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Abstract

“Senile osteoporosis” is defined as significant aging-associated bone loss, and is accompanied by
increased fat in the bone marrow. The proportion of adipocytes in bone marrow is inversely
correlated with bone formation, and is associated with increased risk of fracture. NF-xB is a
transcription factor that functions as a master regulator of inflammation and bone remodeling. NF-
kB activity increases during aging; furthermore, constitutive activation of NF-xB significantly
impairs skeletal development in neonatal mice. However, the effects of NF-xB activation using a
skeletally mature animal model have not been examined. In the current study, an osteoprogenitor
(OP)-specific, doxycycline-regulated NF-xB activated transgenic mouse model (iNF-xB/OP) was
generated to investigate the role of NF-xB in bone remodeling in skeletally mature mice. Reduced
osteogenesis in the OP-lineage cells isolated from iNF-xB/OP mice was only observed in the
absence of doxycycline in vitro. Bone mineral density in the metaphyseal regions of femurs and
tibias was reduced in iNF-xB/OP mice. No significant differences in bone volume fraction and
cortical bone thickness were observed. Osmium-stained bone marrow fat was increased in
epiphyseal and metaphyseal areas in the tibias of iNF-xB/OP mice. These findings suggest that
targeting NF-xB activity as a therapeutic strategy may improve bone healing and prevent aging-
associated bone loss in aged patients.
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“Senile osteoporosis” denotes significant aging-associated bone loss from the axial and peripheral
skeleton, and is accompanied by increased fat in the bone marrow. This imbalance in osteogenesis
and adipogenesis is associated with an increased incidence of fragility fractures of the spine, hip,
knee, shoulder and wrist. NF-xB is a key regulator of bone remodeling. Increased NF-xB activity
was found in many organs during natural aging process. Clarification of the specific effect of
increased NF-xB activity on osteoprogenitors during aging will delineate novel therapeutic
approaches to mitigate the adverse effects of chronic inflammation and suppressed bone formation
in aging-associated osteoporaosis.
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1. Introduction

“Senile osteoporosis” is defined as significant aging-associated bone loss from the axial and
peripheral skeleton, and is accompanied by increased fat in the bone marrow [1, 2]. After the
age of 60, the lifetime risk of fragility fractures due to senile osteoporosis is approximately
44%- 65% in women and 25-42% in men [3], and has become a major health concern in our
aging society.

Osteoblasts are differentiated from mesenchymal stem cells (MSCs), which have
multilineage differentiation capabilities, including bone, adipose tissue, muscle, and
cartilage. During osteoblastic differentiation, MSCs are first developed into osteoprogenitors
(OPs), which express Runx2, a master regulator of osteoblastogenesis, followed by Osterix
(Osx). Thereafter, OPs differentiate into pre-osteoblasts with the expression of mature
markers such as alkaline phosphatase (ALP) and type | collagen. Finally, pre-osteoblasts
differentiate into mature osteoblasts, which are located on the bone surface and express
markers such as osteocalcin [4]. Mature osteoblasts deposit a mineralized bone matrix and
then become osteocytes, which account for almost 95% of all bone cells.

NF-xB is a master transcription factor that regulates the response to stress and immune-
associated target gene expression. Ongoing chronic inflammation and the presence of
increased levels of reactive oxygen species are hallmarks of the aging process, and also
enhance NF-xB activity [5-8]. We recently reported that NF-xB activity is increased in
MSCs and OP-lineage cells during the natural aging process, and is associated with reduced
osteogenesis in vitro [8]. Excess bone formation was observed in transgenic mice with
defective NF-xB signaling, suggesting an essential role of NF-xB in bone formation and
remodeling [9, 10]. Interestingly, constitutively active NF-xB in osteoblast-lineage cells
significantly impairs skeletal development in neonatal mice [11]. However, the biological
environment for bone formation and remodeling are different in younger mice (which are
frequently used in investigations of bone healing) versus older mice. Furthermore, there is a
limited amount of bone marrow fat at an early stage of life [12, 13]. Therefore, examining
the bone remodeling process and the balance between bone and fat in the bone marrow in
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skeletally mature animals is crucial for the investigation of potential strategies to mitigate
senile osteoporosis.

In the current study, we have generated a doxycycline-regulated transgenic mouse model
that activates NF-xB signaling in OP-lineage cells upon doxycycline withdrawal in
skeletally mature mice. The effects of NF-xB activation on bone formation and the balance
between bone and fat in the marrow fat were examined.

