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ABSTRACT

A sophisticated and delicate balance between bone resorption by osteoclasts and bone

formation by osteoblasts regulates bone metabolism. Optineurin (OPTN) is a gene involved in

primary open-angle glaucoma and amyotrophic lateral sclerosis. Although its function has been

widely studied in ophthalmology and neurology, recent reports have shown its possible involvement

in bone metabolism through negative regulation of osteoclast differentiation. However, little is

known about the role of OPTN in osteoblast function. Here, we demonstrated that OPTN controls

not only osteoclast but also osteoblast differentiation. Different parameters involved in

osteoblastogenesis and osteoclastogenesis were assessed in Optn’- mice. The results showed that

osteoblasts from Optn’ mice had impaired alkaline phosphatase activity, defective mineralized

nodules, and inability to support osteoclast differentiation. Moreover, OPTN could bind to signal

transducer and activator of transcription 1 (STATL1) and regulate runt-related transcription factor 2

(RUNX2) nuclear localization by modulating STAT1 levels in osteoblasts. These data suggest that

OPTN s involved in bone metabolism not only by regulating osteoclast function but also by

regulating osteoblast function by mediating RUNX2 nuclear translocation via STATL.
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1. Introduction

Optineurin (OPTN) is a gene linked to primary open-angle glaucoma (POAG) and (ALS) [1,2].

POAG is characterized by progressive neurodegeneration of retinal ganglion cells. The ES0K OPTN

mutation was first identified in familial POAG [1]. Transgenic mice models showed that E50K

OPTN induces the apoptosis of retinal ganglion cells and progressive retinal degeneration

exclusively [3]. On the other hand, ALS is a devastating disorder characterized by progressive

degeneration of motor neurons of the primary motor cortex, brainstem, and spinal cord. Three types

of mutations of OPTN in ALS patients were reported, such as homozygous deletion of exon 5, a

homozygous Q398X nonsense mutation, and a heterozygous E478G missense mutation within its

ubiquitin-binding domain [2]. OPTN is involved in basic cellular functions, including protein

trafficking, maintenance of the Golgi apparatus, and the NF-xB pathway [2,4]. The NF-kB pathway

is an important signal transduction pathway regulating immune response and inflammation. OPTN

exhibits the high sequence homology to NF-kB essential modulator (NEMO) and suppresses NF-xB

activity by competing with NEMO [5,6]. Cell transfection experiments showed that wild type (WT)

OPTN and E50K mutant inhibit NF-xB activity, but ALS-related OPTN mutants were unable to

inhibit NF-xB activity in cultured cells [2,7]. Furthermore, the ALS-related OPTN missense

mutation revealed a cytoplasmic distribution different from that of WT [2]. Therefore, OPTN is



thought to be involved in a significant part of the pathogenesis of ALS. Therefore, E50K and

ALS-related OPTN mutants are thought to be involved in different intracellular signaling.

Recently, linkage studies have revealed a strong susceptibility for Paget's disease of bone

(PDB) in the OPTN locus [8,9]. PDB is a skeletal disease characterized by excess osteoclasts

activation, which causes increased but disorganized bone turnover. The most known responsible

gene is sequestosome 1 (p62), which is mutated in more than 10% of patients [10,11]. Recent studies

have revealed that homozygous loss-of-function mutations (D477N) in OPTN enhance osteoclasts

activity and predispose to PDB [12]. Moreover, OPTN is suggested to have an inhibitory effect on

NF-xB as well as the IFN-B signaling pathway [13,14]. Bone metabolism is regulated by osteoblasts

and osteoclasts cooperatively, and these activities are coupled inextricably [15]. To date, various

molecules, including SH3BP2, Semaphorin 3A, and Bcl6, have been shown to regulate both

osteoblasts and osteoclasts and could serve as potential strategies for the treatment of bone loss in

inflammatory bone disease [16-19]. However, little is known about the precise role of OPTN in bone

metabolism. In this study, we investigated the potential role of OPTN in regulating osteoblast

differentiation using Optn™ mice.

