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Abstract

Interleukin-15 receptor alpha (IL15RA) is an important component of interleukin-15 (IL15) pro-
inflammatory signaling. In addition, IL15 and IL15RA are present in the circulation and are
detected in a variety of tissues where they influence physiological functions such as muscle
contractility and overall metabolism. In the skeletal system, IL15RA was previously shown to be
important for osteoclastogenesis. Little is known, however, about its role in osteoblast function and
bone mineralization. In this study, we evaluated bone structural and mechanical properties of an
1115rawhole-body knockout mouse (1115ra™~) and used /n vitro and bioinformatic analyses to
understand the role IL15/IL15RA signaling on osteoblast function. We show that lack of IL15RA
decreased bone mineralization /n vivo and in isolated primary osteogenic cultures, suggesting a
cell-autonomous effect. 1115ra/~ osteogenic cultures also had reduced Rank#/Opg mRNA ratio,
indicating defective osteoblast/osteoclast coupling. We analyzed the transcriptome of primary pre-
osteoblasts from normal and 1115ra~'~ mice and identified 1150 genes that were differentially
expressed at a FDR of 5%. Of these, 844 transcripts were upregulated and 306 were
downregulated in 1115ra™~ cells. The largest functional clusters, highlighted using DAVID
analysis, were related to metabolism, immune response, bone mineralization and morphogenesis.
The transcriptome analysis was validated by gPCR of some of the most significant hits. Using
bioinformatic approaches, we identified candidate genes, including Ca200and Enpp, that could
contribute to the reduced mineralization. Silencing //15ra using ShRNA in the calvarial osteoblast
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MC3T3-EL1 cell line decreased ENPP1 activity. Taken together, these data support that ILL5RA
plays a cell-autonomous role in osteoblast function and bone mineralization.

Graphical abstract
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Introduction

Maintenance of bone mass requires a dynamic equilibrium between bone formation by
osteoblasts and resorption by osteoclasts. Perturbation of this balance leads to conditions
such as osteoporosis (decreased bone mass) or osteopetrosis (increased bone mass). Within
the bone marrow, osteablasts originate from mesenchymal progenitor cells and are
responsible for deposition of newly formed bone matrix[1]. Osteoclasts, derived from the
monocyte/macrophage hematopoietic lineage, adhere to and degrade bone matrix, a key
function in the bone remodeling process that is needed to establish and maintain healthy
bone quality[2]. Coupling between these two cell types occurs through RANKL (receptor
activator of NF-kB ligand)-RANK-OPG (osteoprotegerin) signaling. The cytokine RANKL
is secreted by activated osteoblasts, and by B and T-cells, and stimulates osteoclast
differentiation upon binding to its receptor RANK expressed on the osteoclast’s surface.
OPG acts as a decoy receptor for RANKL, therefore antagonizing RANKL binding to
RANK]3]. Bone resorption by osteoclasts releases factors such as Semaphorin-4D, TGFflI,
and IGF1 from the bone matrix, which in turn regulate recruitment of mesenchymal
progenitor cells and osteoblast differentiation[4]. In addition to RANKL, several other
cytokines such as tumor necrosis factor a (TNFa) and interleukins (I1L1, IL6, IL7, IL15,
IL17) regulate bone formation and maintenance and have been implicated in bone and
cartilage pathologies including osteoporosis and rheumatoid arthritis[5-7].

IL15 is a widely expressed pro-inflammatory cytokine and also functions as a myokine that
is secreted from muscle in response to exercise[8-12]. Elevated IL15 receptor alpha
(IL15RA) levels are found in the synovial fluid of patients affected by rheumatoid arthritis
and other chronic inflammatory diseases that are associated with bone loss[7,13]. IL15 was
shown to participate in both activation and turnover of osteoclasts mediated by NK
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cells[14,15]. Absence of IL15 signaling impairs osteoclast activity and protects against
trabecular bone loss in ovariectomized mice[16].

Single nucleotide polymorphisms (SNPs) of the /L15RA gene have been associated with
bone volume[17] as well as susceptibility to ossification of the posterior longitudinal
ligament of the spine[18]. While the effects of IL15/IL15RA signaling on osteoclast
function are known, the understanding of the effects of these signals on osteoblast function
and on the coupling between osteoblasts and osteoclasts remains limited.