Materials and Methods

2.1 Generation of OP-specific inducible NF-kB activation transgenic mice

Stanford’s Administrative Panel on Laboratory Animal Care (APLAC) approved this animal
protocol (APLAC 30038). Male transgenic mice (iNF-kB/OP, Cre+/- & floxed/-) with
inducible NF-kB activation in OPs were generated by breeding the Tet-Osx-Cre male mice
(Cre +/-, Jackson Laboratory, 006361, C57BL/6) with alKK-EGFP female mice (floxed/
floxed, Jackson laboratory, 008242, C57BL/6). The litter mates (Cre—/— & floxed/-) were
used as control mice. To delay the activation of NF-kB in OPs until bone development is
mature, the mice were supplied with doxycycline in their drinking water at a dose of 10
ug/ml from breeding period until 12 weeks of age. Each group included 6 male mice. We
initially chose male mice for these experiments in order to investigate the effects of NF-xB
signaling in an environment that did not include female hormones. The doxycycline
treatments were then removed for 24 weeks and the mice were euthanized at 36 weeks of
age.

2.2 Western blot

2.3

The mouse femurs were dissected and decalcified by EDTA before protein extraction [14].
The decalcified bone samples were chopped into small pieces and homogenized with
TissueLyser 5mm stainless steel beads (Qiagen, Redwood City, CA) in the RIPA lysis buffer
containing the proteinase inhibitor cocktail (ThermoFisher Scientific, Waltham, MA).
Protein concentrations were measured with the BCA protein reagent (ThermoFisher
Scientific). The p65 (D14E12) and phospho-p65 (93H1) were stained by the antibodies from
Cell Signaling Technology (Danvers, MA). The horseradish peroxidase-conjugated
secondary antibody (Cell Signaling Technology) was used and the signals were detected by
adding the enhanced chemiluminescence western blotting detection reagents (ThermoFisher
Scientific). The quantification of western blotting results was done by Image Lab statistic
software (Bio-Rad). The images were quantified by using ImageJ.

In vitro osteogenesis assay

The methods of isolating murine bone marrow derived MSCs have been described
previously (APLAC 17566) [15]. In brief, bone marrow was collected from the femurs and
tibias of 8 weeks old transgenic or control male mice (Cre—/— & floxed/-). Institutional
guidelines for the care and use of laboratory animals were observed in all aspects of this
project. The bone marrow cells collected from femurs and tibias were carefully suspended
and passed through a 70 um strainer, spun down, and resuspended in a-minimal essential
medium (a-MEM) supplied with 10% MSC certified fetal bovine serum (FBS, Invitrogen)
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and antibiotic antimycotic solution (100 units of penicillin, 100 pg of streptomycin, and 0.25
ug of Amphotericin B per ml; Hyclone, ThermoFisher Scientific). The fresh media was
replaced the next day to remove the unattached cells (passage 1). The isolated MSCs were
differentiated in osteogenic medium (a-MEM supplemented with 10% FBS, 100 nM
dexamethasone, 10 mM B-glycerol phosphate and 50 UM ascorbate-2-phosphate) for 3
weeks. Bone mineralization was quantified by Alizarin red stain.

In vivo bone analysis

The mice were scanned by UCT using a GE RS150 uCT scanner with 50 um resolution. The
distal femurs and proximal tibias were used to create the Regions of Interest (ROI) at the
epiphysis (4x4x1mm3), metaphysis (4x4x3mm3), and diaphysis (4x4x3mm3). The ROl in
the trabecular bone region was generated using the advanced 3D spline tool (the interior line
of endosteum was generated every 5 slices among 40 slices between 1-3 mm from the end,).
The bone mineral density (BMD), bone volume fraction (BVF), and cortical thickness were
quantified, and the 3D images were reconstructed using GEMS MicroView (threshold: 700
HU).

2.5 Quantification of bone marrow fat

Femurs and tibias were dissected and decalcified in EDTA for 2 weeks. The bone marrow fat
was stained with 1% osmium tetroxide/2.5% potassium dichromate [16] for 48 hours at
room temperature and washed in distilled water for 2 hours before being scanned by uCT
(50um resolution, threshold: 2000HU). The percentage of osmium in mm?3/total volume, and
the stained osmium density at the epiphysis, metaphysis, and diaphysis were quantitated and
compared.