2. Materials and methods

2.1. Mice



Optn”- mice with a C57BL/6 background generated in a previous study [Optn-exon 8 deletion,

Kurashige et al. in preparation] were used. The Mice were kept in a specific pathogen-free room

with a 12 h light-dark cycle at a constant temperature. All procedures for animal uses were approved

by the Committee of Research Facilities for Laboratory Animal Science, Hiroshima University

School of Medicine.

2.2. Reagents and antibodies

Antibodies for immunohistochemistry, immunoprecipitation, western blotting, and

immunofluorescent staining were obtained from Cell Signaling Technology (CST) (Danvers, MA,

USA), Santa Cruz Biotechnology (Santa Cruz, CA, USA), GeneTex (lrvin, CA, USA), Abcam

(Cambridge, MA, USA) and Cayman Chemical (Ann Arbor, Ml, USA).

2.3. Histomorphometric Analysis of Bone

Femora were fixed in 70% ethanol and embedded in glycolmethacrylate without

decalcification. Serial sections were cut and stained with Villanueva bone stain. Part of the

histomorphometric analysis was performed at the Ito Bone Science Institute (Niigata, Japan).

2.4. Immunohistochemistry



Paraffin-embedded femora were sectioned (3 um) and rehydrated. Endogenous horseradish

peroxidase was blocked with 3% hydrogen peroxide in phosphate-buffered saline (PBS) after

deparaffinization. After blocking with normal horse serum, the sections were incubated overnight at

4°C with an anti-RUNX2 antibody (M-70, Santa Cruz Biotechnology). After washing three times

with PBS, sections were incubated with biotinylated anti-rabbit or goat IgG antibody for 30 min at

room temperature. After washing with PBS, the sections were reacted with CSA Il, Biotin-Free

Catalyzed Amplification System, (DAKO, Carpinteria, CA, USA) for 30 min. The

immunohistochemical analysis was performed at the Kureha Special Laboratory (Fukushima,

Japan).

2.5. Osteoblasts culture and bone nodule assay

Osteoblasts were isolated from the calvarial bones of 2—days-old mice by collagenase/dispase

digestion. Cells were cultured on 12 well plates at a density of 1x10° cells/well. Osteoblast

differentiation was induced by osteogenic medium (o -minimal essential medium (a-MEM)

(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo

Scientific, Waltham, MA, USA), 10 mM B-glycerophosphate, 10 M dexamethasone, and 100 pg/ml

ascorbic acid). The cells were cultured for 21 days, and the culture medium was changed every 2

days. Subsequently, the alkaline phosphatase (ALP) activity was assessed, and the mineralized



nodules were detected using alizarin red staining. For ALP activity assessment the osteoblasts were

stained using p-nitrophenylphosphate after 7, 14, or 21 days of culture. Subsequently, the

osteoblasts were lysed with 0.025 % Triton X solution followed by centrifugation at 15,000 rpm for

15 min. The ALP activity was measured in the supernatant using a Lab Assay ALP kit (Wako,

JAPAN). The absorbance of the resultant solution was measured at 405 nm.

2.6. Immunoprecipitation

Immunoprecipitation was performed using Dynabeads® Protein G (Invitrogen, Carlsbad, CA,

USA) according to the manufacturer’s protocols. After being cultured in osteogenic medium for 3

days, cell lysates were isolated by RIPA buffer and incubated for 3 h with a Dynabeads-anti-STAT1

antibody (Abcam) at room temperature. The lysate/antibody/bead complex was washed extensively

with PBS-Tween (0.1%). The proteins captured by the anti-STAT1 antibody-coated beads were

subsequently separated using SDS-PAGE and subjected to western blotting with a rabbit

anti-mouse STAT1 antibody (CST) and rabbit anti-mouse OPTN antibody (Cayman).

