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Abstract

Parathyroid hormone (PTH) and Notch receptors regulate bone formation by governing the
function of osteoblastic cells. To determine whether PTH interacts with Notch signaling as a way
to control osteoblast function, we tested the effects of PTH on Notch activity in osteoblast- and
osteocyte-enriched cultures. Notch signaling was activated in osteoblast-enriched cells from wild-
type C57BL/6J mice following exposure to the Notch ligand Delta-like (DII)1 or by the transient
transfection of the Notch intracellular domain (NICD), the transcriptionally active fragment of
Notchl. To induce Notch signaling in osteocyte-enriched cultures, a murine model of Nofch2 gain-
of-function was used. PTH opposed the stimulatory effects of DII1 on HeyZ, Hey2and HeyL
mRNA levels in osteoblast-enriched cells and suppressed the expression of selected Notch target
genes in osteocyte-enriched cultures, either under basal conditions or in the context of Notch2
gain-of-function. Induction of Notch signaling in osteocytes did not alter the inhibitory effect of
PTH on Sostexpression, but reduced the stimulation of 7n7sfZZ mRNA levels by PTH. In
agreement with these /n vitro observations, male mice administered with PTH displayed
suppressed Hey and Heyl expression in parietal bones. Transactivation experiments with a Notch
reporter construct and electrophoretic mobility shift assays in osteoblast-enriched cells suggest
that PTH acts by decreasing the capacity of Rbpjx to bind to DNA. In conclusion, downregulation
of Notch in osteoblasts and osteocytes may represent a mechanism contributing to the anabolic
effects of PTH in bone.
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1. INTRODUCTION

Bone remodeling is the process whereby the coordinated activities of osteoblasts and
osteoclasts preserve skeletal integrity and contribute to the regulation of mineral metabolism
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[1]. Bone-forming osteoblasts derive from mesenchymal precursors and can mature further
into quiescent bone lining cells or become embedded in the mineralized matrix as
osteocytes. These are terminally differentiated cells that confer the skeleton the ability of
sensing and adapting to mechanical stimuli [2]. Osteoblasts and osteocytes secrete receptor
activator of nuclear factor-Kappa B-ligand (Rankl), a peptide encoded by 7nfsf11 that
stimulates the formation of bone-resorbing osteoclasts. As a consequence, osteoblasts and
osteocytes have the capacity to control bone resorption [3]. An attribute that distinguishes
osteocytes from osteoblasts is the ability to express high levels of Dmpl and Sost, the genes
encoding for dentin matrix protein 1 and sclerostin, respectively [4—6]. The latter is a
secreted molecule that inhibits osteoblast differentiation by suppressing Wnt/p-catenin
signaling [7].

Parathyroid hormone (PTH) is an 84-amino acid peptide that regulates the function of
osteoblasts and osteocytes, and is secreted by the parathyroid gland in response to changes
in the concentration of extracellular calcium [8-10]. PTH enhances bone formation by a
variety of mechanisms, including direct effects on the osteoblast, the induction of insulin-
like growth factor | and possibly the suppression of Sost[11, 12]. However, neither changes
in Sostexpression nor the presence of osteocytic/osteoblastic B-catenin are required for the
anabolic actions of PTH suggesting the involvement of other mechanisms [13, 14]. PTH also
enhances bone resorption by inducing 7nfsf11 in osteoblasts and osteocytes [15, 16]. Direct
stimulation of osteoblast function by PTH is mediated primarily by the activation of the
cAMP/protein kinase A and the mitogen activated protein kinases (MAPK) [17]. The
intracellular mechanisms of PTH action in osteocytes are not well understood, in part due to
the lack of a suitable model for the study of osteocyte function /n vitro.

The four Notch receptors and their cognate ligands of the Delta-like (DIl) and Jagged (Jag)
families are transmembrane proteins that mediate communication between adjacent cells.
Activation of Notch receptors occurs following their cleavage and release of the intracellular
domain (NICD), which translocates to the nucleus, associates with a DNA binding factor
termed recombination signal binding protein for immunoglobulin kappa J region (Rbpj)x,
and induces gene expression [18]. Rbpjx is the murine ortholog of core binding factor-1/
suppressor of hairless/Lag-1 (CSL). Classic target genes of Rbpjx-mediated Notch signaling
are Hesl, Hes5and Hes7as well as Heyl, Hey2and HeyL [19]. Notchl and Notch2 regulate
bone remodeling, and their actions are determined by the degree of osteoblast maturity [20].
In contrast to the bone anabolic effects of PTH, induction of Notchl in mesenchymal
precursor cells and mature osteoblasts suppresses cell differentiation and trabecular bone
formation, and Notch2 exerts similar inhibitory effects on osteoblast function [21-26].
Conversely, activation of Notch1 in osteocytes induces osteoprotegerin and suppresses
sclerostin, leading to an osteopetrotic phenotype [23, 27].

