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Abstract

Parathyroid hormone (PTH) signaling downstream of the PTH 1 receptor (Pthlr) results in both
bone anabolic and catabolic actions by mechanisms not yet fully understood. In this study,

we show that Pthlr signaling upregulates the expression of several components of the Notch
pathway and that Notch signals contribute to the catabolic actions of PTH in bone. We found that
constitutive genetic activation of PTH receptor signaling in osteocytes (caPth1rO% or treatment
with PTH daily increased the expression of several Notch ligands/receptors in bone. In contrast,
sustained elevation of endogenous PTH did not change Notch components expression. Deletion of
the PTH receptor or Sclerostin overexpression in osteocytes abolished Notch increases by PTH.
Further, deleting the canonical Notch transcription factor Rbpjk in osteocytes decreased bone mass
and increased resorption and Rank/ expression in caPth1rOt mice. Moreover, pharmacological
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bone-targeted Notch inhibition potentiated the bone mass gain induced by intermittent PTH by
reducing bone resorption and preserving bone formation. Thus, Notch activation lies downstream
of anabolic signaling driven by PTH actions in osteocytes, and Notch pharmacological inhibition
maximizes the bone anabolic effects of PTH.
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Introduction

Osteoporosis is a common skeletal disorder characterized by compromised bone strength
and increased risk of fractures. Osteoporosis typically occurs due to a negative balance

in which bone resorption exceeds new bone formation (1, 2). Anti-resorptive agents are
frequently used to treat osteoporosis due to their ability to decrease bone resorption

and increase/maintain bone mass (3, 4). However, anti-resorptives do not stimulate bone
formation and thus have limited capacity to restore bone architecture (3, 4). Teriparatide
(parathyroid hormone (PTH) 1-34) is a PTH receptor 1 (Pth1r) agonist approved by the FDA
for the treatment of osteoporosis (5). PTH1-34 robustly stimulates osteoblast differentiation
and new bone formation (6, 7). However, PTH 1-34 also increases Receptor activator

of nuclear factor kappa-B ligand (Rankl) expression and stimulates osteoclast-mediated
bone resorption, progressively diminishing the gain in bone mass (6, 7). Understanding the
molecular mechanisms responsible for the anabolic and catabolic effects of PTH on bone
has become imperative to identify new therapeutic targets to potentiate or prolong the bone
gain induced by anabolic regimens of this hormone.

The Notch signaling pathway regulates several aspects of bone remodeling by mediating
cell-to-cell communication between adjacent bone cells (8). Notch signaling is activated
through cell-surface receptors (Notch 1-4) that transduce signals from Notch ligands that
belong to the Delta-like and Jagged (Jag) families. PTH increases the expression of the
Notch ligand JagZ in osteoblastic cells, and its deletion from osteoprogenitors accelerates
the bone gain induced by daily PTH injections (9, 10). These findings suggest that JagZ
inhibits bone anabolism induced by PTH by controlling the transition of osteoprogenitors to
mature osteoblasts. Yet, whether PTH regulates other Notch signaling components (ligands,
receptors, target genes) and whether Notch signals in osteocytes contribute to the skeletal
actions of PTH is unknown.

Herein, we report that daily administration of PTH upregulates the expression of several
Notch components and activates Notch signaling in bone. Notch activation by PTH

is mediated by direct actions on osteocytes downstream of the PtiZrand requires
downregulation of the gene Sost, which encodes the Wnt antagonist and inhibitor of bone
formation Sclerostin. Further, PTH activation of Notch signaling in osteocytes restrains
bone resorption enabling full bone gain, as demonstrated by genetic approaches. Moreover,
pharmacologic inhibition of Notch signaling with a bone-targeted Notch inhibitor decreases
bone resorption and preserves bone formation induced by daily PTH, thus maximizing
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the bone gain caused by the hormone. Together, these findings provide novel evidence
supporting the role of Notch signals as mediators of the pro-resorptive skeletal effects of
PTH through actions on osteocytes and identify the Notch pathway as a new target to
potentiate the bone gain induced by anabolic regimens of PTH.

