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Abstract

:

Prior work demonstrated that Phlpp1 deficiency alters trabecular bone mass and enhances M-CSF responsiveness, but the cell types and requirement of Phlpp1 for this effect were unclear. To understand the function of Phlpp1 within myeloid lineage cells, we crossed Phlpp1 floxed mice with mice harboring LysM-Cre. Micro-computed tomography of the distal femur of 12-week-old mice revealed a 30% increase in bone volume per total volume of Phlpp1 female conditional knockouts, but we did not observe significant changes within male Phlpp1 cKOLysM mice. Bone histomorphmetry of the proximal tibia further revealed that Phlpp1 cKOLysM females exhibited elevated osteoclast numbers, but conversely had reduced levels of serum markers of bone resorption as compared to littermate controls. Osteoblast number and serum markers of bone formation were unchanged. In vitro assays confirmed that Phlpp1 ablation enhanced osteoclast number and area, but limited bone resorption. Additionally, reconstitution with exogenous Phlpp1 suppressed osteoclast numbers. Dose response assays demonstrated that Phlpp1−/− cells are more responsive to M-CSF, but reconstitution with Phlpp1 abrogated this effect. Furthermore, small molecule-mediated Phlpp inhibition enhanced osteoclast numbers and size. Enhanced phosphorylation of Phlpp substrates—including Akt, ERK1/2, and PKCζ—accompanied these observations. In contrast, actin cytoskeleton disruption occurred within Phlpp inhibitor treated osteoclasts. Moreover, Phlpp inhibition reduced resorption of cells cultured on bovine bone slices in vitro. Our results demonstrate that Phlpp1 deficiency within myeloid lineage cells enhances bone mass by limiting bone resorption while leaving osteoclast numbers intact; moreover, we show that Phlpp1 represses osteoclastogenesis and controls responses to M-CSF.
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1. Introduction


Enhanced bone resorption is associated with conditions such as osteoporosis, cancer-associated bone loss, rheumatoid arthritis, and periodontitis. Bone resorption is accomplished by osteoclasts, the large, multinucleated cells that line bone surfaces. Osteoclasts arise via iterative fusion of myeloid progenitor cells and form within bone. Because disruptions of osteoclast differentiation and/or activity impact bone resorption, a better understanding of osteoclast biology will help design strategies to limit bone loss.



PH Domain and Leucine Rich Repeat Protein Phosphatase 1 (Phlpp1, Phlpp, Scop, Plekhe1, Ppm3a) is a serine/threonine protein phosphatase. Phlpp1 and its related isoform, Phlpp2, are metal-dependent type 2C protein phosphatases [1,2] that are insensitive to traditional phosphatase inhibitors [1]. Phlpp1 is broadly expressed, but its levels are controlled by numerous cellular mechanisms, and decline with age in women [1,2,3]. Our prior work also demonstrates that Phlpp1 levels are increased by estradiol in vitro [4].



PHLPP1 dephosphorylates and inactivates several kinases that regulate osteoclastogenesis and bone resorption including Akt, a kinase that is well established in promoting osteoclast differentiation, survival, and activity [5]. PHLPP1 catalyzes the dephosphorylation of AktS473, the site within the activation loop that is required for maximal Akt activity [2,6]. In addition to Akt, numerous PKC isoforms that promote osteoclast function are also inactivated and destabilized by PHLPP1-mediated dephosphorylation [2,7,8,9,10,11]. PHLPP1 also targets the pro-apoptotic Mst1 to limit cell survival and the ribosomal kinase p70 S6K to control the rate of CAP-dependent translation [9,11]. The activity of the Ras family small GTPases is attenuated by PHLPP1; thus, inhibiting MAPK signaling [7,9].



Phlpp1 germline knockout mice (e.g., Phlpp1−/− mice) are viable, but show enhanced growth factor responsiveness and cellular proliferation [1]. Phlpp1 functions as a tumor suppressor and is frequently deleted in various cancers, including prostate cancers. In model systems, Phlpp1 inhibits tumor progression and cancer cell growth [1,2]. Our group previously showed that Phlpp1 germline deficiency decreased body size, long bone length and bone mass [12]. In contrast, ablation of Phlpp1 within Ctsk-Cre expressing cells enhanced bone mass [13], but the cell types responsible for this phenotype were unclear due to non-specific expression of the Ctsk-Cre transgene [14,15,16,17]. This study examines the effect of Phlpp1 deletion within myeloid lineage cells on bone mass and osteoclastogenesis.