Previously, we and others have demonstrated that ablation of //Z5ra increases spontaneous
locomotor activity[19,20], improves fatigue resistance and reprograms energy metabolism
favoring the maintenance of a lean phenotype[21]. Given the established crosstalk between
exercise, metabolism and the musculoskeletal system[22,23], we examined the effects of
IL15/IL15RA signaling on bone mineralization and osteoblast function in a mouse model
lacking //25ra (1115ra~~). Using ex vivo bone imaging, mechanical testing and histological
analysis, we evaluated bone mineralization and morphogenesis in 1115ra~~ femurs. Primary
cultures of mouse osteoblast precursors from I115ra~/~ and control bones were used to test
for a cell autonomous role of IL15RA in osteoblast function. Further, we combined
bioinformatics approaches and transcriptome analysis to identify the mechanisms connecting
IL15/IL15RA signaling to bone mineralization and phosphate homeostasis.

All animal experiments were in accordance with protocols approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Pennsylvania. 11weeks old
(unless differently stated) male 1115ra~/~ (stock no. 003723) and background control
B6129SF2/J (stock no. 101045) mice were purchased from Jackson Laboratories and housed
at 22°C under a 12-hour light/12-hour dark cycle with food and water provided ad libitum.
For double labeling, mice were injected intraperitoneally with 20 mg/kg Calcein 6 days
before being sacrificed, and with 200 mg/kg Xylenol orange 1 day before being sacrificed.

Bone Micro-Computed Tomography (UCT) and three-point bending

UCT (microCT 35, ScancoMedical AG, Briittisellen, Switzerland) was used to determine
structural parameters of femur trabecular (1.2mm region proximal to growth plate, 6um
isotropic voxels) and cortical regions (0.3mm at 50% length, 6um isotropic voxels), as well
as tibia cortical region (1.2mm region distal to growth plate, 6um isotropic voxels).
Trabecular bone mineral density (BMD), bone volume fraction (BV/TV), trabecular
thickness (Th.Th), trabecular spacing (Th.Sp), trabecular number (Th.N), structure model
index (SMI), connectivity density (Th.Conn.D), degree of anisotropy (DA), bone surface
(BS), cortical tissue mineral density (Ct. TMD), cortical area (Ct.Ar) and cortical bone
thickness (Ct.Th) were calculated by 3D standard microstructural analysis.

For 3-point bending test, femurs were placed in a consistent orientation and continuously
hydrated in phosphate-buffered saline prior to test initiation. The span between the lower
supports was set to 10mm. The upper contact point was aligned at the mid-point of the lower
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supports. The upper actuator was ramped at a rate of 0.3 mm/sec till failure of the specimen
was achieved. pCT computed tomography scans of the mid-diaphyseal region were utilized
to calculate the second moment of inertia of the samples. Flexural rigidity (N/mm?2), was
calculated together with load at failure (N), displacement at failure (mm), and second
moment of area (mm?).

Histology and histomorphometry

Right and left femurs were dissected from 11 weeks old mice, fixed in 4% formaldehyde in
PBS, embedded in methylmethacrylate (MMA) or decalcified and embedded in paraffin.
Five um longitudinal unstained MMA sections were imaged with a Leica TCS SP8 MP
Multiphoton Confocal Microscope to calculate the cortical and trabecular mineral apposition
rate (MAR). Five pm MMA longitudinal sections were stained with Goldner’s trichrome
stain to calculate Osteoblast surface/bone surface (Ob.S/BS) and Osteoblast/bone perimeter
(Ob.N/BS).

For paraffin, five um longitudinal sections were cut and stained with hematoxylin & eosin,
Goldner trichromic, or with a tartrate-resistant acid phosphatase (TRAP) kit
(MilliporeSigma). Images were collected using an EVOS FL Auto Cell Imaging System
(LifeTechnologies) and analyzed with Fiji. Osteocyte/cortical area (Ocy/BA), Osteoclasts
surface/bone surface (Oc.S/BS), Osteoclasts number (Oc.N/BS) were calculated.

Cell culture and mineralization assay

Bone marrow stromal cell cultures (BMSC) were obtained from both tibiae marrow
compartments according to Soleimani and Nadri, 2009[24]. BMSC and MC3T3-E1 cells
were cultured in MEM-alpha (LifeTechnologies) supplemented with 10% fetal bovine serum
in a 37°C-5% CO? incubator. Differentiation was achieved by addition to the culture
medium of 10 mM B-glycerophosphate (Sigma) and 50 pug/ml ascorbic acid, with daily
medium changes.