Wild type (WT) and heterozygous Dmp1-8kb-caPthlr mice (caPth1rO) littermate female
mice (RRID: MGI:5657312) were generated as shown before (11). WT and caPth1rOt mice
with conditional deletion of the Rbpjk in osteocytes (Rbpjk2Ct) were generated by a 2-step
breeding strategy using caPth1rOt, Rbpjkf/fl (12), and Dmp1-8kb-Cre mice (13). caPth1rOt
mice were crossed with Rbpjk™/fl and the resulting caPth1r Rbpjkf /"t were subsequently
crossed with Rbpjk"t: Dmp1-8kb-Cre™* mice. Littermates of the following genotypes
were used for the studies: Rbpjk™f, Rbpjk™/f:Dmp1-8kb-Cre"*, Rbpjk:caPth1rOt, and
Rbpjkf: Dmp1-8kb-Cre™*;caPth1rOt (caPth1rOtRbpjk2Ct). Mice with conditional deletion
of Pthirin osteocytes (Pth1r20t were generated by crossing Pth1rf/fl mice with DMP1-8kb-
Cre mice, as reported before (14). The generation of transgenic mice overexpressing the
human SOST cDNA (Dmp1-SOST) and littermate controls was published previously (14).
Four-month-old WT, Pth1r20t and Dmp1-SOST mice were injected daily with PTH 1-34
(100ng/g, Bachem, Torrance, CA, USA) or vehicle for 28 days, as previously reported

(14). Four-month-old C57BL/6 female mice (Harlan, Indianapolis, IN, USA) received daily
injections of PTH 1-34 (100 ng/g/day) or vehicle and i.p injections of BT-GSI (5 mg/kg,
3x/wk) or saline for 14 days. Mice were fed a regular diet (Harlan), received water ad
libitum, and maintained a 12-h light/dark cycle. To test the effect of continuous elevation of
endogenous PTH, 4-month-old C57BL/6 female mice (Harlan) were fed a diet containing
0.01% calcium and 0.4% phosphorous (low calcium diet, TD.95027, Harlan), and control
mice were fed a diet containing 0.6% calcium and 0.4% phosphorous (hormal calcium diet,
TD.97191, Harlan). For all the studies, mice were randomized to the experimental groups
based on total BMD before treatment.

Justification of the use of Dmp1 promoter and interpretation of the data.

For all these studies, we used the Dmp1-8kb promoter to direct our genetic interventions

to osteocytes. Although Dmp1 promoters remain the most widely used genetic approach

to target osteocytes, we acknowledge they can also target other cell populations in bone,
including mature osteoblasts potentially destined to become osteocytes (15). Yet, distinct
skeletal phenotypes are found when the same gene(s) are deleted using DMP1-Cre drivers
vs. Cre promoters targeting osteoblasts and their progeny (i.e., osteocalcin and collagen) (11,
16-23). Thus, we interpret that osteocytes are the main targets of the DMP1-8kb promoter
and, therefore, major contributors to the skeletal phenotypes described in this manuscript.

Generation of a bone-targeted notch inhibitor (BT-GSI).

BT-GSI was generated following methods as described before (24). Briefly, the bone-
targeted GSI (BT-GSI) is a conjugate formed by 1) a modified, less active bisphosphonate
moiety with high bone affinity designed to direct the conjugate to the skeleton, 2) a pH-
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sensitive labile linker that binds the bone targeting moiety (BT) to the cargo, and 3) the
cargo, the small molecule GSI-XII that inhibits Notch signaling by preventing the cleavage
of the Notch intracellular domain of Notch receptors. BT-GSI was dissolved in DMSO

and diluted in PBS for /n vivo administration. We reported before that at equimolar doses,
BT-GSI decreased Notch signaling in the bone, whereas no effects were seen with BT (24).
Further, we showed that the BT alone exhibits some residual anti-resorptive activity, but

its ability to inhibit local bone resorption and reduce osteoclast is lower than BT-GSI (24).
Because our main goal was to examine the contribution of the Notch signaling to PTH’s
skeletal effects, we selected BT-GSI for these experiments.

Analysis of the skeletal phenotype.

BMD measurements and micro-CT analysis were performed as previously described

(22, 25). For micro-computed tomography (UCT) analysis, bones were scanned at 6-um
resolution (Skyscan 1172; SkyScan, Aartselaar, Belgium), and measurements were done 60
pum away from the growth plate. Static and dynamic bone histomorphometric analyses were
performed using the OsteoMeasure High-Resolution Digital Video System (OsteoMetrics,
Decatur, GA, USA) as previously described (22). Analyses were performed in the cancellous
bone of an 800-pum region of the vertebrae, starting 200 um below the growth plate.

Serum biochemistry.