2. Results


2.1. Deletion of Phlpp1 in LysM-Expressing Cells Enhances Bone Mass in Females


Our prior work demonstrated that germline deletion of Phlpp1 limited acquisition of peak bone mass [12], but conditional deficiency within Ctsk-Cre expressing cells enhanced bone mass [13]. To determine how deletion of Phlpp1 within myeloid progenitor cells affected bone mass, we crossed Phlpp1 floxed [13] mice with mice expressing Lyz2-driven Cre (e.g., LysM-Cre) [18]. Phlpp1 cKOLysM and control littermates were aged to 12-weeks and femora and tibiae were collected. Micro-CT analyses revealed a 30 percent increase in trabecular BV/TV of Phlpp1 cKOLysM females within the distal femur (Figure 1A). This was accompanied by increased trabecular thickness (Figure 1B). In contrast, trabecular number was decreased, but trabecular spacing was elevated (Figure 1C,D). No significant trabecular bone changes were noted of Phlpp1 cKOLysM male mice at this age (Figure 1). No change in cortical bone at the femoral midshaft was noted of either males or females.



Bone histomorphometry was performed using tibiae of 12-week-old Phlpp1 cKOLysM mice and their control littermates to assess osteoclast and osteoblast numbers. TRAP-Fast Green staining was performed (Figure 2A,B) and demonstrated increased osteoclast number per bone perimeter (Figure 2A,B) within the proximal tibiae of Phlpp1 cKOLysM females. No changes in osteoblasts per bone perimeter were observed (Figure 2C). Serum ELISAs also demonstrated a 33% decrease in CTX-1 (Figure 2D), but no change in P1NP levels (Figure 2E).




2.2. Conditional Deletion of Phlpp1 Enhances Osteoclastogenesis


Increased osteoclasts per bone surface were evident within 12-week-old Phlpp1 cKOLysM females. To further explore potential effects on osteoclast differentiation, ex vivo osteoclastogenesis assays were performed. Bone marrow macrophages were collected from Phlpp1 cKOLysM females and their sex-matched littermate controls and cultured in the presence of RANKL and M-CSF as previously described [13,19,20]. Diminished expression of Phlpp1 was confirmed of ex vivo osteoclasts derived from Phlpp1 cKOLysM mice (Figure 3A,E). Moreover, enhanced phosphorylation of Phlpp1 substrates was also observed (Figure 3A). Increased osteoclast number (59%) and area (66%) was also noted of Phlpp1 cKOLysM cultures (Figure 3B–D). This was accompanied by modest increases in OCstamp, c-fos and RANK expression (Figure 3E), but expression of Tyrobp and Fcerg was diminished (Figure 3E). No significant change in Itgar, Ctsk, Csf1r, Oscar, DCstamp, or Atp6voe2 was observed (Figure 3E).




2.3. Phlpp1 Represses Ex Vivo Osteoclastogenesis


Phlpp1 conditional deletion in LysM Cre-expressing cells enhanced ex vivo osteoclastogenesis. To determine if this could be restored by exogenous Phlpp1 reconstitution, we infected Phlpp1−/− osteoclast cultures with an adenovirus expressing Phlpp1. Bone marrow macrophages were collected from Phlpp1−/− females or their sex-matched littermates. Cells were infected with each indicated adenovirus on day 0 of culture. On day 4, cells were TRAP stained and the number and area of osteoclasts was evaluated (Figure 4). As previously reported [13], deletion of Phlpp1 enhanced osteoclast number and area (Figure 4A–C). Reconstitution of Phlpp1 to endogenous levels suppressed osteoclastogenesis of control cultures and restored osteoclast number and area of Phlpp1−/− cultures (Figure 4A–C).




2.4. Reconstitution of Phlpp1 Restores M-CSF Responsiveness


Our prior work demonstrated that germline Phlpp1 deletion increased osteoclast responsiveness to M-CSF [13]. To demonstrate that Phlpp1 dampens M-CSF-mediated signaling, Phlpp1−/− or control littermate osteoclast cultures were infected with AdPhlpp1 or AdGFP and placed in ex vivo osteoclastogenesis assays with increasing M-CSF concentrations as shown (Figure 5). We confirmed that germline deletion of Phlpp1−/− enhances osteoclast number and area (Figure 5A–C). Overexpression of Phlpp1 in control osteoclast cultures repressed osteoclast number and area (Figure 5A–C). In addition, reconstitution of Phlpp1 within Phlpp1−/− cultures blunted osteoclastogenesis at all M-CSF concentrations tested (Figure 5A–C).