PTH is known to induce the Notch ligand Jagl in osteoblasts and potentially activate Notch
signaling, and the effects of PTH on osteoblast differentiation were opposed by -y-secretase
inhibitors, suggesting that Notch mediates selected actions of PTH in osteoblasts [28, 29].
However, y-secretase inhibitors have nearly 100 substrates and therefore are not specific to
the activation Notch signaling [30]. In addition, PTH exposure and Notch induction have
opposite consequences on bone formation and osteoblast activity. These apparently
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contradictory observations could be explained by additional interactions between PTH and
Notch in osteoblastic cells.

In the present study, we tested the effects of PTH on Notch signaling in osteoblasts from
wild-type mice and osteocytes from a recently described murine model of NofchZ2 gain-of-
function [25]. These experiments were complemented by /in vivowork to determine the
impact of PTH on Notch signaling in bone tissue of wild-type mice.

2. MATERIALS AND METHODS

2.1 Mice

Wild-type C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were used as a source of
primary osteoblastic cells for in vitro experiments. To test the effects of PTH on Notch
signaling in bone /n vivo, 7 week old wild-type male mice were injected subcutaneously
with 80 pg/Kg of the PTH amino terminal fragment 1-34 (Sigma-Aldrich, St. Louis, MO)
dissolved in phosphate buffered saline (PBS). Mice injected with an equal volume of PBS
served as controls. Parietal bones were harvested at sacrifice, frozen in liquid nitrogen and
stored at —80°C.

To achieve Nofch2 gain-of-function, mice harboring a point mutation in exon 34 of the
NotchZ2 locus were generated by homologous recombination, as described [25]. A 6955C>T
mutation was introduced creating a stop codon leading to the translation of a truncated
protein lacking the proline-, glutamic acid-, serine- and threonine-rich (PEST) domain,
making it resistant to degradation and resulting in a MotchZ2 gain-of-function [20]. The
homologous mutation in humans is associated with Hajdu Cheney syndrome (HCS), and the
model was named Notch?HCS. Heterozygous NotchZ?HCS mice were bred to wild-type
mice to create experimental heterozygous NotchZHCS mice and wild-type littermate
controls in a 129SvJ/C57BL/6J genetic background. The presence of the Notch2HCS allele
was determined in tail DNA extracts by polymerase chain reaction (PCR) using forward 5 -
CCCTTCTCTCTGTGCGGTAG-3" and reverse 5'-CTCAGAGCCAAAGCCTCACTG-3’
primers (both from Integrated DNA Technologies; IDT, Coralville, 1A). Experimental
protocols were approved by the Institutional Animal Care and Use Committees of Saint
Francis Hospital and Medical Center (Hartford, CT) and of UConn Health.

2.2 Osteoblast-enriched Cultures

Parietal bones of 3 to 5 day old wild-type mice were digested at 37°C with type-1I
collagenase from Clostridium histolyticum (Worthington Biochemical Corp., Lakewood, NJ)
and treated with N-a-tosyl-L-lysyl-chloromethylketone hydrochloride (TLCK; Calbiochem,
La Jolla, CA). Five sequential digestions were carried out and cells extracted from the last 3
digestions were pooled and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with non-essential amino acids (both from Life Technologies, Grand Island,
NY), 20 mM HEPES, 100 ug/ml ascorbic acid (both from Sigma-Aldrich) and heat-
inactivated 10% fetal bovine serum (FBS, Atlanta Biologicals, Inc., Atlanta, GA), in a
humidified 5% CO, incubator at 37°C, as described [31]. To activate Notch receptors,
osteoblast-enriched cells were trypsinized and seeded at a density of 22,000 cells/cm? on
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culture plates coated with a DII1-1gG,a fragment crystallizable (Fc) recombinant fusion
protein 125 ng/cm? (R&D Systems, Minneapolis, MN), and cultured for 24 h. Parallel
cultures on an equimolar amount of bovine serum albumin (BSA) served to establish basal
levels of Notch signaling, as BSA is considered to be a suitable control for recombinant Fc
fusion proteins [32]. To prevent the effects of serum-derived factors, cultures were serum
deprived 24 h prior to the addition of PTH at 10 nM for 6 h. No negative consequences are
observed on osteoblast viability after a 24 h serum deprivation [33].