2.6 RNA extraction and Quantitative PCR

MSC isolated from the iNF-xB/OP or control mice were cultured in osteogenic medium or
adipogenic medium (a-MEM supplemented with 10% FBS, 1 uM dexamethasone, 0.5 pM
IBMX, 2 ug/ml insulin, and 2 uM rosiglitazone) for one week. Cellular RNAs were
extracted by using RNeasy RNA purification kit (Qiagen, Valencia, CA). RNAs were reverse
transcribed into complementary DNA (cDNA) using a high-capacity cDNA archive kit
(Applied Biosystems, Foster City, CA). Probes for 18s rRNA, Runx2, osteocalcin, PPAR-y,
and C/EBP were purchased from Applied Biosystems. Reverse-transcriptase polymerase
chain reaction (RT-PCR) was performed in an ABI 7900HT Sequencing Detection System
(Applied Biosystems), using the 18s rRNA as the internal control. The —AACt relative
quantitation method was used to evaluate gene expression level.

2.7 Statistical analysis

Non-paired t tests were performed for data with two groups, and a one-way Analysis of
Variance (ANOVA) with Tukey’s posthoc test was performed for data with 3 or more
groups. The statistical analysis was conducted using Prism 7 (GraphPad Software, San
Diego, CA). Data are reported as mean + standard deviations. P<0.05 was chosen as the
threshold of statistical significance.
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3 Results

3.1 Characterization of the doxycycline-inducible transgenic mice model

The regulation of NF-xB activation by the doxycycline-regulated system in the transgenic
iNF-xB/OP and control mice is illustrated in Fig.1a. The constitutively active mutant 1xB
kinase B (IKKP) is expressed in OPs and downstream lineage cells in the iNF-xB/OP mice,
but not in control mice, after doxycycline withdrawal. The mice were treated with
doxycycline until skeletally mature at week 12 to maintain NF-xB activity in the femurs
from the iNF-xB/OP mice at a basal level (Fig.1b & c).

Bone marrow-derived MSCs were isolated from the transgenic mice for the in vitro
osteogenesis assay. The bone mineralization was reduced 44.4% in the cells isolated from
iNF-xB/OP mice compared to the controls (Fig.1d). The reduction was reversed by
continuous doxycycline treatment, which inhibited Cre recombinase expression and NF-xB
activation in OPs.

3.2 Reduced bone mineral density in the femurs and tibias of iNF-kB/OP mice

3.3

3.4

The metaphyseal BMD in the femurs and tibias was reduced in iNF-xB/OP mice at 36
weeks of age (24 weeks after doxycycline withdrawal, Fig.2a & b). No significant
differences in BMD were observed in the epiphysis and diaphysis of femurs and tibias. The
iNF-xB/OP mice showed a trend towards decreased diaphyseal cortical thickness (p=0.08)
in femurs, but no differences were observed in the tibias (Fig.2c).

The trabecular bone BMD in the femurs and tibias was reduced in the iNF-xB/OP mice at
36 weeks of age (24 weeks after doxycycline withdrawal, Fig.3a & c). No significant
differences in BVF were observed in the ROI of trabecular bones (Fig.3b).

Increased bone marrow fat in the iINF-kB/OP mice

The osmium (bone marrow fat) density in iNF-xB/OP mice was increased at the epiphysis in
femurs and tibias (Fig.4a & b). The fat volume fraction (fat/total volume) was increased at

the epiphysis and metaphysis in tibias but not in femurs from iNF-xB/OP mice (Fig.4c & d).
No differences in osmium density and fat volume fraction were observed in the diaphysis of
femurs and tibias. The 3D reconstructed images of bone marrow fat are shown in Fig.4e & f.

Impaired osteogenesis and adipogenesis signaling in MSCs from iNFxB/OP mice

We further examined the potential mechanisms of decreased bone mineralization and
increased bone marrow fat observed in the iINFxB/OP mice in in vitro cell differentiation
models. Decreased osteogenic markers (Runx2 and osteocalcin) and increased adipogenic
marker (PPAR-y and C/EBP) expression were found in MSCs isolated from the iNF-xB/OP
transgenic mice during the differentiation assays in vitro (Fig.5a & b).

4. Discussion

The current findings suggest that NF-xB activation in OP-lineage cells reduces their bone-
forming ability in vitro and in vivo, and impairs the balance between bone and fat in the
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marrow. These studies highlight the potential of NF-xB as a therapeutic target in
inflammatory diseases of bone and in cases of adverse bone remodeling during the natural
aging process.

Increased fat in the bone marrow is a hallmark of patients with osteoporosis [1, 2]. The
proportion of adipocytes in bone marrow is inversely correlated with bone formation [1] and
is associated with increased risk of fracture [2]. Bone marrow fat participates in the
regulation of bone remodeling and the development of bone-related diseases [17]. Indeed,
formation of bone versus fat within the marrow space is a dynamic process that involves 1)
the balance between osteoblastic (new bone formation) and osteoclastic (bone loss)
activities, 2) adipogenesis (fat formation) activity, and 3) crosstalk between the various
lineage cells in the bone marrow niche (Fig.6).