2.5. Phlpp Inhibition Reduces Bone Resorption In Vitro


Since conditional deletion of Phlpp1 enhanced bone mass and reduced serum CTX-1 levels in vivo, we determined if small molecule-mediated inhibition of Phlpp isoforms limited bone resorption in vitro. Osteoclasts were generated from 4–6-week-old female C57Bl/6 mice and cultured in the presence of 5 μM NSC 117079 on day 0. Phlpp inhibition enhanced osteoclast numbers and size (Figure 6A–C). These observations were accompanied by enhanced phosphorylation of Phlpp substrates, including Akt, ERK1/2 and PKCζ (Figure 6D and Figure S1). In contrast, the actin cytoskeleton of osteoclasts was disrupted as compared to control treated cells (Figure 6E). Moreover, when cells were cultured on bovine bone slices for 10 days, Phlpp inhibition reduced bone resorption in vitro (Figure 6F,G).





3. Discussion


In this manuscript we demonstrate that conditional deletion of Phlpp1 using LysM-driven-Cre results in enhanced bone mass within the distal femur of 12-week-old female mice, but not males. This phenotype is characterized by enhanced osteoclast numbers in vivo, but reduced serum CTX-1 levels. These results suggest that enhanced bone mass is due to reduced bone resorption. We show that enhanced osteoclastogenesis and M-CSF responsiveness can be restored by Phlpp1 reconstitution. We also demonstrate that elevated PKC signaling, in particular PKCζ, may mediate the Phlpp1-dependent changes in bone resorption (depicted in Figure 7).



We previously showed that Phlpp1 null mice have reductions in bone mass, but it was unclear if this effect was due to skeletal lineage cells or systemic factors [21]. In a subsequent manuscript, we demonstrated that Phlpp1 deletion within Ctsk-expressing cells enhanced bone mass of female mice, but these effects could be attributed to expression of Ctsk-Cre within mesenchymal lineage cells and/or osteoclasts [13]. To address these limitations, we crossed Phlpp1 floxed mice with the LysM-Cre driver mice and observed increased bone mass of 12-week-old female mice. These data demonstrate that myeloid lineage ablation of Phlpp1 enhances bone mass.



The LysM-Cre driver is active within mono-myeloid cells that give rise to various types of macrophages within the body, including bone resorbing osteoclasts, but also osteomacs [22]. While it is possible that Phlpp1 ablation within osteomacs has an anabolic effect bone formation, as these cells promote osteoblast mediated mineralization [23], makers of bone formation (e.g., P1NP) were unchanged in Phlpp1 ablated animals. One limitation of this driver is that it can also induce genomic recombination of some alleles within neutrophils [24].



As previously reported and well documented within the literature, we observed that control male mice exhibit higher bone mass than their female littermates; thus, reflecting human bone physiology [25]. Ablation of Phlpp1 increased trabecular bone mass of 12-week-old female Phlpp1 cKOLysM mice, but not males, suggesting that Phlpp1 has sexually dimorphic effects in regulating bone resorption. This possibility is further strengthened by the observation that Phlpp1 levels decline with age in women, but are restored by short-term estrogen therapy [3]. Our prior work also shows that Phlpp1 expression by osteoclast progenitors is increased by estradiol [4]. Moreover, we demonstrated that enhanced bone mass of Phlpp1 cKOCtsk females was dependent on reproductive status [4]. Future experiments will be aimed at determining if estradiol mediates the effects of Phlpp1 ablation in vivo.



We observed increased bone mass within the trabecular compartment of female Phlpp1 ablated mice, but no changes in cortical bone. There are several possibilities to explain these findings. Bone remodeling within the trabecular compartment is a coupled process, in which bone resorption links to bone formation during the reversal phase. Our prior published data show that Phlpp1 ablation enhances coupling to bone formation [13]. This coupling does not occur within cortical bone. This is one possible explanation for the lack of a cortical bone phenotype. It may also be possible that Phlpp1 cKOLysM mice acquire a cortical bone phenotype with increasing age, when endosteal bone resorption outpaces periosteal apposition.



