 -
2.E-05 -
1.E-05

Bone mineral contents (mg)

0.E+00 A

Figure 1. Bone mineral density, bone volume (BV/TV), and bone mineral contents are significantly elevated in rubcn”°"/f"’x;5p7—Cre mice. (A) Representative images of
total bone and trabecular bone of control male mice in Sp7-Cre background and rubcn™"°:5p7-Cre male mice on normal chow. Bone images were acquired by
micro computed tomography and analyzed using the TRI/3D-Bone software (RATOC Systems). Scale bars: 500 um. (B) Bone mineral density (left), bone volume
(middle), and bone mineral contents (right) of control and rubcn™™:5p7-Cre mice on normal chow. Rubcn**;Sp7-Cre (n = 18). rubcn™"°%:5p7-Cre (n = 12). Three of
these indexes were significantly elevated in rubcn™™%:5p7-Cre mice. All data are expressed as means + SD. Data were analyzed by two-tailed Student’s t-test.
P values from left to right: 0.019, 0.002, 0.006. *P < 0.05; **P < 0.01; ***P < 0.001; N.S. not significant.

of bone diseases. To this end, we used an estrogen-deprived
osteoporosis model created by surgical removal of both ovar-
ies. Four weeks after ovary resection, we measured the bone
density of the distal femur. Initially, nine wild-type mice were
bilaterally ovariectomized, and nine sham models were
incised and sutured as a control. Bone mineral density and
BV/TV of the ovariectomized model decreased by 15.2%
(sham model: 419.7 + 6.8 mg/cm’, ovariectomy model:
350.8 + 7.1 mg/cm3) and 38.8% (sham model: 33.9 + 0.8%,
ovariectomy model: 21.0 + 1.3%), respectively, confirming
that the model was suitable for the subsequent experiments.
Next, the same ovariectomy method was performed in
rubcn™°%,8p7-Cre mice to induce osteoporosis. Bone
mineral density and BV/TV in ovariectomized rubct
floxgp7.Cre mice were higher those in ovariectomized wild-
type mice by 9.8% (wild type: 350.8 + 7.1 mg/cm?®, rubcn/"
flox.Sp7-Cre: 3949 + 85 mg/cm®) and 30.4% (wild type:
21.0 * 1.3%, rubcn™°%,8p7-Cre: 28.2 + 0.8%), respectively
(Figure 2C and 2D). These results indicate that upregulation
of autophagy in osteoblasts ameliorates osteoporosis in vivo.
To determine the mechanism by which upregulation of
autophagy in the absence of RUBCN increases osteoblast
function, we performed an osteoblast differentiation assay.
To this end, we generated rubcn™’~ MC3T3-E1 cells (mouse

calvaria-derived cell line used for assessment ALPL activity)
using the CRISPR-Cas9 system and tested the capability of the
cell line to undergo osteoblast differentiation. RUBCN protein
was undetectable in immunoblots of rubcn™’~ MC3T3-E1 cells
(Figure S3D).