Procollagen type 1 N-terminal propeptide (P1NP), osteocalcin (OCN), and C-telopeptide
fragments of type I collagen (CTX) were measured using enzyme-linked immunosorbent
assays (Biomedical Technologies, Stoughton, MA, USA, and Immunodiagnostic Systems
and Immunodiagnostic Systems, Fountain Hill, AZ, USA), as previously published (22, 25).

Quantitative PCR.

Bones were harvested, the periosteum was removed, and total RNA from whole bones
(including cortical, cancellous, and bone marrow) was extracted using TRIzol (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions. gPCR was performed using
primer-probe sets from Applied Biosystems or Roche Applied Science (Indianapolis, IN,
USA) as previously reported (22, 25). For experiments using intermittent PTH, mRNA
samples were collected 3h after treatment administration. Relative mMRNA expression levels
were normalized to the housekeeping gene ribosomal protein S2 using the ACt method (26).
Fold changes are shown in all figures and were calculated by dividing the treatment values
by the control/vehicle values.

Statistical analysis.

Data were analyzed using SigmaStat (SPSS Science, Chicago, IL, USA). All values are
reported as mean = standard deviation (SD). Differences between group means were
evaluated using t-Test or two-way ANOVA (with genotype and treatment as independent
variables), followed by multiple pairwise comparisons using the Tukey method. p=0.05
values were considered statistically significant. Samples sizes were estimated based on
previous studies and results obtained with the /7 vivo models employed in this manuscript.
Two independent investigators performed all these analyses in a blinded manner.
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Institutional approval.

Results

All animal procedures were approved by the Institutional Animal Care and Use Committee
of Indiana University School of Medicine, and animal care was carried out following
institutional guidelines.

Activation of anabolic Pthlr signaling in osteocytes increases Notch signaling in bone.

Bones from female mice with genetic constitutive active Pth1rin osteocytes (caPth1rOt)
displayed elevated mMRNA expression of components of the Notch pathway, including
Notch2 and 4, ligands Jagl, Delta-like (DIl) 1 and 4, and the Notch target genes Hairy
and enhancer of split-1 (Hes1) and Hairy/enhancer-of-split related with YRPW motif-like
protein (HeyL ) compared to control littermates (WT) (Fig. 1). The mRNA expression

of Notch-related genes was also elevated in bones from control Pth1rf/fl mice receiving
intermittent injections of PTH (iPTH) (Fig. 2) but absent in mice with conditional deletion
of Pthirin osteocytes (Pth1r2O%). In contrast to these observations made in models of
hormonal or genetic Pthlr activation leading to bone gain, the catabolic skeletal actions
of chronic elevation of endogenous PTH induced by a calcium-deficient diet (27) did not
change the expression of Notch genes in bone (Suppl. Fig. 1). Together, these results
support the notion that PTH signals leading to bone gain increase the expression of Notch
components and activate Notch signaling in bone through mechanisms downstream of the
Pthlrin osteocytes.

Sclerostin downregulation is required for PTH-induced activation of Notch signaling.

PTH downregulates Sost/Sclerostin expression and activates Wnt/B-catenin signaling in
bone (28, 29), a pathway that can influence Notch signaling (21, 22). Thus, we sought to
determine whether the Notch activation induced by Pth1rsignaling in osteocytes is mediated
by Sclerostin downregulation. Consistent with the data displayed in Fig. 2, control mice
receiving iPTH injections exhibited increased mRNA expression of Notch components (Fig.
3). In contrast, the elevation of Notch components was not detected in mice overexpressing
Sclerostin in osteocytes. These results suggest that PTH signaling in osteocytes activates
Notch through a mechanism downstream of Sos#/Sclerostin downregulation.

Genetic inhibition of canonical Notch signaling in osteocytes increases bone resorption
and decreases the bone gain induced by PTH.