2.3 Osteocyte-enriched Cultures

Femurs from 6 or 7 week old wild-type or NotchZHCS mice were collected after sacrifice,
surrounding tissues dissected, the proximal epiphysis excised, and the bone marrow removed
by centrifugation. The distal epiphysis was removed, and to release the endosteal and
periosteal cellular layers, the femoral fragments were sequentially exposed for 20 min
periods at 37°C to type-11 collagenase pretreated with TLCK 17 pg/ml or EDTA 5 mM (Life
Technologies), as stated in figure legends. In an initial experiment, cells were obtained after
5 sequential collagenase/EDTA digestions as described in previous publications [34]. Cells
from each digestion step, and the remaining bone fragments were collected and analyzed for
gene expression. Subsequently, osteocyte-enriched bone fragments were obtained after a
single collagenase and an EDTA digestion, and either analyzed or cultured individually in
DMEM supplemented with nonessential amino acids, 100 pg/ml ascorbic acid, and heat-
inactivated 10% FBS for 4 days in a humidified 5% CO» incubator at 37°C [35, 36].
Cultures were serum deprived for 24 h prior to treatment with PTH 10 nM or vehicle for 6 h,
and femoral fragments frozen in liquid nitrogen and stored at —80°C.

RNA Integrity and Quantitative Reverse Transcription-PCR (qRT-PCR)—Total
RNA was extracted from osteoblast-enriched cells and from cellular fractions obtained after
collagenase/EDTA digestions of femoral fragments with an RNeasy kit (Qiagen, Valencia,
CA). Osteocyte-enriched femoral fragments or parietal bones were homogenized prior to
chloroform/phenol extraction of total RNA with the micro RNeasy kit (Qiagen). Integrity of
RNA preparations was assessed by microfluidic electrophoresis on an Experion system (Bio-
Rad, Hercules, CA) [37, 38]. Equal amounts of RNA were reverse-transcribed using the
iScript RT-PCR kit (Bio-Rad) according to manufacturer’s instructions, and amplified in the
presence of specific primers (all from IDT, Table 1) and iQ SYBR Green Supermix (Bio-
Rad) at 60°C for 35 cycles. Transcript copy number was estimated by comparing to a serial
dilution of cDNA for Alp/, encoding for alkaline phosphatase, and Rp/38 (both from
American Type Tissue Culture Collection, Manassas, VA), Bg/ap, encoding for osteocalcin
(J. Lian, Burlington, VT), D//1 (E. Six, Paris, France), D/I3, DIl4and Jag2 (GE Healthcare
Dharmacon, Lafayette, CO), Dmpl, Sost, Jag1 and Notch2 (Thermo Fisher Scientific,
Waltham, MA), HeyI and Hey2 (T. Iso, Los Angeles, CA), HeyL (D. Srivastava, Dallas,
TX), Notch1 (J.S. Nye, Cambridge, MA), Notch4 (Y. Shirayoshi, Tottori, Japan) and
Tnfsf11 (Source BioScience, Nottingham, UK) [39-44]. Nofch3 copy number was estimated
by comparison to a serial dilution of a ~100 base pairs synthetic DNA template (IDT) cloned
into pcDNA3.1(-) (Thermo Fisher Scientific) by isothermal single reaction assembly using
commercially available reagents (New England BioLabs, Ipswich, MA) [45]. Reactions
were conducted in a CFX96 gRT-PCR detection system (Bio-Rad), and fluorescence was
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monitored during every PCR cycle at the annealing step. Data are expressed as copy number
corrected for Rp/38[46].

2.4 Transient Transfections

A plasmid containing six dimeric consensus sequences for CSL, the human ortholog of
Rbpjx, upstream of the B-globin basal promoter and Luciferase (12xCSL-Luc; L.J. Strobl,
Munich, Germany) was used to detect Rbpjx-mediated transcriptional activity [47]. To
induce Notchl, cells were co-transfected with a 2.4 kilobase DNA fragment containing the
coding sequence of the murine Notch1 NICD (J.S. Nye) cloned into pcDNA3.1 downstream
of the cytomegalovirus (CMV) promoter (pcDNA-NICD), or with control pcDNA3.1 [43].
Transfections were conducted in sub-confluent cultures of osteoblast-enriched cells with X-
tremeGENE 9 (2 pl X-tremeGENE 9/1 ug DNA), according to manufacturer’s instructions
(Roche, Indianapolis, IN). A construct where the CMV promoter directs the expression of -
galactosidase (Clontech, Mountain View, CA) was used to correct for transfection efficiency.
Cells were exposed to the X-tremeGENE 9/DNA mix for 16 h, transferred to DMEM
without serum for 6 h, and exposed to PTH 10 nM or to vehicle for 24 h. Cells were
harvested in reporter lysis buffer (Promega, Madison, WI) and lysed by freezing and
thawing. Luciferase and B-galactosidase activity were determined with a luciferase assay
system kit (Promega) and with galacton plus (Life Technologies), respectively, in
accordance with manufacturers’ instructions on an Optocomp Il luminometer (MGM
Instruments, Hamden, CT).