Phlpp1, because it reduces anabolic signaling, suppresses cellular proliferation and survival of a many different cell types. Increased osteoclastogenesis occurring with myeloid lineage Phlpp1 ablation may be due to enhanced proliferation of osteoclast progenitors. Phlpp1 was recently shown to counteract STAT1-mediated inflammatory signaling of macrophages [26]. Since the JAT/STAT inhibitor ruxolitinib decreases the proliferation and migration of Cd11b+ cells (e.g., osteoclast progenitors) [27], Phlpp1 ablation may likewise enhance osteoclast progenitor proliferation and/or migration leading to increased osteoclast numbers.



Diminished osteoclastogenesis observed with forced Phlpp1 expression (e.g., AdPhlpp1) could reflect several possibilities. Decreased osteoclast numbers could be a result of a permanent lineage change. As our models system uses unfractionated bone marrow macrophages, which are a heterogeneous population of cells, differential effects within this population is possible. Phlpp1 also targets phosphorylation of Histone 3, leading to altered acetylation and chromatin compaction [28]. Altered cell fate is a possibility; however, we did not observe a change in the number of TRAP+ mononuclear cells. Fusion and fission of osteoclast lineage cells could likewise be altered; as we see disruptions to the actin cytoskeleton of mature osteoclasts, this is a possibility worth exploring in the future. Phlpp1 also dampens pro-survival signaling; thus, diminished osteoclast survival could also account for lowered osteoclast numbers observed with AdPhlpp1 transduction.



We found that small molecule-mediated inhibition of Phlpp isoforms likewise enhanced osteoclastogenesis, but limited bone resorption ex vivo. NSC 117079 inhibits the activity of PHLPP1 and PHLPP2, but inhibition of PHLPP2 activity is greater [29]. PHLPP1 dephosphorylates Akt2 and Akt3 isoforms, while PHLPP2 inactivates Akt1 and Akt3 [1,2]. Given Akt1 is expressed by osteoclasts and the NSC 117079 is more effective at blocking Phlpp2 activity, one future direction of this work is to examine the role of PHLPP2 in controlling bone mass and to assess any functional redundancy with PHLPP1.



To mitigate bone loss, therapies target one or more aspects of bone remodeling. While anti-resorptive therapies (e.g., bisphosphonates, denosumab) effectively limit bone resorption, they also decrease osteoclast number leading to disruptions in the reversal phase [30,31,32,33]. In turn, this results in blunted osteoblast numbers and bone formation that negatively impacts bone quality [30,31,32,33]. In contrast, Cathepsin K inhibitors limit bone resorption without attenuating osteoclast number. This enhances bone mass without reducing bone formation rate. While Cathepsin K inhibitors failed in clinical trials, these data demonstrate that targeting osteoclast activity without reducing numbers may be a therapeutic avenue to enhance bone mass [34,35,36,37]. Thus, therapies designed to limit osteoclast activity and/or restore coupling may enhance bone mass and retain bone quality. Overall, our data demonstrate that Phlpp1 suppresses osteoclastogenesis, but also plays positive role in establishing osteoclast polarity and bone resorption. Targeting Phlpp1 in committed osteoclasts may be a strategy to enhance bone mass in females, or could be used synergistally with current anti-resorbtive and/or anabolic treatments.




4. Materials and Methods


4.1. Generation of Phlpp1 Germline and Conditional Knockout Mice


Mice harboring a floxed Phlpp1 allele were crossed with mice expressing Cre recombinase driven by the Lyz2 promoter (LysM-Cre). We crossed Phlpp1fl/fl: Cre− animals with Phlpp1fl/+: Cre+ animals to generate Phlpp1 conditional knockout mice (referred to as Phlpp1 cKOLysM) and were genotyped as previously described [13,18]. Generation and genotyping of Phlpp1−/− animals was performed as previously described [38]. All animals are fully backcrossed to the C57Bl/6 strain. Animals were housed in an accredited facility under a 12-h light/dark cycle and provided water and food ad libitum. All animal research was conducted according to guidelines provided by the National Institute of Health and the Institute of Laboratory Animal Resources, National Research Council. The University of Minnesota Institutional Animal Care and Use Committee approved all animal studies.