Next, we dissected the contribution of canonical Notch signaling in osteocytes to the

bone gain seen in caPth1rO mice (11, 30). We genetically deleted the canonical Notch
transcription factor recombination signal binding protein for immunoglobulin kappa J region
(Rbpjk) in osteocytes in both wt and caPth1rOt mice. Rbpjk2Ct and caPth1rOtRbpjk2Ot
mice exhibited a ~50% reduction in Rbpjk MRNA expression in bone compared to

bones from their respective control littermates and Rbpjk deletion blunted in caPth1rOt

mice the increased HesZ and JagZ seen in bone tissue (Suppl. Fig. 2). At 6 months of

age, no differences in BMD, cortical or cancellous bone volume, or bone formation or
resorption markers were found between wt and Rbpjk2°t mice (Fig. 4), suggesting that
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osteocytic canonical Notch signaling is dispensable for physiological bone homeostasis. In
contrast, caPth1rOt mice with genetic deletion of Rbjk (caPth1rOtRbpjkA0Y) exhibited 5%
lower total BMD (Fig. 4A), decreased femoral cortical bone area (-9%), and reduced L5
cancellous BV/TV (-16%), and trabecular thickness (-30%) compared to control caPth1rOt
mice (Fig. 4B—C). Moreover, caPth1rOt:RbpjkACt mice displayed increased serum CTX
(40%) and higher Rankl/Opg (osteoprotegerin) ratio in bone than caPth1rOt mice (Fig. 4D-
E). In contrast, the increase in circulating PLNP levels and Sost downregulation exhibited by
caPth1rOt mice remained unchanged in caPth1rOt:Rbpjk2Ct mice (Fig. 4 D—F). Altogether,
these findings support the notion that osteocytic Pth1rsignaling activates canonical Notch in
bone to restrain bone resorption and facilitate bone gain.

Pharmacologic bone-targeted inhibition of Notch signaling inhibits resorption and
potentiates the bone gain induced by iPTH.

We recently developed a bone-targeted Notch inhibitor (BT-GSI) and showed it inhibits
Notch signaling in the bone/bone marrow environment and exerts potent anti-resorptive
effects in bone (24). Here, we examined the impact of BT-GSI on the skeletal effects

of iPTH. iPTH increased Hes1/5/7and Hey1/L mRNA expression in bone, and co-
administration of BT-GSI decreased it to control levels (Fig. 5A). iPTH increased total (7%)
and femoral BMD (13%), and preserved spinal BMD (0%). Co-administration of BT-GSI
potentiated BMD increases induced by iPTH at all bone sites (10, 17, and 7%, respectively)
(Fig. 5B). Further, co-administration of BT-GSI increased by 25% the gain in cancellous
BV/TV (L4 and distal femur) and trabecular thickness induced by iPTH, but it did not

alter iPTH-induced increases in cortical bone area (8%) (Fig. 5C-E). Co-administration of
BT-GSI decreased serum PLNP (-=30%); however, it preserved the increased bone formation
rate (20%) and osteoblast surface (20%) induced by iPTH in cancellous bone (Fig. 6A-C).
Moreover, co-treatment with BT-GSI did not change the iPTH-induced increases in alkaline
phosphatase (A/p/), Runt-related transcription factor 2 (Runx2), osteocalcin (Bglap), and
Whnt target genes mRNA expression or Sost downregulation in bone (Fig. 6D-E). iPTH
increased serum CTX (30%) and osteoclast surface (25%), whereas co-treatment with BT-
GSI reduced these indexes to values below those seen in control mice receiving vehicle
(Fig. 7A-B). The increased Rankil/Opg expression ratio (1.5-fold) in bone induced by iPTH
remained unchanged by BT-GSI, and no changes were found in Colony-stimulating factor
1 (M-Csf) expression. (Fig. 7C) These results demonstrate that bone-targeted inhibition

of Notch in the frame of anabolic PTH signaling inhibits bone resorption and induces a
superior bone gain compared to iPTH alone.

Discussion

Activation of PTH receptor signaling by binding of the traditional ligand PTH or new PTH
analogs is a major pathway leading to bone anabolism. Yet, the cellular and molecular
mechanisms responsible for the skeletal effects of this pathway are not fully understood.
Using a combination of genetic and pharmacologic approaches, we demonstrated in this
study that anabolic PTH signals activate Notch signaling in bone and that Notch activation
modulates the pro-resorptive effects of PTH in the skeleton. First, we found that genetic
or pharmacologic activation of PTH receptor signaling in osteocytes, which leads to bone
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gain, upregulates the expression of several Notch components and Notch target genes in
bone. Second, we showed that PTH requires the expression of Pthrl in osteocytes and
downregulation of the Wnt antagonist Sclerostin to activate Notch signaling in bone. Third,
using a genetic approach, we found that osteocytic canonical Notch signals downstream

of the transcription factor Rbpjk decrease bone resorption to favor bone gain in a mouse
model of constitutive genetic activation of Pth1rsignaling in osteocytes. Fourth, using a
novel bone-targeted pharmacological Notch inhibitor, we demonstrated that Notch signaling
can be regulated to favor the bone gain induced by daily injections of PTH. In concert,

our findings identify Notch signals as mediators of the pro-resorptive actions triggered by
anabolic PTH administration on the skeleton and show the potential of targeting the Notch
pathway to maximize and preserve the bone gain induced by intermittent PTH.