Differentiated osteoblasts were detected by expression of
ALPL, which was visualized using 5-bromo-4-chloro-3'-
indolyl phosphate/nitro blue tetrazolium (BCIP/NBT) as a
substrate. rubcn™~ MC3T3-E1 cells exhibited a 3-fold increase
in osteoblast differentiation relative to control cells. In a
primary cell culture of osteoblasts obtained from the
rubcnﬂw‘/ﬂ“x;Sp%Cre mice, we also observed a significant
increase in osteoblast differentiation. The data suggested that
loss of RUBCN accelerates osteoblast differentiation
(Figure 3A and B). To determine whether differentiated osteo-
blasts formed in the absence of RUBCN are functional, we
monitored mineralization. Osteoblasts produce large extracel-
lular calcium deposits that can be visualized by Alizarin Red
S staining in vitro; in vivo, this process is referred to as
mineralization and bone formation in vivo. We observed
a significant increase in mineralization in the rubcn’”
MC3T3-El cells and primary osteoblasts from rubcn™/"%;
Sp7-Cre mice relative to control counterparts (Figure 3C and
D), suggesting that loss of RUBCN increases osteoblast
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Figure 2. Bone volume in rubcn™?°%.57-Cre male mice increased in an autophagy-dependent manner relative to that in Sp7/Osterix-Cre male mice. Bone mineral
density and BV/TV in rubcn™/™%:5p7-Cre mice were significantly higher in an experimental estrogen—deJ)rived osteoporosis model. (A) Representative images of
Rubcn™*;Sp7-Cre (n = 18), rubcn™™%:5p7-Cre (n = 12), atg5™"*:Sp7-Cre (n = 6), and rubcn™"*%atg5™ %:5p7.Cre (n = 6) mice. Scale bars: 500 um. (B) Bone
mineral density (left) and bone volume (right) of Rubcn™*;Sp7-Cre,ruben™%:Sp7-Cre,atg5™/1°%.Sp7-Cre, and rubcn™%,atg51/19.5p7-Cre mice. (C) Representative
cancellous bone images of control and rubcnﬂ"X/ﬂ"X;Sp7—Cre in ovariectomy models; sham-operated mice were used as controls. Scale bars: 500 um. (D) Bone mineral
densitf}/ (upper) and bone volume (lower) of control and rubcn™/™%:Sp7-Cre mice in sham and ovariectomy models. n = 6. Both indexes were significantly elevated in
ruben™19%:57_Cre and significantly reduced in argSﬂ"X/ flox-Sp7-Cre and ruben™’ ﬂ"x;athﬂ"X/ flox.6p7-Cre mice relative to controls. All data are expressed as means + SD.
Data were analyzed by two-way repeated-measures ANOVA followed by Tukey's test. P values from left to right: 0.001, 0.001, 0.027, 0.001. *P < 0.05; **P < 0.01;
***p < 0.001; N.S. not significant.

activity. To clarify the potential involvement of osteoclasts in  effect on osteoclast number in vivo, eliminating the possibility

any unexpected effect of rubcn™*°%;Sp7-Cre, we conducted
histomorphometric analysis to monitor osteoclast dynamics
(Figure S3E and S3F). In rubcr/™*°%Sp7-Cre mice, the levels
of osteoclast surface/bone surface (%; Oc.S/BS) and osteoclast
number/bone surface (mm?% N.Oc/BS) were comparable to
those of Sp7-Cre background control mice. Thus, it is most
likely that Rubcn deficiency in osteoblasts has no significant

that an indirect effect on osteoclasts caused the phenotype
observed in rubcr"*%;,Sp7-Cre mice. Furthermore, we found
that levels of the osteocyte marker PDPN/E11 were signifi-
cantly elevated in primary osteoblasts from rubcn™/°%8p7-
Cre mice (Figure S4A and S4B), suggesting that osteocyte
differentiation is also promoted by rubcn deletion. Because
we previously showed that RUBCN in several tissues
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Figure 3. Rubcn-knockout osteoblasts exhibit greater differentiation and functional upregulation. (A) Representative ALPL staining images of control and rubcn ;

Sp7-Cre in primary cultured cells and MC3T3-E1 cells. (B) ALPL stained area/well (%) of primary cultured cells and MC3T3-E1 cells was significantly higher in rubcn

flox/

flox.5p7-Cre cells. (C) Representative Alizarin staining images of control and rubcn™/":Sp7-Cre in primary cultured cells and MC3T3-E1 cells. (D) Alizarin stained area/
well (%) of primary cultured cells and MC3T3-E1 cells was significantly higher in rubcn™1%:5p7-Cre cells. All data are expressed as means + SD. Data were analyzed
by two-tailed Student’s t-test. P values from left to right: 0.003, <0.001, 0.021, <0.001. *P < 0.05; **P < 0.01; ***P < 0.001; N.S. not significant.

accumulates with age [16], we examined RUBCN levels in
osteoblasts from aged mice. However, RUBCN levels were
not elevated in aged osteoblasts (Figure S4C and $4D),
indicating that age-related regulation of RUBCN is depen-
dent on tissue type.