4.2. Micro-Computed Tomography


Femora from 12-week-old male and female Phlpp1 cKOLysM mice (n = 6 per sex) and their control littermates (Phlpp1fl/fl: Cre−, n = 4 or Phlpp1fl/+: Cre− animals, n = 2 per sex) were isolated and fixed in 10% neutral buffered formalin for 48 h, then stored in 70% ethanol. Scanning was performed using a Scanco Viva40 micro-CT at 70 kV, 221 ms with a 10.5-μm voxel size. For trabecular measurements, a region of interest was defined at 10% of total femur length starting immediately proximal to the growth plate; samples were analyzed using a 220-threshold air filling correction.




4.3. Histology and Histomorphometry


Tibiae from 12-week-old male and female Phlpp1 cKOLysM mice (n = 6) and their control littermates (Phlpp1fl/fl: Cre−, n = 4 or Phlpp1fl/+: Cre− animals, n = 2 per sex) were isolated and fixed in 10% neutral buffered formalin for 48 h, decalcified in 15% EDTA for 14 days, then stored in 70% ethanol. Tissues were paraffin embedded and 7-μm sections were collected and TRAP/Fast Green stained (Sigma, #387A-1KT) or Masson’s trichrome stained as previously described [13]. Standardized histomorphometry was performed [39].




4.4. Serum Markers of Bone Resorption and Formation


Serum was collected from 12-week-old Phlpp1 cKOLysM (n = 6) female mice and their control littermates (Phlpp1fl/fl: Cre−, n = 4 or Phlpp1fl/+: Cre− animals, n = 2 per sex) and stored at −80 °C. Enzyme-linked immunosorbent assays (ELISA) for bone resorption (CTX-1) were performed in duplicate using 20 μL of serum from each mouse according to the manufacturer’s specifications (Ratlaps (CTX-1) #AC-06F1, Immunodiagnostics Systems). Bone formation was assessed using the ELISA for serum P1NP performed in duplicate using serum from each mouse as described by the manufacturer (Ratlaps (P1NP), #AC-33F1, Immunodiagnostics Systems, East Boldon, UK).




4.5. Osteoclastogenesis and Bone Resorption Assays


Bone marrow macrophages were collected from Phlpp1 cKOLysM mice or Phlpp1−/− mice and their control littermates as previously described [40]. Cells were cultured in phenol red-free α-MEM overnight in the presence of 35 ng/mL rM-CSF (#410-ML, R&D Systems, Minneapolis, MN, USA). Non-adherent cells were collected and cultured with 90 ng/mL rRANKL (#315-11, PreproTech, Rocky Hill, NJ, USA) and 35 ng/mL M-CSF at a density of 0.4x106 cells/cm2 [40] and infected with each indicated adenovirus (MOI = 10). For dose–response assays using Phlpp1−/− cells, cells were exposed to increasing M-CSF concentrations and infected with adenoviral (Ad) GFP or AdPhlpp1 at an MOI of 10 as previously described [41,42]. On day 4, cells were either fixed or lysed on ice in a buffered SDS (0.1% glycerol, 0.01% SDS, 0.1 m Tris, pH 6.8) for further analyses. For enumeration of osteoclast number and size, cells were TRAP (#387A-1KT, Sigma-Aldrich, St. Louis, MO, USA) and DAPI (#H-1200-10, Vector Biolabs) stained. The number and size of TRAP+ cells with 3 or more nuclei was determined as previously described [13]. All experiments were repeated three times with independent biological replicates.



Bone marrow macrophages from C57Bl/6 females (n = 3) were also cultured in the presence of the small molecule Phlpp inhibitor NSC 117079 (5 μM, MedChemExpress, #HY-19819) starting on day 0 of osteoclastogenesis assays. Cells were fed on day 3 with osteoclastogenic medium containing NSC 117079 or control. On day 4, cells were TRAP stained. Bone marrow macrophages were also seeded onto bovine bone disks. Cells were cultured on bone slices for 10 days and feed with osteoclastogenic medium containing NSC 117079 or control every 3–4 days. On day 10, cells were lysed in 5% domestic bleach and bone slices were stained with toluidine blue as previously described [13,19].