2.5 Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts were obtained from wild-type osteoblast-enriched cells seeded on BSA or
DII1 and exposed either to vehicle or PTH at 10 nM. A double-stranded DNA
oligonucleotide containing the CSL consensus sequence found in the Epstein-Barr virus
nuclear antigen (EBNA)2 promoter (forward strand sequence: 5’-
GGAAACACGCCGTGGGAAAAAATTTGGG-3") biotinylated on both 5’-termini was
synthesized commercially (IDT) [48]. Binding reactions of nuclear extracts with biotinylated
DNA at a concentration of 1 uM were carried out with the LightShift Chemiluminescent
EMSA Kit, as recommended by the manufacturer (Thermo Fisher Scientific). To determine
the specificity of the interactions between the nuclear extracts and the biotinylated
oligonucleotides, unlabeled homologous DNA was added in 200 fold excess. Nucleic acid-
protein complexes were resolved on non-denaturing, non-reducing 4% polyacrylamide gels
for 45 min and subsequently transferred to a nylon membrane with a 0.45 um pore size (MP
Biomedicals, Solon, OH) in 45 mM Tris, 45 mM boric acid, 1 mM EDTA at pH 8.3 (all
from Sigma-Aldrich). Transfer was conducted for 30 min at 4°C, and crosslinking of the
transferred complexes to the nylon membrane was carried out at 120 mJ/cm? for 1 min using
a CL-1000 UV-light crosslinking instrument (UVP, Upland, CA). The biotinylated DNA was
detected with a streptavidin-horseradish peroxidase conjugate following manufacturers’
instructions for the LightShift Chemiluminescent EMSA Kit detection module, and images
of chemiluminescence reactions were acquired with a Chemidoc XSR molecular imager
(Bio-Rad).
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2.6 Statistical Analysis

Data are expressed as means + SEM. Statistical differences were determined by Student’s ¢
test or analysis of variance (ANOVA) with Holm-Sidak post-hoc analysis for pairwise or
multiple comparisons, respectively.

3. RESULTS

3.1 PTH Suppresses Notch Signaling in Osteoblast-enriched Cells

To test the effects of PTH, osteoblast-enriched cells from the parietal bones of C57BL/6J
wild-type mice were seeded on DII1 for 24 h to activate Notch receptors or on BSA, and
subsequently exposed to PTH or vehicle. Although Jagl has a documented skeletal function,
DII1 was chosen because it enhances Notch activation consistently in multiple cell lineages
and in osteoblasts, and both ligands induce Notch target genes to a comparable extent
(Canalis and Zanotti unpublished observations) [49-51]. A PTH dose of 10 nM, known to
have a maximal effect on osteoblast function was used for the present studies [52-55]. Cells
cultured on DII1 exhibited higher expression of the Notch target genes HeyZ, Hey2and
Heyl than those cultured on BSA, confirming activation of Notch signaling. Basal levels of
Heyl, HeyZand HeyL mRNA obtained in the absence of DII1 were not affected by PTH, but
PTH opposed the effect of DII1 on Notch activation reducing the expression of the three
Notch target genes to basal levels (Figure 1).

3.2 Characterization of Osteocyte-enriched Cultures

To establish a cell culture system for the study of osteocytes /n vitro, we obtained cells from
sequential collagenase and EDTA digestions of femurs devoid of cartilage and bone marrow,
and collected the resulting bone fragments after their final digestion with EDTA [34]. To
identify the cell population with the highest enrichment in osteocytes, levels of transcripts
for gene markers preferentially expressed by osteoblasts and osteocytes were determined.
Expression of the osteoblastic markers Ajp/and Bglap was detected in all cellular fractions
and the digested femoral fragments displayed the highest levels of Bg/ap transcripts.
Expression of Dmp and Sostis higher in osteocytes than in osteoblasts, and both genes
were detected only in bone fragments after their digestion with collagenase and EDTA, and
these were considered osteocyte-enriched fractions (Figure 2) [4-6].