To address the molecular mechanisms underlying
increased osteoblast function, we sought to identify the key
factor (s) related to osteoblast differentiation. We focused on
Notch pathway because Notch receptor and Notch intracel-
lular domain (NICD) were previously shown to be degraded
via autophagy [20-23]. NICD is cleaved by gamma-secretase
and transported into the nucleus to function as a negative
regulator of osteoblast differentiation [24]. We found that
NICD was downregulated in osteoblasts from rubcn/™*/1%;
Sp7-Cre mice (Figure 4C). This was likely due to increased
autophagic degradation of NICD in the rubcn™*°%;Sp7-Cre

osteoblasts, as NICD and LC3 interact directly in murine P19
embryonic carcinoma cells [25]. Immunoprecipitation assays
in MC3T3-E1 cells revealed that FLAG-tagged NICD bound
to endogenous LC3 as well as the previously known interactor
SQSTM1 (Figure 4B). In addition, the autophagic flux of
NICD was upregulated in rubct*"Sp7-Cre osteoblasts,
suggesting that Rubcn deficiency results in increased autopha-
gic degradation of NICD in osteoblasts (Figure 4C).
Consistent with this, we found that the Notch targeting
genes Heyl, Heyl, Hesl, Hes3, and Hes7, which are down-
stream targets of NICD, were downregulated in rubcr™/"%;
Sp7-Cre osteoblasts (Figure 4A). As expected, transcript levels
of NICD did not significantly differ between control and
rubcnﬂ”"/ﬂ"x;Sp%Cre osteoblasts (Figure 4A). These data
strongly indicate that the Notch signaling pathway is
downregulated at the protein level in the absence of RUBCN
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Figure 4. Degradation of NICD by autophagy is accelerated under rubcn knockout. NICD signaling is regulated downstream of RUBCN, and NICD directly binds LC3 in
osteoblasts. (A) mRNA expression in primary cultured osteoblast cells, as determined by real-time PCR. The NOTCH target genes Hey1, Heyl, Hes1, and Hes3 were
downregulated in rubcn-knockout osteoblasts. Bone-forming transcription factors Runx2 and Bglap were significantly upregulated in rubcn-knockout osteoblasts. (B)
Immunoprecipitation assay and immunoblotting in cells overexpressing FLAG-tagged NICD. NICD and endogenous LC3 form a complex via direct interaction. (C) Flux
assay with bafilomycin A; (BafA1) revealed that NICD flux was significantly elevated in rubcn-knockout osteoblasts. (D) Representative images of ALPL staining in cells
overexpressing NICD (left). Differentiation in rubcn knockout osteoblasts was inhibited by NICD overexpression, as in the controls (right). All data are expressed as
means = SD. Data in (D) were analyzed by one-way ANOVA followed by Tukey’s test. Data in (A) and (C) were analyzed by two-tailed Student’s t-test. P values from
left to right: 0.034, 0.049, 0.014, 0.008, 0.018, 0.03, 0.029. *P < 0.05; **P < 0.01; ***P < 0.001; N.S. not significant.

due to accelerated degradation of NICD. Notably, downregu-
lation of negative regulators of the osteoblast differentiation in
rubcen knockout cells was associated with the upregulation of
transcriptional factors involved in differentiation. Runx2 and
Bglap/Osteocalcin, which are negatively regulated by NOTCH
target genes, were upregulated in the rubcn%Sp7-Cre
osteoblasts (Figure 4A). Therefore, we conclude that upre-
gulation of autophagic activity promotes osteoblast differ-
entiation through degradation of a negative regulator of
differentiation.

To further investigate the idea that NICD degradation is
a key event for autophagy upregulation in the absence of
RUBCN, we performed an osteoblast differentiation assay by
staining for ALPL using BCIP/NBT in cells overexpressing
NICD. NICD overexpression decreased osteoblast function
even in rubcn™"°%Sp7-Cre osteoblasts (Figure 4D), suggesting
that autophagic degradation of NICD represents a potential ther-
apeutic target for osteoporosis.