For the Alizarin red (ARS) mineralization assay after 12 days of differentiation, equally
seeded monolayers in 24-well plates were washed with PBS, fixed with 4% formaldehyde
and stained with 40 mM ARS for 20 minutes at room temperature with gentle rocking.
Unincorporated dye was washed with an excess of dH,0, then the final wash was aspirated
and the plate was left to dry for imaging. After imaging, the content of each well was
solubilized with 10% (v/v) acetic acid, collected into a tube and heated at 85°C for 10
minutes. The slurry was centrifuged at 16,0009 for 15 minutes, supernatants were
neutralized with 0.1N sodium hydroxide and absorbance read in triplicate at 405nm with a
96-well plate reader. For every sample, at least one well of the 24-well plate was used to
determine the protein content (Pierce) for normalization of the ARS signal.

Microarray Target Preparation and Hybridization

Microarray services were provided by the UPenn Molecular Profiling Facility, including
quality control tests of the total RNA samples using an Agilent Bioanalyzer and Nanodrop
spectrophotometry. BMSCs were differentiated for 5 days as described above and collected
in Trizol for total RNA extraction. All protocols were conducted as described in the
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Affymetrix WT Plus Reagent Kit Manual and the Affymetrix GeneChip Expression
Analysis Technical Manual. Briefly, 250ng of total RNA was converted to first-strand cDNA
using reverse transcriptase primed by poly(T) and random oligomers that incorporated the
T7 promoter sequence. Second-strand cDNA synthesis was followed by /in vitro
transcription with T7 RNA polymerase for linear amplification of each transcript, and the
resulting cRNA was converted to cDNA, fragmented, assessed by Bioanalyzer, and
biotinylated by terminal transferase end labeling. Five and a half micrograms of labeled
cDNA were added to Affymetrix hybridization cocktails, heated at 99°C for 5 min and
hybridized for 16 h at 45°C to Mouse Transcriptome 1.0 ST GeneChips (Affymetrix Inc.,
Santa Clara CA) using the GeneChip Hybridization oven 645. The microarrays were then
washed at low (6X SSPE) and high (100mM MES, 0.1M NacCl) stringency and stained with
streptavidin-phycoerythrin. Fluorescence was amplified by adding biotinylated anti-
streptavidin and an additional aliquot of streptavidin-phycoerythrin stain. A GeneChip 3000
7G scanner was used to collect fluorescence signal. Affymetrix Command Console and
Expression Console were used to quantitate expression levels for targeted genes; default
values provided by Affymetrix were applied to all analysis parameters.

Bioinformatic analysis of microarray data

Data Analysis of differentially expressed genes was analyzed with Affymetrix®
Transcriptome Analysis Console (TAC) Software at the Penn Genomic Analysis Core.
Affymetrix probe intensity (.cel) files were normalized using RMA-sst (Expression Console
Software, Affymetrix, Inc.). Logo-transformed transcript intensities of 65,770 transcript IDs
corresponding to 39,415 unique gene symbols were imported to Partek Genomics Suite
(v6.6, Partek Inc., St. Louis, MO), where Principal Components Analysis was used to
visualize inter-sample variation. Significance Analysis of Microarrays (SAM, samr v2.0)
[25] was used in 2-class unpaired mode to evaluate differential expression including fold-
change, d-score and false discovery rate (FDR). A gene was considered significant if its fold
change was >+1.5x between groups and its FDR was <= 5%. Raw cel files for each of the 12
subjects were uploaded into the GEO database with the following identifier GSE99414.

Scatterplot representation was generated using the R Bioconductor package ggplot2[26].
Heatmaps of log,-transformed data were generated with the R Bioconductor package
heatmap3 using average linkage hierarchical clustering and Pearson correlation as a measure
of similarity[27]. Gene Ontology analysis was performed using the online tool DAVID
6.8[28,29]. Protein-protein interaction network analysis and representation was obtained
using the iRegulon and PhenomScape apps for Cytoscape v3.4.0[30]. Sequence-based
detection of transcription factors, binding motifs and targets from the list of differentially
expressed genes was performed using the iRegulon[31] at default settings. The identification
of differentially regulated sub-networks with known disease associations was performed
using the PhenomeScape app[32] for Cytoscape.