To determine the identity of the Notch paralogs and specific ligands expressed in the cellular
fractions, mMRNA levels for all Notch receptors, Jag and DII ligands were measured. Notchl
to Notch4 had comparable expression levels and were detected in all fractions. Expression of
Notchl and Notch2was more pronounced in fraction 5, whereas Nofch3 expression was
highest in the osteocyte-enriched fraction. Expression of JagZ was uniform across all
fractions while transcripts for D//1, DII3, DIl4 and Jag2 were not detected (Figure 2).
Subsequently, femoral fragments were subjected to a single collagenase and an EDTA
digestion and their treatment with PTH induced 777511 and decreased Sosttranscripts,
confirming the known effects of PTH in osteocytes and documenting that the culture system
is enriched in osteocytes (Figure 3) [11, 56].
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3.3 PTH Inhibits Notch Signaling in Osteocyte-enriched Cultures

PTH suppressed the basal expression of the Notch target genes Hey1, Hey2and HeyL in
osteocyte-enriched cultures, suggesting that mature osteoblastic cells are sensitized to the
inhibitory effects of PTH on Notch signaling (Figure 4).

To determine the effects of PTH in the context of Notch activation in osteocytes, we tested
the consequences of PTH exposure in osteocyte-enriched cells from heterozygous
NotchZHCS mice, a model of Motch2 gain-of-function [25]. This was necessary because
bone fragments cannot be acutely transfected with Notch expression vectors nor successfully
cultured on Notch-specific ligands to achieve activation. In the absence of PTH, osteocyte-
enriched cells from Notch2HCS mice exhibited higher Hey1, Hey2and HeyL mRNA levels
than those from wild-type littermates, confirming activation of Notch signaling (Figure 5).
PTH opposed basal and Notch2-induced expression of HeyZ and Hey2transcripts. PTH
suppressed HeyL in cultures from wild-type mice by ~50%, although the effect did not reach
statistical significance, and PTH did not alter HeyL mRNA levels in bone fragments from
NotchZHCS mutants (Figure 5). The reason for the sustained expression of HeyL in the
presence of PTH remains without an obvious explanation. Confirming previous results, PTH
induced 7nfsf11and suppressed Sostexpression in cultures from Notch?HCS mutants and
wild-type littermates. Mofch2had a lesser effect than PTH on 7nfsf11 and Sostexpression,
and no additive or synergetic effects with PTH were observed.

3.4 PTH Suppresses Notch Signaling In Vivo

To establish whether PTH regulates Notch signaling in osteoblastic cells /77 vivo, 1 month
old C57BL/6J wild-type male mice were administered with PTH 80 pg/Kg or vehicle, and
the expression of Notch target genes was measured in parietal bones 3 h after injection. PTH
suppressed HeyZ and Heyl mRNA levels, but not Hey2 (Figure 6). Confirming previous
observations, PTH downregulated Sost mRNA levels [11].

3.5 PTH Inhibits Rbpjx-mediated Notch Signaling

To determine whether the inhibition of Notch target gene expression by PTH is mediated by
an effect on Rbpjx-mediated signaling, wild-type osteoblasts were transiently transfected
with the 12xCSL-Luc reporter, which contains consensus sequences for CSL, the human
ortholog for Rbpjk. Cells were co-transfected with pcDNA-NICD to overexpress Notch, or a
control vector, and exposed to either PTH or vehicle. Transactivation of the 12xCSL-Luc
construct was detected only in cells co-transfected with pcDNA-NICD and PTH reduced
luciferase activity by ~70%, indicating that PTH inhibits Rbpjx-mediated Notch signaling
(Figure 7A).

To explore the mechanisms responsible for the inhibition of Notch signaling by PTH, EMSA
were carried out in osteoblast-enriched cells harvested from C57BL/6J wild-type mice and
seeded on DII1, to induce Notch, or on BSA. A biotinylated oligonucleotide containing the
consensus sequence for CSL was bound by nuclear protein extracts from cells cultured on
BSA, and an excess of unlabeled CSL oligonucleotides prevented this effect, demonstrating
specificity of the protein-DNA interaction. In cells cultured on BSA, PTH suppressed the
formation of nuclear protein complexes with the biotinylated CSL consensus
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oligonucleotide, supporting the notion that PTH prevents the interaction of Rbpjx with DNA
(Figure 7B). Previous reports demonstrated that the binding of Rbpjx to DNA
oligonucleotides decreases in the presence of active Notch receptors; similarly, a nuclear
protein-CSL consensus oligonucleotide complex was not observed in osteoblasts seeded on
DII1 [57]. The complex was partially restored in cultures exposed to both DII1 and PTH,
suggesting that activation of the Notch receptors interferes with the inhibitory effects of PTH
on the ability of Rbpjx to bind DNA (Figure 7B).