2.7. Western blotting

Protein samples were subjected to electrophoresis on a 10% SDS-polyacrylamide gel and

transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA). After being

blocked for 1 h (5% nonfat milk in TBS plus 0.1% Tween 20), the membrane was incubated at 4°C



overnight with rabbit anti-mouse STAT1 (CST) and rabbit anti-mouse p-actin (CST). The membrane

was washed thrice and incubated with HRP-conjugated secondary goat anti-rabbit antibodies

(R&D Systems, Minneapolis, MN, USA) at room temperature for 1 h. Immunodetection was

performed according to the protocols supplied with ECL Prime Western blotting detection reagents

(BioRad Laboratories, Hercules, CA, USA).

2.8. Immunofluorescent staining

Osteoblasts cultured in osteogenic medium (2.0 x 10° cells/well in 24-well chamber slides)

were fixed in 4% paraformaldehyde (PFA), permeabilized with 0.1% Triton X-100, and blocked in

1% bovine serum albumin. These slides were incubated with anti-RUNX2 antibody (Santa Cruz

Biotechnology) at 4°C overnight. RUNX2 was detected by Alexa Fluor-488 goat anti-mouse IgG

antibody. Nuclei were stained with 4, 6-diamidino-2-phenylindole (DAPI). Fluorescence signals

were detected with the use of the Zeiss LSM 510 laser scanning confocal microscope (Zeiss

Microimaging, LCM, Zeiss Jena, Germany). Cells were considered positive for RUNX2 nuclear

localization when the fluorescence intensity of RUNX2 in nuclei exceeded that in the cytoplasm.

Numbers of DAPI-positive and RUNX2 positive nuclei were counted, and the percentages of

RUNX2 positive nuclei per total nuclei were calculated.

2.9. Osteoblast-osteoclast co-culture assay



Osteoblasts (at a density of 5 x 10 cells/well) were co-cultured with BMCs (at a density of 5 x

105 cells/well) in a 24-well plate in a-MEM with 10% FBS, 10 nM 1a,25(0OH);D3 and

penicillin/streptomycin. The culture medium was changed every 2 days, and the cells were fixed

after 8 days. TRAP-positive MNCs were counted.

2.10. Real-time polymerase chain reaction (PCR)

Total RNA was extracted using RNAiso Plus (TAKARA, JAPAN). cDNA was synthesized

using ReverTraAce (TOYOBO, JAPAN). Real-time PCR was done using a Syber Green.

2.11. Statistical analysis

The results were expressed as mean + standard deviations (SD). Statistical differences

between the mean values of control and experimental groups were analyzed by using Student's t-test

at a significance level of 1% or 5%.

3. Results

3.1. OPTN regulates bone formation in vivo

The immunohistochemical analysis to study the bone morphology revealed nonsignificant

differences for osteoblasts surfaces per bone surface (Obs/BS) and osteoblasts number per bone

surface (ObN/BS) between Optn”- and WT mice (Fig. 1A-C). Histomorphometric analysis, calcein,



and tetracycline labeling showed that mineral apposition rate (MAR) and bone formation rate per

bone surface (BFR/BS) were lower in Optn”- mice (Fig. 1D-G). Osteoid thickness (Oth), Osteoid

maturation time (Omt), and Mineralization lag time (Mit) were higher in Optn”- mice (Fig. 1H-J).

The observations showing significantly lower bone formation in Optn”- mice indicated the potential

role of OPTN in the regulation of bone formation.

3.2. OPTN promotes osteoblast differentiation through STATL inhibition

To reveal whether OPTN affects osteoblast differentiation and function in vitro, we quantified

the ALP activity and assessed the mineralized nodule formation by alizarin red staining. The results

revealed a reduced ALP staining as well as ALP activity in the osteoblasts from Optn”- mice as

compared with the WT mice (Fig. 2A, B). Mineralized nodules stained by alizarin red in osteoblasts

from Optn mice were also reduced (Fig. 2C, D). These data indicated that OPTN is required for the

differentiation of osteoblasts.