4.6. Western Blotting


For Western blotting, cell lysates were collected in SDS sample buffer on ice. After determining total protein concentrations using the Bio-Rad DC assay (Bio-Rad, Hercules, CA, USA), 20 μg of total proteins per sample was resolved by SDS-PAGE and transferred to PVDF membranes. Western blotting was performed with antibodies (1:2000 dilution) for PHLPP1 (#07-1342, Millipore, Burlington, MA, USA), phospho-Ser 660 PKC (#9371, Cell Signaling Technology, Danvers, MA, USA), phospho-Ser 410 PKCζ (#MA5-15060, Invitrogen), PKCζ (#9372, Cell Signaling Technology), phospho-Akt2 (#8599, Cell Signaling Technology), Akt (#4691, Cell Signaling Technology), phospho-Ser2448 mTOR (#5536, Cell Signaling Technology), mTOR (#2972, Cell Signaling Technology), phospho-Ser56 4E-BP1 (#9456, Cell Signaling Technology), phospho-Ser371 p70 S6K (#9204, Cell Signaling Technology), phospho-Thr389 p70 S6K (#9205, Cell Signaling Technology), phospho-Ser10 Histone 3 (#9701, Cell Signaling Technology), acetyl-K27 Histone 3 (#ab4729, Abcam, Cambridge, UK), Histone 3 (#ab176840, Abcam), Tubulin (E7, Developmental Hybridoma Bank), and corresponding secondary antibodies conjugated to horseradish peroxidase (HRP) (Cell Signaling Biotechnology). Protein detection was accomplished using the Supersignal West Femto Chemiluminescent Substrate (Pierce, Waltham, MA, USA). Experiments were repeated three times with biological replicates with representative data shown.




4.7. Statistics


GraphPad Prism 8 software (version 8.3.0, San Diego, CA, USA) was utilized for statistical analyses. Comparisons were made using a Student’s t-test or AVOVA as appropriate. Comparisons where p < 0.05 were considered statistically significant.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms22189702/s1.





Author Contributions


Conceptualization, E.W.B.; Data curation, I.Y.K., J.R.D., D.H.H.M. and E.W.B.; Formal analysis, D.H.H.M., J.R.D. and E.W.B.; Investigation, I.Y.K., J.R.D., D.H.H.M. and E.W.B.; Resources, K.C.M.; Writing—original draft preparation, E.W.B.; Writing—review and editing, I.Y.K., J.R.D., D.H.H.M., K.C.M. and E.W.B.; Funding acquisition, E.W.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Institute of Health, National Institute for Arthritis, Musculoskeletal and Skin Diseases, grant number AR072634 and the University of Minnesota.




Institutional Review Board Statement


The study was conducted according to the guidelines of the University of Minnesota Institutional Animal Care and Use Committee (#1906-37137A approved on 16 August 2019).




Data Availability Statement


All data are contained within this manuscript.




Acknowledgments


This work was made possible by research grants from the National Institutes of Health (AR072634), and the University of Minnesota Board of Regents. These contents are solely the responsibility of the authors and do not necessarily represent the official views of the NIH.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Grzechnik, A.T.; Newton, A.C. PHLPPing through history: A decade in the life of PHLPP phosphatases. Biochem. Soc. Trans. 2016, 44, 1675–1682. [Google Scholar] [CrossRef]

	



Karkache, I.Y.; Damodaran, J.R.; Molstad, D.H.; Bradley, E.W. Serine/threonine phosphatases in osteoclastogenesis and bone resorption. Gene 2021, 771, 145362. [Google Scholar] [CrossRef]

	



Farr, J.N.; Roforth, M.M.; Fujita, K.; Nicks, K.M.; Cunningham, J.M.; Atkinson, E.J.; Therneau, T.M.; McCready, L.K.; Peterson, J.M.; Drake, M.T.; et al. Effects of Age and Estrogen on Skeletal Gene Expression in Humans as Assessed by RNA Sequencing. PLoS ONE 2015, 10, e0138347. [Google Scholar] [CrossRef]

	



Hanson, M.K.; Karkache, I.Y.; Molstad, D.H.H.; Norton, A.; Mansky, K.C.; Bradley, E.W. Phlpp1 is induced by Estrogen in osteoclasts and its loss in Ctsk-Expressing Cells Does Not Protect Against Ovx-Induced Bone Loss. PLoS ONE 2021, 16, e0251732. [Google Scholar] [CrossRef]

	



Marie, P.J. Signaling Pathways Affecting Skeletal Health. Curr. Osteoporos. Rep. 2012, 10, 190–198. [Google Scholar] [CrossRef]

	



Gao, T.; Furnari, F.; Newton, A.C. PHLPP: A Phosphatase that Directly Dephosphorylates Akt, Promotes Apoptosis, and Suppresses Tumor Growth. Mol. Cell 2005, 18, 13–24. [Google Scholar] [CrossRef]