[115ra silencing, western blotting, ENPP1 and ALP activity assay

MC3T3 cells were transfected with //15ra shRNA vectors (OriGene) and differentiated for 5
days. Nucleoside triphosphate pyro-phosphohydrolase (NTPPPH) enzymatic activity
correlates with ENPP1 activity and was assayed using the colorimetric substrate, p-
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nitrophenyl thymidine 5" -monophosphate (Sigma) as previously described[33]. Alkaline
phosphatase (ALP) activity was assayed using p-nitrophenyl phosphate (pNPP) as substrate.
To detect IL15RA protein levels, MC3T3 were lysed with RIPA buffer supplemented with
protease inhibitors. After a pre-clearing step, lysates were incubated with a rat anti-IL15RA
antibody (AbCam), followed by a precipitation step using magnetic beads. After SDS gel
electrophoresis and western blotting, IL15RA was detected using a goat anti-IL15RA
antibody (R&D clone af551) and a trueblot anti-goat secondary antibody (Rockland).

Total RNA was extracted from cells using Trizol reagent (Life Technologies) and converted
to cDNA using Superscript 11 (Invitrogen) and Oligo dT primers. SYBR Green gPCR was
run and analyzed using a QuantStudio 3 Real-Time PCR System (Applied ByoSystems).
The primers used annealed across exon-exon boundaries to ensure specific detection of
MRNA transcripts over genomic DNA. The sequence of each primer is reported in
Supplementary Table 1.

Statistical analysis

Results

Data was analyzed using GraphPad Prism v5 (GraphPad Software, La Jolla, CA) and is
reported as means + SE. Two-way ANOVA with Tukey’s multiple comparisons test were
used when the genotypes were compared across different age groups. Two-tailed t-test was
used to compare one variable between genotypes when the distribution passed the
D’Agostino & Pearson omnibus normality test, otherwise Mann-Whitney test was used.
P<0.05 was considered statistically significant.

Lack of IL15RA protects trabecular bone against age-related bone loss but Impairs cortical
mineralization and quality

Femur length measured at different ages was comparable between genotypes (Figure 1A),
consistent with body weight and lean mass measurements previously documented by our
group[21]. To examine the effects of IL15RA on bone mineralization /in vivo, we performed
micro-CT analysis of trabecular and cortical bone from femurs of 11 and 33-week-old
1115ra~"~ and control mice. In control mice, femur trabecular number, thickness, connectivity
and BV/TV decreased significantly at 33 weeks compared with control animals at 11 weeks,
consistent with previously published data on the effects of age on trabecular bone[34].
1115ra~ femur trabecular bone however, was protected from this decline (Figure 1B-D and
Table 1), consistent with a previous report that ablation of IL15RA confers resistance to
osteoporosis[16]. A similar protective effect against age-related trabecular bone reduction
was observed in tibia from I1115ra~~ mice (Table 1).

Cortical tissue mineral density (TMD) was significantly lower in 1115ra~~ than in control
femurs at both 11 and 33 weeks, increasing with age in both control and 1115ra~~ (Figure
1E, F and Table 1). Femur cortical thickness and area were also significantly lower in
I115ra~/~ femurs (Figure 1G, H). Consistent with this reduced cortical bone quality, 1115ra™~
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femurs required lower loads to fracture when subjected to a three-point bending test (Figure
11 and Table 1).

Lack of IL15RA alters osteoblast and osteoclast function in vivo

To study the functional consequences of the lack of ILI5RA on bone mineral apposition
rates (MAR), we performed /n vivo double labeling with calcein and xylenol orange in 11-
week-old mice. The rate of mineralization in 1115ra~/~ femurs was decreased (40.0% lower
for trabecular bone and 59.7% in the cortical) compared to age-matched controls (Figure
2A-C). Using Goldner trichrome staining (Figure 2D), no differences were noted in
osteoblast number/bone surface (Ob.N/B.S., Figure 2E) and osteoblast surface/bone surface
(Ob.S./B.S., Figure 2F) between the two genotypes. Osteocyte density was 21.4% lower in
I115ra/~ cortical bone (Figure 2G, H). To evaluate osteoclast activity, we performed TRAP
staining of femurs from 11 week-old mice. Both osteoclast number and osteoclast resorption
surface were significantly decreased in 1115ra~/~ trabecular bone (Figure 21-M).