Discussion

Because autophagy plays an essential role in maintaining
a wide variety of cell types and tissues and suppresses many
diseases, including osteoporosis, clinical applications target-
ing autophagy have attracted attention as novel medications
for many diseases. Autophagy inducers such as rapamycin
or its analogs have been considered for clinical treatment
[26]. Next-generation autophagy inducers may target the
autophagy machinery itself, thus avoiding any side effects
of the inhibitors of the MTOR pathway, which regulates
many other biological pathways. These approaches include
activation of BECNI, a mammalian homolog of yeast
Vps30/Atg6 [27], or inhibition of RUBCN. Because
RUBCN is a negative regulator of autophagy, and patholo-
gical accumulation of RUBCN plays a causative role in
related diseases [15,16], inhibition of this protein has been
studied in order to develop novel medications.



In this report, we showed that the genetic deletion of
Rubcn in osteoblasts accelerates osteocytes differentiation
and alleviates osteoporosis (Figure S4A and S4B).
Accumulation of RUBCN is a pathological feature of liver
diseases; accordingly, loss of RUBCN alleviates some of the
phenotypes associated with such diseases. By contrast, we
observed no significant increase in RUBCN in osteoblasts
from 24-month-old (aged) male mice (Figure S4C and S4D),
although our previous study showed that RUBCN accumu-
lates with age in diverse tissues [16]. In this in vivo study, we
mainly used male mice to eliminate the influence of hormonal
status [20]. However, a previous report indicated that the
autophagic activity of osteoblasts decreases with age only in
female mice [20]. Therefore, it is possible that RUBCN accu-
mulates with age in osteoblasts from female mice.
Nonetheless, genetic loss of Rubcn in osteoblasts increases
the function of osteoblasts while also upregulating autophagy.
Thus, we speculate that any changes in osteoblasts observed in
rubcn™¥°%,5p7-Cre mice were simply the result of upregu-
lated autophagy.

RUBCN inactivation can lead to increased mineraliza-
tion not only through increased osteoblast differentiation,
but also through increased release of mineralization crys-
tals by autophagic vesicles [28]. Notably, we determined
that NICD is a key molecule involved in this phenom-
enon. The significant effect that we observed on osteo-
blast differentiation, as well as improvement of
osteoporosis by rubcn knockout, suggests that schemes
targeting RUBCN in osteoblasts to accelerate autophagic
degradation of NICD could be used as precision medicine
for autophagy.

Although it remains to be determined how much tissue-
specific loss of NICD, which is derived from the C-terminals
of both NOTCHI1 and NOTCH2, would affect osteoblast
differentiation in the mice, the effect of reduction of NICD
can be estimated from the phenotype of osteoblast-specific
notch2-knockout mice, which have elevated osteoblast func-
tion. In these mice, the NOTCH-targeting genes Hey2 and
Hes7 are reduced because of NICD reduction [29]. This simi-
larity between the phenotype of osteoblast-specific deletion of
Notch2 and that of Rubcn, shown here, supports the idea that
induction of autophagic degradation of NICD could improve
osteoporosis. Altering the Notch signaling pathway could
cause fatal biological events related to neural development
and cardiac functions, posing a challenge to developing clin-
ical applications targeting NICD. However, systemic rubcn-
knockout mice are born at Mendelian ratios and do not
exhibit any detectable abnormality at the birth (data not
shown), suggesting that autophagic degradation of NICD is
regulated at a level with no significant side effects, even in
rubcn-knockout mice. Because autophagy plays roles in
embryonic development, as demonstrated by the effects of
oocyte-specific deletion of Atg5 [30] and other model systems,
it is possible that some system limits the autophagic degrada-
tion of NICD during development. Consistent with this, auto-
phagic flux of NICD is not evident in the presence of Rubcn,
suggesting that autophagic degradation of NICD is limited to
a low level relative to known autophagic substrates such as
SQSTM1 and LC3. Interestingly, we observed that a loss of
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RUBCN in mouse embryonic fibroblasts (MEFs) does not
significantly increase the autophagic flux of NICD, in contrast
to the situation in osteoblasts harboring a rubcn deletion
(Figure 4C and Figure S4E and S4F). Thus, we speculate
that an approach targeting RUBCN would not cause unde-
sired side effects, as expected from the functions of the Notch
signaling pathway.