4. DISCUSSION

The present work demonstrates that PTH suppresses Notch signaling in osteoblasts and
osteocytes. Expression of the four Notch receptors was documented in both cell types,
suggesting that PTH affects a signaling mechanism that may be common to all Notch
paralogs. Inhibition of Notch target gene expression was observed at a concentration of PTH
that regulates parameters of osteoblastic function, such as Alp/, Collal, Igf1 and Bglap
expression and collagen type | synthesis, [52-55] (Zanotti and Canalis unpublished).
Suppression of Notch signaling is an acute response to PTH that includes inhibition of
Rbpjx/DNA interactions and of Notch transactivating capacity. In contrast, the regulation of
osteoblastic function is noted after longer exposure to PTH, suggesting that PTH regulates
activation of Notch directly [52-55]. Notch activation during the early stages of the
osteoblast differentiation program suppresses bone formation and leads to osteopenia,
whereas PTH enhances bone formation in rodents and humans [12, 21-24]. Therefore,
suppression of Notch signaling by PTH may be required to achieve an optimal anabolic
response to the hormone.

The current work confirmed the effects of PTH on 7nfsf11 expression in osteoblast-enriched
cells and those of PTH and Notch on 7nfsfi1 and Sosttranscripts in cultures of osteocyte-
enriched femoral fragments. These results indicate that the osteocyte-enriched cultures used
in the present work are a viable model to investigate osteocyte biology. However, studies in
this system must be interpreted with caution, since expression of A/p/indicates the possible
presence of contaminating osteoblasts in femoral fragments. It is of interest that PTH
induced 7nfsf11 expression to a greater extent in osteocyte-enriched cultures (~30 fold) than
in primary osteoblasts (~3 fold). This is in accordance with the fundamental role of
osteocyte-derived Rankl in bone resorption [58, 59]. The suppression of SostmRNA levels
in vivois consistent with the bone anabolic response to PTH [1]. The effects of Notch on
Tnfsf11and Sostexpression were less pronounced than those of PTH, and Notch activation
did not enhance the effect of PTH on either gene.

Transactivation and EMSA experiments conducted in osteoblast-enriched cultures suggest
that PTH opposes Notch signaling by decreasing the capacity of Rbpjx to associate with
DNA and also by interfering with the formation of an active NICD/Rbpjx transcriptional
complex. These effects are mediated by intracellular events, since Notch signaling was
suppressed in the context of the Notchl NICD overexpression, which is a model of
activation that does not require the presence of ligands or cleavage of the extracellular
domain of the receptor [43]. The partial restoration of the complex in the presence of PTH
and DII1 suggests that the nuclear translocation of the NICD may lessen the inhibitory effect
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of PTH on the ability of Rbpjx to bind to DNA. This mechanism may explain the residual
expression of Notch target genes in the context of PTH exposure. In the present study,
known limitations to the study of Rbpjk/DNA interactions by EMSA are documented.
Namely, displaced CSL probes are not always visible in the presence of unlabeled
competitors, and formation of an active transcriptional complex in the context of DII1
exposure may lead to a shift of the nuclear protein bound to the CSL probe and attenuation
of the signal [57, 60, 61]. Although the identity of the factors that prevent the association of
Rbpjx with DNA is not known, activation of MAPK in response to PTH may be involved in
this process. Previous work demonstrated that selected members of the MAPK family are
expressed by osteoblasts, regulate bone remodeling, and can prevent the formation of an
active Notch transcriptional complex [62—65]. Another alternative is activation of cyclic
AMP, a mechanism that has been found to be responsible for the downregulation of Sost in
osteocytes expressing a constitutively active form of the PTH receptor [66, 67].

The inhibitory effect of PTH on Notch signaling is analogous to the one reported for nuclear
factor of activated T-cells (Nfatc)1 and Nfatc2 [22, 68]. In the present studies, we tested and
determined that PTH induces Nfatc1 and Nfatc2 in osteocyte-enriched cultures, but not in
calvarial osteoblasts (Zanotti and Canalis unpublished). However, since suppression of
Notch signaling was observed in both cell preparations, it is probably not related to an
induction of Nfatcl or Nfatc2. Although the effect of PTH in osteocytes was assessed by
examining for the downregulation of Notch target genes and not by transactivation or EMSA
experiments, it is probable that PTH acts by similar mechanisms in both osteoblasts and
osteocytes [19]. Additional osteocyte-specific mechanisms may be operational, since in
contrast to the observations in osteoblast cultures, PTH suppressed Hey expression in
osteocytes even in the absence of Notch activation. This suggests a sensitization to the
effects of PTH on Notch signaling or higher basal levels of Hey1, Hey2and Heyl
transcripts in osteocytes than in osteoblasts. Moreover, the expression of Notch3 in
osteocyte-enriched cells may be accountable for the different response of osteocytes and
osteoblasts to PTH, since the Notch3 receptor exhibits higher degree of basal activation than
Notchl and Notch2 [69].