l115ra~/~ osteoblasts produce less mineral matrix in vitro

To investigate /n vitrothe effects of reduced IL15RA on osteoblasts without the confounding
presence of osteoclasts and other interacting cells normally present /n vivo, we isolated
primary osteoblast precursors (bone marrow stromal cells-BMSCs) and cultured them under
osteogenic conditions. The MRNA levels of osteoblast differentiation markers such as
collagen 1a (Figure 3A), osteocalcin (Figure 3B) and alkaline phosphatase (Figure 3C), were
similar between control and 1115ra~~ cells at 0, 5 and 12 days of differentiation. However,
after 12 days of osteogenic differentiation, mineral deposition measured by Alizarin red
staining was significantly lower than in controls (Figure 3D, E). This finding supports a cell
autonomous effect of lack of IL15RA on osteoblasts. To determine if lack of IL15RA also
affects the regulatory crosstalk between osteoblast and osteoclasts, we measured the mRNA
expression levels of Rank/and Opg. The Rankl/Opg ratio was lower in 1115ra~~ cells
compared to controls (due to decreased Rank/and increased Opg mRNA levels) at both 5
(T5, Figure 3F) and 12 (T12, Figure 3G) days of differentiation, suggesting a potentially
impaired feedback between osteoblast and osteoclast function.

Transcriptome analysis

To determine whether the decreased mineralization capacity of 1115ra~/~ osteoblasts derives
from changes at the gene expression level, we conducted microarray transcriptome analysis
of T5 pre-osteoblasts from control and 1115ra~/~ tibiae (n=6 per group). We identified 1150
transcripts that were differentially expressed in 1115ra~'~ vs control pre-osteoblasts (1.5 fold
change and FDR<5% cutoff). The scattergram of the log2 expression for the detected
transcripts is shown in Figure 4A. Of these, 844 were upregulated and 306 were
downregulated in 1115ra™~ cells compared to controls, as shown in the heatmap in Figure
4B. Based on DAVID clustering analysis, the most represented Gene Ontology (GO)
categories for the upregulated genes were related to metabolism, particularly fatty acid
metabolism, and immune response. Cell cycle, retinoic acid metabolism, bone
mineralization, and embryonic forelimb morphogenesis were among the top 10 GO
categories enriched for the genes downregulated in 1115ra~~ (Figure 4C and Suppl Table 2).
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gRT-PCR of the most differentially expressed genes (Figure 4D) was used to validate the
transcriptome analysis in independent biological replicates.

To predict the classes of transcription factors potentially involved in the transcriptome-level
changes detected, we used the iRegulon Cytoscape app (Supplemental Table 3). The analysis
of upregulated genes showed, among others, the enrichment for target motifs for the Gata
family and the regulator of distal limb morphogenesis Hoxal3 [35,36] (Figure 4E),
suggesting that these transcription factors may drive the differential expression. The list of
transcription factor motifs associated with the downregulated genes included Nfy, Nfatc1/2
and interestingly, members of the Stat family (Figure 4F), which are known mediators of
cytokine signaling.

We compared our list of differentially expressed genes with a previously published
expression profile from MC3T3-E1 calvarial pre-osteoblasts 5 days following induction of
osteogenic differentiation (GSE37676)[37]. Using an FDR of 5%, the two datasets shared
442 differentially expressed genes (Figure 5A). We then compared the changes in gene
expression applying a 1.5X fold change cutoff (Figure 5B). This analysis highlighted 4
groups of genes, with concordant or discordant differential expression between the two
datasets. Quadrant 1 (Figure 5B, C) and 4 (Figure 5B, F) contain genes that are differentially
expressed during MC3T3-EL1 differentiation and control pre-osteoblasts but are discordantly
regulated in 1115ra~~ vs control cells. Quadrant 2 (Figure 5B, D) and 3 (Figure 5B, F)
contain genes differentially expressed during osteoblast differentiation that change
concordantly in 1115ra~~ and control pre-osteoblasts. Quadrant 1 included /a4 (inhibitor of
differentiation, 4) (Figure 5C), a gene previously shown to be involved in osteogenic
differentiation[37-39]. Quadrant 4 included Cd200, which was up-regulated in
differentiating MC3T3-E1 but down in 1115ra~/~ (Figure 5F). Ca200is important for
osteoblast/osteoclast coupling[40].

Identification of genes and pathways associated with decreased bone mineralization

To focus on osteoblast-related genes, we applied two bioinformatics approaches to
interrogate our dataset using specific bone mineralization-related terms. The first approach,
performed with Ingenuity Pathway Analysis, returned a list of 19 genes related to the term
“osteoblast” (5% FDR cutoff and 1.5 fold change). Of these, 12 were up-regulated in
I115ra™~ pre-osteoblasts and 7 were down-regulated (Supplemental Table 4). Among the
validated osteoblast-related genes were /d4 (MTA fold change 1.54, gPCR fold change
1.99), Rspo2 (MTA f.c. -4.54, gPCR f.c. -2.51), Ca200 (MTA f.c. -4.38, gPCR f.c. -3.44)
and Enppl (MTA f.c. -=3.04, gPCR f.c. —1.6) (Figure 4A, validation in Figure 4D).
Additionally, by comparing our dataset with the available literature, we identified a number
osteoblast-related genes not highlighted by our bioinformatics tools, including Gpnmb
(MTA f.c. 2.38)[41,42] and Msx2 (MTA f.c. 1.68)[43].