Recent studies demonstrated that NF-xB signaling suppressed osteogenic differentiation in
MSCs via p-catenin degradation [10, 18]. Our present data shows that NF-xB activation in
OP-lineage cells is associated with reduced osteogenesis. However, the potential regulation
of OP-lineage cells on osteoclastic activity in the transgenic model remains unclear. We
previously showed that Receptor Activator of NF-xB Ligand (RANKL), the NF-xB
regulated osteoclast activator, was significantly upregulated in MSC-lineage cells isolated
from aged mice, while expression in young MSC was below detectable levels [8]. This
suggests that osteoclastic acitivity could be regulated by paracrine factors from MSC-lineage
cells during the natural aging process.

While osteogenic differentiation is mediated by induction of Runx2 expression, adipoblastic
differentiation by MSCs is initiated by increased expression of CCAAT/enhancer binding
protein a (C/EBPa) in pre-adipoblasts [19]. The latter cells then differentiate into
adipoblasts and mature into adipocytes with increased expression of peroxisome proliferator
activated receptor-y (PPAR-7), a master regulator of adipogenesis. Increased bone marrow
fat may result from enhanced adipogenesis in parallel with decreased osteogenesis [19-22].
NF-xB activation in OP-lineage cells may impair osteogenesis and favor adipogenic
differentiation [23], though we cannot completely exclude the possibility of potential
leakage of Cre recombinase expression in non-OP lineage cells in the iNF-xB/OP transgenic
mice. Failed osteogenesis is associated with reduced Wnt/p-catenin and TGF-B1 expression
and is accompanied by upregulation of the PPAR-y pathway and adipogenesis [24, 20-22].
Whether this demonstrates a potential for trans-differentiation in the iINFxB/OP transgenic
mice is unknown.

NF-xB activation is associated with paracrine factor expression including Wnt/p-catenin and
TGF-p1, which have critical roles in the regulation of osteogenesis and adipogenesis [18, 25,
19]. TGF-B1 enhances osteogenesis directly via increasing Runx2 expression in OPs [26],
and impairs adipocyte differentiation in vitro and in vivo [27, 28]. The canonical Wnt/f-
catenin pathway directly suppresses PPAR-y mRNA transcription. The non-canonical Wnt/
B-catenin pathway represses PPAR-y transactivation by histone H3K9 methylation on target
genes [21]. Activation of NF-xB in OP-lineage cells in transgenic mice could potentially
regulate adipoblastic activity via paracrine regulation and increase PPAR-y expression

(Fig.5).
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The current studies focus on the effects of NF-xB activation on long bones such as distal
femurs and proximal tibias. The bone remodeling changes in the axial skeleton, including
spine and hip, have not been examined. Previous studies have indicated that Cre
recombinase activity, driven by the Osx promoter, is observed in all skeletal elements in
transgenic mice with the B-galactosidase (LacZ) reporter gene [29], suggesting that iNF-
xB/OP mice could also be relevant to the study of the axial skeleton. Further studies are also
indicated to validate the present findings, performed in aged male mice, for female mice.

The majority of current treatments for patients with osteoporosis are focused on suppression
of osteoclast activity by using bisphosphonate or RANKL inhibitors, or by increasing
osteoblast activity through injections of recombinant human parathyroid hormone (rhPTH),
recombinant modified PTH-related peptide [30], or the selective activator of PTH type 1
receptor (abaloparatide) [31]. While both anti-resorptive and anabolic agents increase bone
mass and reduce the risk of fracture, NF-xB targeting therapy provides an alternative
approach to modulate bone remodeling by simultaneously increasing osteogenesis and
decreasing osteoclast activity. Although the critical functions of NF-xB in the immune
system raise concerns of toxicity with systemic treatment, the development of bone-targeting
[32, 33] or even bone cell-specific targeting drug delivery vehicles [34-36] further advances
the possibility to deliver NF-xB inhibitors as an anabolic therapy with minimal adverse
effects. Importantly, targeting NF-xB in inflammatory- or aging-associated bone disorders is
unique and different from other anti-inflammatory drugs, given the fact that COX-2
inhibitors suppress bone fracture healing [37].