Earlier work revealed that PTH upregulates the expression of JagZ in osteoblasts (10). Our
current results demonstrate that in addition to JagZ, PTH upregulates the expression of
other Notch components in bone, particularly Notch2and D//1, which were consistently
upregulated by Pthir signaling in all our studies. Canalis and collaborators have shown

that genetic activation of NotchZ2 signaling stimulates osteoclast diffrentation and resorption
(31, 32). Notch4, which was increased in some of our experiments, is transiently increased
during osteogenic differentiation of humans osteoblastic cells (33, 34).Further studies are
needed to determine the specific contribution of Notch2 vs. other Noich receptors, or that
of DII1vs. Jag1, to the skeletal actions of PTH. In addition, we show that the increases in
Notch ligands and receptors lead to Notch activation, as PTH also elevated the expression
of several Notch target genes in bone, particularly HesZ that was elevated across all the
experiments. It is important to note that the comparison of Notch components’ expression
among experiments in our studies is limited by the use of different bones (calvaria vs.

tibia vs. vertebrae), which could explain the differences among samples receiving similar
treatments. The increases in Notch components found in our studies contrast with a recent
report showing short treatment (6h) with PTH appears to downregulate the expression of
Notch target genes in osteocytes (35). The length of the treatment (30 days vs. hours) and
the model used (mice vs. bone organ cultures) may account for the differences between these
two studies. Lastly, we found that chronic PTH elevation did not affect Notch-related genes
in bone. These findings are consistent with the demonstration that expression of the Pthr1
in osteocytes is dispensable to reach bone loss with chronic PTH elevation, which instead
requires the expression of interleukin-17 receptor in osteocytes (36, 37). Nevertheless, these
pieces of evidence imply that intermittent PTH prompts different cellular/molecular actions
leading to Notch activation compared to chronic elevation and demand further investigation.

We previously reported that osteocytes are essential for the skeletal responses to anabolic
PTH (14, 38). This study shows that the genetic activation of Pthlr signaling in osteocytes

is sufficient to activate Notch, and deletion of PtA1rin osteocytes prevents Notch activation
by intermittent PTH. Taken together, these findings further support the notion that osteocytes
are the bone cells responsible for integrating anabolic PTH signals in bone, leading to

the activation of the Notch pathway. In addition to anabolic Pthir signaling in osteocytes,
we also demonstrate that downregulation of Sclerostin is required for PTH to activate

Notch. We and others showed that activation of Wnt signaling in osteoblasts or osteocytes
increases Notch signaling in bone, suggesting a crosstalk between these two pathways exists
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(21, 22). We also showed that activation of anabolic Pthlr signaling, either by genetic
means or daily PTH injections, upregulates Wnt signaling in control mice (14, 27). Thus,
PTH’s downregulation of Sclerostin may contribute to Notch activation by facilitating
Wht signaling upregulation. Future studies are needed to dissect the specific molecular
mechanisms through which Sclerostin regulates Notch activation by PTH.

The Notch signaling pathway exerts critical roles in skeletal development, homeostasis,

and disease, which are cell and context-dependent (8). We show here that canonical Notch
signaling in osteocytes is dispensable for physiological bone homeostasis. Consistent with
our findings, Canalis and colleagues reported the lack of a skeletal phenotype in mice with
conditional deletion of Rbpjk in osteocytes (39). In contrast, we found that canonical Notch
signaling in osteocytes contributes to the regulation of bone resorption and bone gain in
response to Pthlrsignaling activation. Our results show that canonical Notch in osteocytes
limits the increases in Rankl/Opg ratio and bone resorption induced by PTH, suggesting that
canonical Notch signaling is required for the full anabolic effects caused by constitutively
active Pthirsignaling in osteocytes.

The study of the role of Notch in adult bone is challenging because the skeletal

phenotypes result from combined developmental and postnatal effects. We bypassed Notch’s
developmental effects and inhibited endoproteolysis downstream of all Notch receptors
using a novel bone-targeted Notch inhibitor (24). We found that the main effect of Notch
inhibition in adult bone is suppression of bone resorption, which increases bone mass.