The effect of PTH was observed in osteocyte cultures from NofchZHCS mice expressing a
truncated and stable Notch2 NICD that is resistant to proteasomal degradation [70]. This
would suggest that PTH is not likely to act by destabilizing the Notch NICD. The relative
increase in HeyZ and Hey2 mRNA levels in the context of the NMofch2HCS mutation was not
affected by PTH. This indicates that suppression of HeyZ and HeyZ2 expression occurs by
mechanisms that do not require inhibition of Notch2 or Rbpjx function and may be
secondary to an effect of PTH on the osteocytic phenotype. PTH did not suppress HeyL
expression in the context of the Nofch2HCS mutation. The reason is not known, but recent
work has shown that the NICD of Notchl and Notch2 activate transcription by associating
with distinct regions of Rbpjx, and that the structure of the target gene promoter determines
differences in the capacity of Notch to induce transcription [71]. It is possible that the
association of the Notch2 NICD with Rbpjx bound to HeyL regulatory sequences was not
affected by the mechanisms that mediate the inhibitory effects of PTH on HeyZ and Hey?.
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Previous work demonstrated that PTH induces the Notch ligand Jagl in cells of the
osteoblastic lineage and in the bone marrow niche with an apparent increase in Notch
signaling [28, 29]. Although we confirmed this effect (Zanotti and Canalis unpublished) and
reported that Jagl is the only Notch specific ligand expressed by osteoblastic cells in femurs,
we observed that PTH downregulates Notch signaling in osteoblasts and osteocytes. A
possible explanation is that JagZ induction is not sufficient to overcome the inhibitory effect
of PTH on Rbpjx-mediated signaling that occurs primarily in the osteoblastic lineage but
might not take place in the bone marrow niche. Alternatively, Jagl induced by PTH may
sequester and suppress Notch receptors with a mechanism of c¢/s-inhibition that takes place
when receptors and ligands are expressed by the same cell and is known to occur in
Drosophila and mammalian cells [72].

In conclusion, PTH prevents the association of Rbpjx with DNA and suppresses Notch
signaling in the osteoblastic lineage, effects that may contribute to the anabolic actions of
PTH in bone.
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HIGHLIGHTS
PTH and Notch regulate bone formation
PTH suppresses Notch signaling in osteoblasts and osteocytes /n vitro
PTH suppresses Notch signaling in bone /n vivo

Suppression of Notch may contribute to the bone anabolic effects of PTH
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Figure 1. PTH prevents the induction of Notch target genes in osteoblasts
Primary osteoblast-enriched cells were harvested from parietal bones of 3 to 5 day old wild-

type C57BL/6J mice and seeded on BSA (Control, white bars) or DII1 (Notch, black bars)
coated culture plates. After confluence, cells were cultured for 24 h in the absence of serum
and exposed to vehicle or PTH at 10 nM (PTH) for 6 h. Total RNA was extracted and
mMRNA levels quantified by qRT-PCR in the presence of specific primers. Data are expressed
as Heyl, Hey2and HeyL copy number corrected for Rp/38 expression. Values are means +
SEM; n = 3 — 4. *Significantly different between Control and Notch, p < 0.05; *significantly
different between Vehicle and PTH, p < 0.05; two-way ANOVA with Holm-Sidéak post-hoc
analysis.
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Figure 2. Characterization of Notch expression in osteoblast and osteocyte-enriched cell fractions
Femoral fragments from 6 week old wild-type C57BL/6J mice were exposed sequentially to

type-I1 collagenase (fraction 1, 3 and 4), or EDTA (fraction 2 and 5) and cells collected after
each digestion; femoral diaphyses (6) were frozen immediately after the final exposure to
EDTA. Total RNA was extracted from cellular fractions and digested bone remnants, and
mMRNA quantified by qRT-PCR in the presence of specific primers. Data are expressed as
Alpl, Bglap, Dmp1, Sost, Notchl, Notch2, Notch3, Notch4 and Jag1 copy number, corrected
for Rp/38 expression. Values are means + SEM; n = 5. *Significantly different from fraction
1, p< 0.05 by one-way ANOVA with Holm-Sidak post-hoc analysis.
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Figure 3. Characterization of osteocyte-enriched cultures
Primary osteocyte-enriched femoral fragments from 6 week old wild-type C57BL/6J mice