There are limitations in the current study. First, the potential leakage of NF-xB activation in
other cell types cannot be excluded in the current model. The reporter gene driven by Osx
promoter has been detected in the adipocytes and fibroblasts in the bone marrow of the
transgenic mice [38]. We choose this doxycycline inducible model since long term treatment
of estrogen antagonist in other inducible model (Type 1 collagen/Colla1-Cre-ERt2 mice)
may affect bone homeostasis [39]. Second, we used the protein extracted from the whole
bone tissue to examine the regulation of transgene induction. Therefore, NF-xB activation
status in specific cell types was not clarified. Finally, we found that NF-xB activation has
distinct effects on bone marrow fat homeostasis in the femurs and tibias (Fig.4). A previous
study [40] showed that tibial bone marrow is characterized by a fatty acid profile similar to
classical white and brown adipose tissues, while the fat in femoral bone marrow showed a
high percentage of specific fatty acids (e.g., arachidonic acid and nervonic acid). Though
NF-xB activation plays essential roles in the crosstalk with fatty acid metabolism [41], the
potential correlation in our observed phenotypes in the femoral and tibial marrow fat fraction
remains unclear.

5 Conclusion

Increased NF-xB activity in OP-lineage cells in skeletally mature mice leads to aging-
associated osteoporosis-like phenotypes in bone. Targeting NF-xB activity as a therapeutic
strategy may improve bone healing and prevent aging-associated bone loss in aged patients
and in other inflammatory disorders.
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Fig.1. lllustration of the OP-specific inducible NF-kB activation transgenic mice (iNF-kB/OP).
(a) The STOP sequence is knocked-out by Cre recombinase under Osx promoter regulation

in OPs, which turns on active IKK (alKK) and EGFP expression in OPs (Runx2+/Osx+),
Pre-osteoblasts (Pre-OBs, ALP+/Calcitonin+), and osteoblasts (OBs, osteocalcin+). (b) NF-
kB activity in the femur from iNF-kB/OP mice (heterozygous) and control mice before
doxycycline withdrawal (week 12). Phosphorylated and non-phosphorylated p65 were
detected by western blot to confirm no leakage on NF-kB activation before doxycycline
withdrawal. (c) Quantification of western blot by ImageJ. (d) Decreased osteogenesis in
MSCs/OPs with constitutive NF-kB activation. MSCs isolated from the iNF-kB/OP or
control mice were differentiated in osteogenic media with/without doxycycline (100ng/ml).
Bone mineralization was quantified by Alizarin red staining at day 21. ***p<0.005
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Fig.2. Bone analysis in iNF-kB/OP transgenic and control mice at 36 weeks of age (24 weeks after
doxycycline withdrawal).

The ROI at the epiphysis (4x4x1mm3), metaphysis (4x4x3mm3), and diaphysis
(4x4x3mm3) in iINF-kB/OP transgenic (n=6) and control mice (n=6) were generated to
analyze the BMD in femurs (a) and tibias (b). The diaphyseal cortical thickness (c) was
evaluated by uCT scan and analysis. *p<0.05
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Fig.3. Trabecular bone analysis in iNF-kB/OP transgenic and control mice at 36 weeks of age (24
weeks after doxycycline withdrawal).
The ROI (40 slices between 1-3 mm from the end) in the trabecular bone at the metaphysis

in iNF-kB/OP transgenic (n=6) and control mice (n=6) is generated to analyze the trabecular
BMD (a) and BVF (b) in femurs and tibias. Trabecular bone structure was reconstructed into
3D images (c). **p<0.01
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Fig.4. Quantification of bone marrow fat stained with osmium.
The osmium-stained bone marrow fat scanned by uCT. The osmium density (a & b) and fat

volume fraction (c & d) in femurs and tibias at the epiphysis (4x4x1mm3), metaphysis
(4x4x3 mm3), and diaphysis (4x4x3 mm3) regions in iNF-kB/OP transgenic (n=6) and
control mice (n=6) were quantified. The 3D reconstructed images of osmium-stained bone
marrow fat in femurs (e) and tibias (f) were generated. E: epiphysis; M: metaphysis; D:
diaphysis*p<0.05, **p<0.01
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Fig.5. Decreased osteogenic marker (Runx2 & osteocalcin) and increased adipogenic marker
(PPAR-y & C/EBP) in MSCs isolated from iNF-xB/OP mice.

MSCs were cultured in (a) osteogenic or (b) adipogenic medium, and the expression of
Runx2, Osteocalcin, PPAR-y, and C/EBP was examined at week 1. **p<0.01, ***p<0.005
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Fig.6. Potential mechanisms of NF-xB activation interferes with the balance of bone/bone
marrow fat in bone.

NF-xB activation in OP-lineage cells could be mediated by 1) impaired osteogenesis with
reduced Runx2 expression and 2) increased adipogenesis with the induction of PPAR-y
expression.
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