This observation is consistent with previous literature showing that Notch signals determine
the differentiation and function of osteoclasts (40), and our /n vitro studies showing that
osteoclast differentiation is suppressed by Notch inhibitors (24). Although Notch also
regulates the differentiation and function of osteoblast precursors and osteoblasts (8),
pharmacological Notch inhibition with BT-GSI did not alter physiological bone formation
or osteoblast number. Recently, Zaidi and colleagues employed a genetic approach to
activate Notch in adult bone, but only in osteoblasts and osteocytes. Notch activation

via Notchl overexpression in mature osteoblastic cells resulted in high bone mass, but

this effect was due to higher osteoblasts and bone formation (41). Yet, similar to our
observation, Notch1 activation in adult bone also increased osteoclasts and bone resorption,
supporting a direct link between Notch and bone resorption in adult bone. Collectively, these
observations highlight the complexity of Notch signaling in adult bone and show that the
bone phenotypes depend on the Notch components, the cell lineage, and the differentiation
stage being targeted.

Co-administration of BT-GSI blunted Notch activation, potentiated the increases in bone
mass, and preserved the elevated bone formation caused by intermittent PTH. Our results
are consistent with clinical studies in humans showing that PTH exerts bone anabolic
actions even when co-administered with anti-resorptives (3, 42, 43). These findings are also
similar to our previous report showing co-administration of a KD014, a pharmacological
inhibitor of matrix metalloproteinase 14/soluble Rankl, potentiates the PTH bone gain by
inhibiting bone resorption (30). Together, these studies further support the notion that bone
resorption limits the gain in cancellous bone induced by intermittent PTH in the early stages
of the therapy. Yet, antiresorptive drugs can reduce the remodeling space and impair bone
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gain caused by PTH during the second year of treatment. It remains to be determined if
long-term administration of BT-GSI causes a sustained inhibition of bone resorption without
interfering with the anabolic effects of PTH.

Our genetic and pharmacologic interventions result in apparent disparate outcomes
regarding the effects of Notch in PTH-induced bone resorption. Upon stimulation of

Pthlr signaling, inhibition of canonical Notch in osteocytes by genetic means increases
bone resorption, whereas suppression of Notch with BT-GSI decreases it. One possible
explanation is that our genetic approach specifically inhibits canonical, Rbpjk-dependent
Notch signaling. In contrast, BT-GSI can interfere with both canonical and non-canonical
Notch, with the skeletal effects of the latter being poorly understood. Another potential
difference is that our genetic approach targets only mature osteoblastic cells, while BT-GSI
can suppress Notch in any cell present in the bone microenvironment, including cells of

the osteoclastic lineage. Thus, the anti-resorptive effects and additional bone gain seen

with co-administration of BT-GSI may be due to direct inhibition of Notch in osteoclasts.
Although we reported that osteoclasts are more sensitive to GSI than to the modified
bisphosphonate moiety (BT) (24), we cannot exclude the possibility that BT also contributed
to the reduced bone resorption. Lastly, Pthlr signaling was activated by different means,
genetic constitutive Pth1roverexpression vs. intermittent PTH administration, which both
lead to net bone gain but could trigger different cellular/molecular events. Nevertheless,

our findings reveal a previously unknown link between Notch and bone resorption in the
context of anabolic Pth1ractivation and show the potential of interfering with Notch signals
to modulate the bone gain induced by PTH.

In summary, our /in vivo studies and genetic and pharmacologic interventions revealed
that Notch components are direct targets of anabolic PTH signaling in osteocytes and that
the Notch pathway can be targeted to modulate the pro-resorptive effects of PTH and
potentiate bone gain. These findings provide the basis to investigate combined therapeutic
strategies using our novel bone-targeted Notch inhibitor to reduce bone resorption while
simultaneously preserving bone anabolism. Given the cell and context-dependent nature
of Notch signaling (44) and complexity of some bone disorders, we anticipate that the
efficacy of BT-GSI in bone will have to be determined on a disease-specific basis (i.e.,
neuroendocrine disorders, primary and secondary osteoporosis).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Osteocytic Pthlr signaling increases Notch signaling in bone.
MRNA gene expression of Notch target genes (a), Notch receptors (b), and Notch ligands

(c) in bones (whole tibia) from WT and caPth1r©t littermate female mice. n=10-11/group;
*p<0.05 vs. WT mice by #-7est. Bars represent means + SD.
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Figure 2. Osteocytic Pthrlr signaling mediates the increases in Notch components induced by

intermittent PTH.