As second approach, we used the Cytoscape app PhenomeScape (5% FDR cutoff) to identify
differentially regulated sub-networks within the dataset, filtering for known disease
associations. We applied the PhenomeScape algorithm using keywords related to reduced
bone mineralization and impaired osteoblast physiology (see Supplemental Table 5 for the
complete list). Using default parameters, the algorithm returned a list of 10 sub-networks
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which, according to GO enrichment analysis, could be associated with the cellular processes
summarized in Figure 6B. Of these, two sub-networks captured our attention. The first,
associated with the GO term “Metabolic processes” (Figure 6C), included several collagen
isoforms and multiple entries with moderate association with abnormal bone mineralization
and osteoblast physiology. The second was related to “Nucleic acid phosphodiester bond
hydrolysis” and included ENPP1 as a primary node strongly associated with abnormal bone
mineralization and osteoblast physiology (Figure 6D). ENPP1 catalyses the generation of
extracellular inorganic pyrophosphate (PPi, a major inhibitor of bone mineralization) in
osteoblasts and chondrocytes, therefore reduced ENPP1 would lead to enhanced bone
formation. However, PPi is also substrate for ALP, which hydrolyzes it to phosphate (Pi)
necessary for bone mineralization. Indeed, mice lacking £nppI or carrying inactivating
mutations, have decreased bone mineralization and unbalanced ectopic vs eutopic tissue
mineralization[33,44].

Lack of IL15RA leads to decreased ENPP1 activity

To validate the functional connection between IL15RA and ENPP1 suggested by our
bioinformatics analysis, we suppressed //Z5ra mRNA expression in calvarial MC3T3 pre-
osteoblasts using shRNA-mediated silencing and measured ENPP1 activity after 5 days of
differentiation. Two independent shRNAs for //15ra were effective in downregulating
IL15RA protein levels (Figure 7A). The reduction of IL15RA did not affect ALP activity (in
presence of excess pNPP substrate), but had a significant effect on NTPPPH enzyme activity
(indicative of ENPP1 enzyme activity) (Figure 7B), supporting our bioinformatics data.

Discussion

In this study, we applied cellular and molecular approaches to study the effects of 1L15/
IL15RA signaling on osteoblast function and bone mineralization. We determined that
1115ra~"~ cortical bone is more fragile due to impaired osteoblast mineralization capacity.
Transcriptome analysis of isolated mesenchymal progenitors under osteogenic
differentiation identified several genes associated with osteoblast function that are down-
regulated in the absence of IL15RA, including Ca200, an important osteoblast/osteoclast
coupling factor, and Enppl, a key component of phosphate metabolism. ENPP1 activity was
decreased in MC3T3 cells treated with //25ra shRNAs, confirming this pathway interaction.
Our data highlight the importance of IL15/IL15RA signaling for osteoblast function and
provide novel insights into how controlled levels of pro-inflammatory factors, such as those
associated with exercise activity, exert beneficial effects on bone mineralization.

IL15RA is an important component of proinflammatory signaling, but is also increasingly
recognized for its involvement in multiple physiological and metabolic processes. 1L15 and
IL15RA levels are elevated acutely during low-grade inflammation induced by exercise[8—
12], but also chronically in pathological conditions such as rheumatoid arthritis, particularly
in the synovial fluid[7]. IL15 SNPs correlate with bone mineral density and cortical bone
volume in humans[17,45].

In ovariectomized mice, Djaafar et al showed that lack of IL15RA protects against
osteoporosis[16], mainly due to impairment of the signaling required for osteoclast
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activation. Given the established functional connections between osteoblast and osteoclast
activities, our study investigated the less documented role of IL15RA in osteoblast
regulation and therefore bone mineralization.