were cultured for 24 h in the absence of serum and exposed to vehicle (white bars) or to
PTH 10 nM (black bars) for 6 h. Total RNA was extracted and mRNA quantified by qRT-
PCR in the presence of specific primers. Data are expressed as Sostand 7nfsf11 copy
number, corrected for Rp/38 expression. Values are means + SEM; n = 6. *Significantly
different between vehicle and PTH, p < 0.05 by unpaired Student’s £test.
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Figure 4. PTH suppresses Heyl, Hey2 and HeyL expression in osteocytes
Primary osteocyte-enriched femoral fragments from 6 week old wild-type C57BL/6J mice

were cultured for 24 h in the absence of serum and subsequently exposed to vehicle (white
bars) or PTH 10 nM (black bars) for 6 h. Total RNA was extracted and mRNA quantified by
gRT-PCR in the presence of specific primers. Data are expressed as Hey1, HeyZand Heyl
copy number, corrected for Rp/38 expression. Values are means £ SEM; n = 6.
*Significantly different between vehicle and PTH, p < 0.05 by unpaired Student’s #test.
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Figure 5. PTH opposes selected effects of Notch2 gain-of-function in osteocytes
Primary osteocyte-enriched femoral fragments from 7 week old 129SvJ;C57BL/6J wild-type

mice (Control, white bars) or NMotchZ2HCS littermates (black bars) were cultured for 24 h in
the absence of serum and subsequently exposed to vehicle or PTH 10 nM (PTH) for 6 h.
Total RNA was extracted and mRNA quantified by gRT-PCR in the presence of specific
primers. Data are expressed as Heyl, Hey?2, HeyL, Sostand Tnfsf11 copy number, corrected
for Rpl38 expression. Values are means + SEM; n =5 — 7. *Significantly different between
Control and Notch2HCS, p < 0.05; *significantly different between Vehicle and PTH, p<
0.05; two-way ANOVA with Holm-Sidék post-hoc analysis.
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Figure 6. PTH suppresses expression of Notch target genes by bone cells in vivo
Seven week-old wild-type C57BL/6J male mice were administered vehicle 5 ml/Kg (white

bars) or PTH 80 ug/Kg (black bars) subcutaneously. Mice were sacrificed 3 h after the
injections and total RNA extracted from parietal bones and mMRNA quantified by qRT-PCR
in the presence of specific primers. Data are expressed as Hey1, HeyZ, HeyL and Sost copy
number, corrected for Rp/38 expression. Values are means + SEM, n = 4 — 5. *Significantly
different between Vehicle and PTH, p < 0.05 by unpaired Student’s #test.

Bone. Author manuscript; available in PMC 2018 October 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zanotti and Canalis

Page 23

3214,
A Ocontrol %:g ‘s
M Notch 50
52 10
=T
_lg 0.8 1
23 0.6 ;
NQ
g§ 0.4 -
1-68,0.2-
Zx 0.0 -
B Vehicle PTH
Control Notch
Vehicle PTH Vehicle PTH
2'):‘#;%1" . T T T S A S
CSLprobe + + + + + + + + +
CSL = = % a & a2 * a
consensus -
e

— .- -

‘: i R a‘_;

Figure 7. PTH inhibits Rbpjx-mediated Notch signaling in osteoblasts
Primary osteoblast-enriched cells were harvested from parietal bones of 3 to 5 day old wild-

type C57BL/6J mice. In panel A, cells were transiently transfected with pcDNA3.1
(Control) or with pcDNA-NICD (Notch) and co-transfected with the 12xCSL-Luc reporter
and a CMV/B-galactosidase expression vector. Cells were cultured for 6 h in the absence of
serum, exposed to vehicle or PTH at 10 nM (PTH), and harvested after 24 h. Data represent
luciferase/p-galactosidase activity. Values are means + SEM, n = 6. *significantly different
between Vehicle and PTH, p < 0.05 by unpaired Student’s £test. In panels B and C, cells
were seeded on BSA (Control) or DII1 (Notch) coated culture plates. After confluence, cells
were cultured for 24 h in the absence of serum and exposed to vehicle or PTH at 10 nM
(PTH) for 6 h. In panel B, a biotinylated oligonucleotide containing a CSL consensus
sequence from the EBNA2 promoter was used. Competition of binding reactions was
performed in the presence of unlabeled oligonucleotides containing homologous CSL
consensus sequences in 200 fold excess. DNA-nuclear protein complexes were resolved by
gel electrophoresis, transferred to a nylon membrane, exposed to a streptavidin-horseradish
peroxidase conjugate and visualized by chemiluminescence. The arrow indicates the
position of DNA protein complexes.
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Forward (Fwd) and reverse (Rev) primers used for detection of gene expression by gRT-PCR. GenBank
accession numbers indicate transcript variants with homologous sequences to the primers.

Table 1

Primers for gRT-PCR

Gene Strand | Primer Sequence GenBank Accession Numbers
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