MRNA gene expression of Notch target genes (a), Notch receptors (b), and Notch ligands (c)
in bones (whole tibia) from wt and Pth1r2Ct littermate female mice receiving vehicle (veh)
or iPTH daily injections. n=8-10/group; *p<0.05 vs. WT (veh) mice and #p<0.05 vs. other
groups as indicated by bars by two-way ANOVA. Bars represent means + SD.
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Figure 3. Sclerostin mediates the increase in Notch signaling induced by intermittent PTH.
MRNA gene expression of Notch target genes (a), Notch receptors (b), and Notch ligands (c)
in bones (vertebrae, L4) from wt and Dmp1-SOST littermate female mice receiving vehicle
(veh) or iPTH daily injections. n=9-10/group; *p<0.05 vs. WT (veh) mice and #p<0.05 vs.
other groups as indicated by bars by two-way ANOVA. Bars represent means + SD.
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Figure 4. Genetic deletion of Rbpjk in osteocytes decreases PTH-induced bone gain by increasing
resorption.

Analysis of (a) total bone mineral density (tBMD), (b) femoral cortical area over tissue area
(Ct.A/Tt.A), (c) vertebral cancellous bone volume over tissue volume (BV/TV), trabecular
thickness (Th.Th), trabecular number (Th.N), and trabecular separation (Th. Sp), (d) serum
levels of PINP, osteocalcin (OCN) and CTX, and (e-f) mRNA gene expression (calvaria) of
pro- and anti-osteoclastogenic genes and Sostin bones from WT and caPth1r©t littermate
female mice with/without genetic deletion of Rbpjk in osteocytes. n=8-6/group; *p<0.05
vs. WT (Rbpjk™fly mice and #p<0.05 vs. other groups as indicated by bars by two-way
ANOVA. Bars represent means + SD.
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Figure 5. BT-GSI prevents PTH-induced Notch signaling activation, increases bone mass, and
potentiates PTH-induced bone gain.

Analysis of (a) mMRNA gene expression (vertebrae, L4) of Notch target genes in bone, (b)
total, femoral and spinal bone mineral density (BMD), (c) femoral cortical area over tissue
area (Ct.A/Tt.A.) and cortical thickness (Ct. Th.), (d) representative microCT 3D images
of femoral cancellous bone, (e) femoral cancellous bone volume over tissue volume (BV/
TV), and (f) vertebral cancellous BV/TV, trabecular thickness (Tb. Th.), trabecular number
(Th.N.), and trabecular separation (Th. Sp.), in WT female mice receiving vehicle (veh) or
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iPTH daily injections with/without BT-GSI. n=10/group; *p<0.05 vs. WT (veh) mice and
#p<0.05 vs. other groups as indicated by bars by two-way ANOVA. Bars represent means +
SD.
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Figure 6. Bone-targeted Notch inhibition preserves the increase in osteoblasts number and bone
formation induced by iPTH.

Analysis of (a) serum P1NP, (b) mineralizing surfaces over bone surface (MS/BS),
mineral apposition rate (MAR), and bone formation rate (BFR/BS), (c) osteoblast number
(Ob.N/BS) and surface (Ob.S/BS) per bone surface, and (d-e) mMRNA gene expression
(vertebrae, L4) of Wnt target genes and osteoblast markers in bones from WT female mice
receiving vehicle (veh) or iPTH daily injections with/without BT-GSI. n=10/group; *p<0.05
vs. WT (veh) mice and #p<0.05 vs. other groups as indicated by bars by two-way ANOVA.
Bars represent means + SD.
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Figure 7. BT-GSI-XII decreases iPTH induced bone resorption.
Analysis of (a) serum CTX, (b) osteoclast number (Oc.N/BS) and surface (Oc.S/BS)

per bone surface, and (c) MRNA gene expression (vertebrae, L4) of pro- and anti-
osteoclastogenic cytokines in bones from WT female mice receiving vehicle (veh) or iPTH
daily injections with/without BT-GSI. Representative images of TRAP stained histological
sections are shown. n=10/group; *p<0.05 vs. WT (veh) mice and #p=<0.05 vs. other groups
as indicated by bars by two-way ANOVA. Bars represent means + SD.
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