Our ex vivo microCT analysis showing that 1115ra~~ trabecular bone is protected from the
age-related deterioration (Figure 1B-D) is most likely due to the concomitant effect of
decreased osteoclast activity (Figure 21-M) and the high remodeling rates characteristic of
trabecular bone. The cortical portion, however, had a significantly lower mineral density
(Figure 1F) and was weaker (Figure 11) in 1115ra~/~ mice at both 11 and 33 weeks of age.
This finding is contrary to our initial hypothesis that cortical bone would adapt to the
increased load deriving from the higher spontaneous locomotor activity. It also partially
differs from Djaafar et al previous report in which 16 week-old female 1115ra~~ mice
showed higher femur mineral density and cortical thickness than controls[16]. This
difference is not surprising, given the sexual dimorphic nature of the musculoskeletal
system. In addition, gender-specific differences have recently been reported in muscle-
specific 1115ra~'~ mice[46].

Histological examination and /7 vivo double labeling (Figure 2) showed that, despite being

present in similar numbers as controls, 1115ra~/~ osteoblasts had reduced capacity to deposit
bone mineral matrix, which could have contributed to the observed lower osteocyte density
(Figure 2G, H) in the mutant mice. Mineralization of the bone extracellular matrix has been
shown to directly impact osteocytic differentiation[47,48].

Our results clearly indicated that lack of IL15RA alters osteoblast function. IL15RA
mediates IL15 signaling via both ¢/is- and trans-presentation mechanisms[49]. 7rans-
presentation from NK cells to macrophages is responsible for its effects on
osteoclastogenesis[14]. However, the observed cell autonomous effects on osteoblast
function suggest that IL15 may be acting in osteoblasts in ¢/sto activate the trimeric IL15
receptor complex expressed on the same cell.

Microarray analysis of pre-osteoblasts identified a unique transcriptome of 1150
differentially expressed genes (844 up and 306 down) when comparing I115ra~~ vs controls.
The up-regulation of metabolic genes, particularly those of fatty acid oxidation, is consistent
with our previous findings in muscle[21]. Interestingly, our bioinformatics analysis
identified Ca200and Enpp1 as downregulated in 1115ra~/~ pre-osteoblasts compared to
control cells. Cd200is expressed in a variety of mouse and human cell types, including
mouse osteoblasts[40] and is induced by pro-osteogenic or pro-inflammatory stimuli acting
through the NF-kB pathway[50]. The interaction with the receptor CD200R expressed on
the surface of myeloid cells triggers their differentiation into osteoclasts. Mice lacking
Cd200have decreased osteoclast activity and higher bone mass[40]. Reduction in Cad200in
the //15ra null mice suggests that disruption of this signaling pathway adversely affects
osteoblast-osteoclast coupling in addition to cell-autonomous effects on these two cell types.
The Enppl gene encodes for a protein with ectonucleotide pyrophosphatases/
phosphodiesterases (ENPP) activity, which hydrolyzes inorganic phosphate from
extracellular nucleotides[51]. ENPP proteins are known to have multiple roles, such as
nucleotide recycling, modulation of purinergic signaling, regulation of extracellular
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pyrophosphate and modulation of insulin receptor signaling[52,53]. Alterations of this gene
have been associated with susceptibility to insulin resistance[54], generalized arterial
calcification of infancy (IIAC)[55], ossification of the posterior longitudinal ligament of the
spine (OPLL)[56], and finally Rickets type 2 (ARHR2), a condition characterized by
hypophosphatemia, hyperphosphaturia, and in the most severe cases, short stature and bone
deformation[57,58]. £nppl knockout mice have impaired bone mineralization due to
abnormal phosphate metabolism[33]. Interestingly, the same /L15RA polymorphism linked
to elite athlete endurance performance has been associated with susceptibility to ossification
of the posterior longitudinal ligament of the spine, a recurring symptom in rickets
patients[18]. Silencing //Z5rain calvarial MC3T3 cells using ShRNA (Figure 7)
demonstrated a cell autonomous decrease in ENPP1 enzymatic activity, offering a
mechanism for the lower cortical bone mineralization seen /7 vivoand in vitroin 115ra™/~
mice.

In summary, our data highlight the importance of ILL5RA on bone mineralization and
osteoblast function. Our transcriptome analysis provided mechanistic insights into the
interaction between inflammatory cytokine signaling and bone function. This study
demonstrates for the first time that ILI5RA is required to ensure efficient osteoblast/
osteoclast coupling and plays an important role in determining osteoblast phosphate
homeostasis and mineralization capacity, essential for cortical bone mineralization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Lack of IL15RA decreases femur cortical mineral density and resistance to
load

1115ra~/~ primary osteoblasts have defective mineralization capacity
1115ra~/~ primary pre-osteoblasts express a unique transcriptome

Osteoblast/osteoclast coupling is defective in 1115ra~~ bone due to altered
Rankl/Opg and CadZ200 expression.