Furthermore, to elucidate the molecular mechanism of OPTN on osteoblast differentiation, the

OPTN target candidates were explored by searching for the proteins that bind to OPTN, and the

screening molecules that regulate osteoblast differentiation. Based on these criteria, we identified

STAT1 that has been reported to regulate osteoblast differentiation negatively. The

immunoprecipitation analysis revealed that OPTN binds to STAT1 (Fig. 3A), and the expression



level of STATL1 protein in Optn”- osteoblasts was significantly higher than that in WT osteoblasts

(Fig. 3B). These results suggested that OPTN could have directly suppressed STATL in osteoblasts.

Moreover, STATL is reported to suppress osteoblast differentiation by inhibiting the nuclear

translocation of RUNX2. Therefore, we investigated whether RUNX2 translocation into the nucleus

was inhibited in Optn’- mice. Immunofluorescent staining showed that nuclear translocation of

RUNX2 by osteoblastic induction was significantly inhibited in Optn’- osteoblasts (Fig. 3C) and that

the percentages of RUNX2 positive nuclei were smaller in Optn”- osteoblasts (Fig. 3D).

3.3. The ability to support osteoclast differentiation is reduced in osteoblasts from Optn’ mice

The osteoblast-osteoclast co-culture assay revealed that the osteoblasts from Optn”- mice had

reduced ability to support osteoclast differentiation compared to those from WT mice, as evident

from the reduced level of TRAP-positive MNCs in Optn’- mice (Fig. 4A). Expression of Tnfsf11

mRNA in osteoblast cultures from Optn”- mice was significantly lower than that from WT mice (Fig.

4B).

4. Discussion

We identified OPTN as an important regulator of bone metabolism that regulates osteoblast

differentiation and function. We analyzed different parameters involved in osteoblastogenesis and

osteoclastogenesis. Analysis of bone morphology revealed nonsignificant differences for Obs/BS



and ObN/BS; however, we observed an increased osteoid thickness in Optn- mice, which could be

due to a functional defect of osteoblast. Comparison of dynamic bone formation indices revealed a

significant decrease in BFR/BS, MAR, and other mineralization related parameters, suggesting the

role of OPTN in mineralization defect in vivo. Here, we assessed ALP activity by alizarin red

staining to study osteoblast activity. Generally, ALP is considered to be an early marker of osteoblast

differentiation, and an increased level of ALP refers to active bone formation [20]. In the present

study, the reduced ALP activity in Optn’ mice indicated that OPTN is required for the

differentiation of osteoblasts. Furthermore, we have assessed the mineralization of bone cells by

alizarin red staining. Alizarin red staining is one of the most common methods used to examine a

mineralized matrix [21, 22]. It allows simultaneous evaluation of mineral distribution and inspection

of small structures and is particularly versatile in that the dye can be extracted from the stained

monolayer and readily quantified [20]. In this study, alizarin red mineralization was found to be

reduced in Optn’- mice, indicating impaired osteoblastogenesis in the absence of OPTN.

STAT1 inhibits osteoblast differentiation by inhibiting RUNX2 transcriptional activity and

RUNX2 nuclear translocation, which has been reported to have a key role in osteogenic

differentiation and bone formation [23]. In the present study, the immunoprecipitation analysis

revealed that STAT1 binds to OPTN and the RUNX2 localization in nuclei was significantly

inhibited in Optn”- osteoblasts.



In this study, we have found that OPTN is also able to inhibit osteoclast differentiation in vitro as

it attenuates the formation of TRAP-positive MNCs. TNFSF11 gene can stimulate osteoclast

formation and is a critical mediator of bone resorption and overall bone density. Here, the real-time

PCR analysis of tnfsf1l1 mRNA expression analysis revealed dysfunctional osteoclasts in Optn’-mice

as compared to WT mice. Collectively, the results of the present study revealed the importance of

OPTN in bone remodeling.