We predict that RUBCN inhibition or modulation of the
NICD-LC3 interaction would synergize with current treat-
ments for osteoporosis. To counteract osteoporosis, several
clinical approaches have been established that promote
osteoblast function or downregulate osteoclast activity. For
example, compounds called selective estrogen receptor
modulators (SERMs) not only directly inhibit osteoclast
function by inducing FASL expression via the osteoclast
estrogen receptor [31] but also suppress osteoclast differ-
entiation by promoting expression of TNFRSF11B/osteo-
protegerin/osteoclastogenesis inhibitory factor/OCIF [32].
Osteoprotegerin expression suppresses osteoclast differen-
tiation via inhibition of RANKL-RANK binding [33]. In
another approach, parathyroid hormone treatment induces
osteoblastic transcription factors and increases osteoblast
function by activating the WNT-CTNNBI1/beta-catenin
pathway [34]. The combination of SERM and parathyroid
hormone is effective [35,36]. Given that expression of
a constitutively active isomer of beta-catenin in osteoblasts
increases osteoprotegerin expression and suppresses osteo-
clast differentiation, this combined effect may be a result of
expression of the additive increase in osteoprotegerin. The
downregulation of the Notch signaling pathway by RUBCN
inhibition, as shown here, should synergize with existing
approaches that modulate the Wnt signaling pathway.
Noteworthy, the induction of osteoblast differentiation by
inhibition of the Notch pathway may be caused not only by
direct changes in the downstream factors in Notch signal-
ing, but also by activation of the beta-catenin pathway and
Whnt signaling, which may activate osteoblast function [37].
This may explain the significant phenotype of the rubcr
flox.§p7-Cre mice, which exhibit milder changes in expres-
sion of Notch target genes. Targeting of RUBCN or auto-
phagic degradation of NICD could intensify the bone
formation by current medication targeting Wnt pathway.
Further mechanistic studies should clarify the molecular
mechanism underlying the function of such combined
treatment.

Taken together, our findings show that targeting
RUBCN itself represents a promising approach for treat-
ing osteoporosis, and this strategy could be further
strengthened by the specific promotion of the NICD-
LC3 interaction. Moreover, this idea could be applied to
specialized situations such as bone fracture. A drug deliv-
ery system that fixed a stabilizer of NICD and LC3 inter-
actions to an intramedullary nail could promote bone
formation at the site of fracture, accelerating fracture
healing and creating more durable bone. Further mechan-
istic analysis and understanding of the role of autophagic
degradation of NICD may support the development of
novel medications for bone diseases and other autophagy-
related disorders.
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Materials and methods
Reagents and antibodies

The following antibodies and dilution were used: rabbit
monoclonal anti-RUBCN (Cell Signaling Technology, 8465;
1:1000), rabbit monoclonal anti-Notch (Cell Signaling
Technology, 4853; 1:2000), rabbit polyclonal anti-LC3 (MBL,
PMO036; 1:2000), and mouse monoclonal anti-PDPN/podopla-
nin, clone8.1.1 (Merck, MABT1512-25UG; 1:1000). Bafilomycin
A, was purchased from Cayman Chemical.

Animals

Sp7/Osterix-Cre mice [38] and Atg5-floxed mice [39] were
obtained from Dr. Masaru Ishii (Department of the
Development of Immunology and Cell Biology, Graduate
School of Medicine, Osaka University) and Dr. Noboru
Mizushima (The University of Tokyo). Sp7-Cre mice were
crossed with Rubcn-floxed mice [40] or Atg5-floxed mice to
generate mice that harbored a homozygous deletion of Rubcn
or Atg5, respectively, specifically in osteoblasts. All mouse
lines used in this study were maintained on a C57BL/6 ]
background. Unless otherwise specified, all the mice used in
the experiments were 12-week-old males. The mice were
maintained on normal chow with a 12-h light/12-h dark
cycle. Food and water were provided ad libitum. For genotyp-
ing, osteoblast cells were collected from femur bone and
purified by culture in differentiation induction medium, and
PrimeSTAR GXL DNA polymerase (a high-fidelity DNA
polymerase developed by Takara Bio) was used for PCR.
The PCR program was as follows: denaturation for 30 s at
94°C, annealing for 2 min at 55°C, and extension for 3 min at
55°C (25 cycles). The sequences of the primer pairs used for
genotyping are available upon request. Experimental proce-
dures involving mice were approved by the Institutional
Committee of Osaka University.