IL15RA deficiency negatively impacts mineralization by decreasing £nppl
levels and activity.
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Figure 1. Absence of IL15RA preserves trabecular bone structure but decreases cortical bone

quality

(A) Femur length at different ages (n=4—6/timepoint); (B) representative rendered microCT
scans of femur trabeculae from control and 1115ra~~ mice at 11 and 33 weeks of age;

trabecu

lae number (C) and trabecular bone volumef/total volume (Th.BV/TV) ratio (D)

(n=5). (E) Representative rendered microCT scans of femur cortical bone; cortical tissue
mineral density (F), thickness (G) and area (H) (n=5). (I) Maximal load as calculated with 3-
points bending analysis (n=5). G: effect of genotype; A: effect of age; I: interaction between
genotype and age.
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Figure 2. Lack of IL15RA associates with low mineral apposition rates, decreased osteoclast and
osteocyte number

(A) Representative double labeling (scalebar 40um) of control and il15ra~~ femurs and
Mineral Apposition Rate quantification for the cortical (B) and trabecular (C) regions (n=3).
(D) Goldner’s trichromic of femur trabecular bone sections (scalebar 500um) and
quantification of osteoblast per bone surface (E) and osteoclast surface per bone surface (F)
(n=3). (G) Hematoxylin and eosin staining of femur cortical bone (scalebar 50pm) and
quantification of osteocytes/are (H) (n = 3). (I) TRAP staining of femur trabecular bone
sections (scalebar 100um) and quantification of osteoclast per bone surface (L) and
osteoclast surface per bone surface (M) (n=3).
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Figure 3. 1115ra~"~ osteoblasts have defective mineralization and lower rankl/opg ratio
gPCR analysis of collagen 1a (A), osteocalcin (B) and alkaline phosphatase (C) at 0, 5 and

12 days of osteoblast differentiation (n = 7-5). (D) Alizarin mineralization assay and (E)
quantification (n=7-5). (F,G) Rankl/Opg mRNA ratio at 5 (C) and 12 (D) days of
differentiation (n = 5).
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Figure 4. Transcriptome analysis of primary pre-osteoblasts (T5) shows downregulation of genes
related to bone mineralization

(A) Scatterplot representation of log2 expression values (FDR<5% and 1.5 fold change are
shown in red). (B) Heatmap representation of differentially expressed genes (FDR<5% and
1.5 fold change), with (C) the most enriched Gene Ontology categories according to DAVID
analysis. (D) gPCR validation of bone-related transcripts. Predicted transcription factors
associated with upregulated (E) and downregulated (F) genes.
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Figure 5. Comparison with MC3T3 gene expression after 5 days of differentiation
(A) Venn diagram of genes with FDR<5% in the two datasets. (B) scatterplot representation

of the 442 genes shared between the two datasets, with il15ra~~ vs Ctrl log2 fold changes on
the y-axis and undifferentiated Vs T5-differentiated MC3T3 log2 fold changes on x-axis.
The number of differentially expressed genes with fold change >1.5 or <-1.5 (red dots) is
reported within brackets. (C, D, E, F) Heatmap representations of genes contained in each
quadrant.
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Figure 6. IPA and Phenomescape analyses highlight the involvement of phosphate homeostasis

and metabolic processes

(A) Heatmap of differentially expressed osteoblast-related genes obtained with Ingenuity
Pathway Analysis. (B) Enriched Gene ontology categories identified by Phenomescape.
Protein-protein interaction networks of “Metabolic processes” (C) and “Nucleic acid
phosphodiester bond hydrolysis” (D) from Phenomescape analysis.

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Loro et al. Page 23

A Scr sh1 sh2

P:IM5ra |
WB: [I15ra .

WEB: tubulin | ™ s s

0

)

B NTPPPH | 1 ALP

'ug prot (fraction of Scr

Eyrre

oD,..

0.0 I I I
-

oCr Sh1 Sh2

Figure 7. Silencing 1115rain MC3T3 decreases ENPP1 activity

(A) IL15RA protein levels after treatment with two different //Z5ra shRNAs. (B) ALP and

NTPPPH activity (indicative of ENPP1 activity) following //15rasilencing. Data are shown

as fraction of the activity of scramble-transfected cells (mean+SEM of three separate
experiments).
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