However, Obaid et al. [12] have identified OPTN as a negative regulator of osteoclast

differentiation using a mouse model of PDB (OptnP*"NP47"N mjce). They have suggested that the

common genetic variant rs1561570 (D477N) at the OPTN locus increases susceptibility to PDB by

reducing levels of OPTN expression, leading to enhanced osteoclast differentiation. Although the

study reported the detailed analysis of bone phenotype in OptnP47"N/D47N mjce, the inhibition of

OPTN expression level has not been thoroughly explored. In addition, since bone metabolism is

explained by the delicate relationship between osteoblasts and osteoclasts, it may differ in different

mice models, thus creating a discrepancy between the two studies. Moreover, OPTN signaling is a

complicated process involving many molecules, such as CYLD, TANK-binding kinase I, IKKe,

caspase 8, and STAT1 [5,13,14,24]. In addition, other signaling factors may have existed concerning

osteoblast differentiation in OPTN signaling. So, further detailed analysis of the bone phenotypes in

Optn”- mice is necessary in the future.



In summary, OPTN controls not only osteoclast but also osteoblast differentiation in bone

metabolism. We have revealed the role of OPTN in regulating osteoblast function, which may be

dominant over its role in osteoclasts. Although OPTN has been functionally analyzed concerning

diseases in the fields of ophthalmology and neurology, in the present study, we have documented its

role in bone metabolism, and further research can shed insight on its role in bone metabolic diseases.
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Figure Legends

Fig. 1.

The bone phenotype of Optn” mice. (A) Immunohistochemical detection of RUNX2. Black

arrows indicate representative RUNX2 positive osteoblasts. Scale bar = 10 pm. (B-C) Graphs

representing the comparison of (B) Obs/BS and (C) ObN/BS. Obs/BS, osteoblast surface per bone

surface; ObN/BS, osteoblast number per bone surface. (D) Representative images of osteoid

thickness. Scale bar = 10 pm. (E) Representative images of calcein-tetracyclin labeled femur. Scale

bar = 10 um. (F-G) Graphs representing the comparison of dynamic bone formation indices. (F)
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MAR; mineral apposition rate, (G) BFR/BS; bone formation rate per bone surface. (H-J) Graphs

representing the comparison of (H) Oth, (1) Omt, and (J) Mit. (Oth, osteoid thickness; Omt, osteoid

maturation time; Mit, mineralization lag time). Values represent mean + SD. *p <0.05, **p <0.01.

Fig. 2.

Inhibition of osteoblast differentiation by OPTN in vitro. (A) In vitro osteoblast maturation

assay. Osteoblasts were cultured for 21 days and stained for ALP after 7, 14, or 21 days of culture.

(B) Quantification of ALP activity after 7 and 14 days of culture. (C, D) Mineralized nodule

formation as determined by Alizarin Red staining after 21 days of culture. Scale bar = 10 pm.

Fig. 3.

OPTN promotes osteoblastogenesis by STAT1 inhibition. (A) Binding of OPTN to STAT1 in

osteoblasts. STAT1 was immunoprecipitated (IP) from cell lysates, and the presence of STAT1 and

OPTN in the immunoprecipitates was analyzed by western blotting (WB). (B) WB of STAT1

protein levels in osteoblasts. (C) Immunofluorescent staining of nuclei and RUNX2 visualized by

DAPI and anti-RUNX2 antibody, respectively. (D) Quantitation of RUNX2-positive nuclei. The

percentage of RUNX2-positive nuclei per total nuclei was measured. Scale bar = 50 pum. Values

represent mean + SD. **p <0.01.



Fig. 4.

Impaired osteoblast function in Optn”- mice. (A) Osteoblast-osteoclast co-culture assay. The

numbers of TRAP* MNCs were counted. Values represent mean+ SD. (B) Quantitative PCR of

tnfsf11 mRNA levels in osteoblasts. *p <0.05, **p < 0.01.
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