Cell culture

MC3T3-El cells were purchased from the RIKEN, cell engi-
neering division. The cells were cultured at 37°C with 5% CO,
in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich, DMEM D6429) containing 10% fetal bovine serum
(FBS) at 1% penicillin-streptomycin (Sigma-Aldrich, P4333).

Primary cultured cells were taken from calvaria of young
mice. Calvaria bone of day 1 mice was digested for 15 min at
37°C with osteoblast buffer, which consisted of alpha-MEM
(Nacalai tesque, 21,444-05), 0.176% NaHCOs;, and 0.008%
collagenase (Wako 032-10,534), and fractions were collected
after centrifugation at 350 (g) for 5 min, 5 times. Cell suspen-
sions were placed in 10-cm dishes and incubated at 37°C with
5% CO,.

Generation of rubcn-deficient MC3T3-E1 cells by
CRISPR-Cas9

The Rubcn gene was knocked out in MC3T3-E1 cells using
the CRISPR-Cas9 system. To generate the rubcn™’~ MC3T3-

E1 cell line, guide RNA for Rubcn exon 5 was inserted into the
BbslI restriction site of vector pMRX. The resultant vector was
transfected into MC3T3-E1 cells, and GFP-positive cells were
sorted by FACS (fluorescence-associated cell sorting) and
cultured in 96-well plates with one cell in each well. Four
days later, the cells were passaged into 12-well plates, and the
rubcn-knockout clones were identified by Western blotting.

Osteoblast differentiation assay

Cell suspensions were incubated with osteoblast differentia-
tion buffer consisting of 50 pM ascorbic acid sodium salt
(Wako, 196-01252), 100 nM dexamethasone (Wako, 041-
18,861), and 10 mM beta-glycerophosphate (Sigma, G6376).
ALPL assay was performed after 7 days, and Alizarin red
S (bio medical science, BR-217700041) staining was per-
formed after 21 days.

ALPL staining

Osteoblast cells are incubated for 5 days in osteoblast differ-
entiation buffer. Primary cultures were incubated in 12-well
plates, and MC3T3-E1 cells were incubated in 96-well plates.
Cells were fixed with 4% paraformaldehyde (0.1 M cacodylate
buffer, pH 7.3). After addition of 5-bromo-4-chloro-3'-indolyl
phosphate/nitro blue tetrazolium (BCIP/NBT; Nacalai tesque,
03937-60) and incubation at 37°C for 20 min, the cells were
observed by BZ-X700 (All-in-one fluorescence microscope by
Keyence).

Alizarin staining

Osteoblast cells are incubated for 4 weeks in osteoblast differ-
entiation buffer. Primary cells were incubated in 12-well
plates, and MC3T3-E1 cells were incubated in 96-well plates.
Osteoblast differentiation buffer was changed every 2 days,
and cells were fixed with 4% paraformaldehyde (0.1 M caco-
dylate buffer, pH 7.3). Cells in plates were stained with
Alizarin Red S (pH 4.0) for 5 min, washed, dried, and
observed on a BZ-X700 All-in-one fluorescence microscope
(Keyence).

Fluorescence microscope assay

Cells were fixed by 4% paraformaldehyde (0.1 M cacodylate
buffer, pH 7.3), and permeabilized with digitonin (100 pg/ml;
Nacalai tesque,19,390-91) for 7 min. After staining with pri-
mary and secondary antibodies, the cells were observed
with a fluorescence microscope (IX83). Microscopy imaging
conditions were as follows: microscope, I1X83; lens, UIS
LANAPOG60X/1.42; exposure time, 350 ms; oil, Olympus
IMMERSION OIL.

Bone analysis

All mice used in experiments were 12-week-old male mice on
a C57BL/6 ] background, except that the osteoporosis model
mice were 9-week-old females. In the latter experiments, bone
images of the distal area of the femur were taken 4 weeks after



removal of the ovaries. For scanning bone, the X-ray source
set at a voltage of 60kV, with a current of 120 pA. For
accurate images of the trabecular microarchitecture, a voxel
size is 10 um. The scan volume of the femoral midshaft is
centered on the point above 750 pum

from growth plate at the distal end of femur, and the depth of
the trabecular bone scan area is 300 um. Bone images were
acquired using CT (uCT40, Scanco Medical AG) and analyzed
using TRI/3D-Bone software (RATOC Systems). According to
the previous report [41], we measured several parameters such as
bone mineral density, BV/TV, Tb.N, Tb.Sp, and mineral apposi-
tion rate.

RNA isolation and quantitative PCR analyses

Mouse tissues were harvested in QIAzol (Qiagen, 79,306)
using a Precellys Evolution tissue homogenizer (Bertin).
Total RNA was extracted using an RNeasy Plus Mini kit
(Qiagen, 74,106). cDNA was generated using iScript (Bio-
Rad, 1,708,891). qRT-PCR was performed with Power SYBR
Green (Applied Biosystems, 4,368,577) on a QuantStudio 7
Flex Real-Time PCR System (Applied Biosystems). Four tech-
nical replicates were performed for each reaction, with Rplp0/
36b4 used as the internal control.

Immunoblotting

Mouse tissues were harvested in RIPA buffer (50 mM Tris-
HCI, pH 8.0, 150 mM NaCl, 1% w:v Triton X-100 [Wako,
04605-250], 0.1% sodium dodecyl sulfate [SDS], 0.5% sodium
deoxycholate [Wako, 190-08313]) using a Precellys Evolution
tissue homogenizer (Bertin). The cells were lysed in the
same RIPA buffer and quantified by BCA assay (Nacalai
Tesque, 06385-00). After addition of 5x SDS bulffer, the
samples were boiled for 5 min. After centrifugation, protein
lysates were separated by 7 or 13% SDS-PAGE and transferred
to PVDF membranes. Membranes were stained with Ponceau-
S, which were then blocked with 1% skim milk TBS-T
(137 mmol Nacl, 68 mmol KCl, 25 mmol Tris, pH7.4,
0.1% w:v Tween 20 (Nacalai Tesque, 23,926-35)) and incu-
bated with specific primary antibodies. Immunoreactive
beads were detected using horseradish peroxidase-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories,
AB_10015289), Luminata Forte (Merck Millipore, WBLUF0500)
or ImmunoStar LD (Wako, 290-69,904), and ChemiDoc Touch
(Bio-Rad). Band intensities were quantified using Image]J software
(National Institutes of Health).

Autophagy flux assay

Cells were incubated for 2 h at 37°C with 5% CO, in DMEM
in the presence or absence of 125 nM bafilomycin A;. The
cells were lysed and immunoblotted for LC3. The autophagy
flux was calculated by subtracting the densitometry values of
LC3-II in samples not treated with bafilomycin A; from the
values in samples treated with bafilomycin A;.
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Statistical analysis

Results were presented as means + SD. Data were analyzed by
two-tailed Student’s t-test or one-way ANOVA followed by
Tukey’s test. Statistical analysis was performed in GraphPad
Prism7 (GraphPad Software) or JMP (SAS).

Electron microscopy analysis

Primary cultured rubcrn™/°%Sp7-Cre osteoblasts were incu-
bated at 37°C with 5% CO, for 2 h under starvation conditions
with 125 nM bafilomycin A,, fixed with 4% paraformaldehyde,
and postfixed with 1% osmium tetroxide solution at 4°C for 1
h. Cells were embedded in Nissin EM Quetol 812 epoxy resin.
Ultrathin sections (80-nm thick) were cut with an ultramicro-
tome. Sections were stained with uranyl acetate and lead citrate
and observed with a Hitachi H-7650 electron microscope
(Hitachi High-Technologies Corporation) at 80kV.
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