	



Brognard, J.; Sierecki, E.; Gao, T.; Newton, A.C. PHLPP and a Second Isoform, PHLPP2, Differentially Attenuate the Amplitude of Akt Signaling by Regulating Distinct Akt Isoforms. Mol. Cell 2007, 25, 917–931. [Google Scholar] [CrossRef]

	



Gao, T.; Brognard, J.; Newton, A.C. The Phosphatase PHLPP Controls the Cellular Levels of Protein Kinase C. J. Biol. Chem. 2008, 283, 6300–6311. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Stevens, P.D.; Li, X.; Schmidt, M.D.; Gao, T. PHLPP-Mediated Dephosphorylation of S6K1 Inhibits Protein Translation and Cell Growth. Mol. Cell. Biol. 2011, 31, 4917–4927. [Google Scholar] [CrossRef]

	



O’Neill, A.K.; Niederst, M.J.; Newton, A.C. Suppression of survival signalling pathways by the phosphatase PHLPP. FEBS J. 2012, 280, 572–583. [Google Scholar] [CrossRef]

	



Qiao, M.; Wang, Y.; Xu, X.; Lu, J.; Dong, Y.; Tao, W.; Stein, J.; Stein, G.S.; Iglehart, J.D.; Shi, Q.; et al. Mst1 Is an Interacting Protein that Mediates PHLPPs’ Induced Apoptosis. Mol. Cell 2010, 38, 512–523. [Google Scholar] [CrossRef] [PubMed]

	



Bradley, E.; Carpio, L.R.; Newton, A.C.; Westendorf, J.J. Deletion of the PH-domain and Leucine-rich Repeat Protein Phosphatase 1 (Phlpp1) Increases Fibroblast Growth Factor (Fgf) 18 Expression and Promotes Chondrocyte Proliferation. J. Biol. Chem. 2015, 290, 16272–16280. [Google Scholar] [CrossRef]

	



Mattson, A.M.; Begun, D.L.; Molstad, D.H.H.; Meyer, M.A.; Oursler, M.J.; Westendorf, J.J.; Bradley, E.W. Deficiency in the phosphatase PHLPP1 suppresses osteoclast-mediated bone resorption and enhances bone formation in mice. J. Biol. Chem. 2019, 294, 11772–11784. [Google Scholar] [CrossRef]

	



Chiu, W.; McManus, J.; Notini, A.; Cassady, A.; Zajac, J.; Davey, R. Transgenic mice that express Cre recombinase in osteoclasts. Genes 2004, 39, 178–185. [Google Scholar] [CrossRef] [PubMed]

	



Debnath, S.; Yallowitz, A.R.; McCormick, J.; Lalani, S.; Zhang, T.; Xu, R.; Li, N.; Liu, Y.; Yang, Y.S.; Eiseman, M.; et al. Discovery of a periosteal stem cell mediating intramembranous bone formation. Nat. Cell Biol. 2018, 562, 133–139. [Google Scholar] [CrossRef]

	



Nakamura, T.; Imai, Y.; Matsumoto, T.; Sato, S.; Takeuchi, K.; Igarashi, K.; Harada, Y.; Azuma, Y.; Krust, A.; Yamamoto, Y.; et al. Estrogen Prevents Bone Loss via Estrogen Receptor α and Induction of Fas Ligand in Osteoclasts. Cell 2007, 130, 811–823. [Google Scholar] [CrossRef]

	



Ruiz, P.; Martin-Millan, M.; Gonzalez-Martin, M.C.; Almeida, M.; González-Macias, J.; Ros, M.A. CathepsinKCre mediated deletion of betacatenin results in dramatic loss of bone mass by targeting both osteoclasts and osteoblastic cells. Sci. Rep. 2016, 6, 36201. [Google Scholar] [CrossRef] [PubMed]

	



Molstad, D.H.H.; Mattson, A.M.; Begun, D.L.; Westendorf, J.J.; Bradley, E.W. Hdac3 regulates bone modeling by suppressing osteoclast responsiveness to RANKL. J. Biol. Chem. 2020, 295, 17713–17723. [Google Scholar] [CrossRef]

	



Molstad, D.H.H.; Zars, E.; Norton, A.; Mansky, K.C.; Westendorf, J.J.; Bradley, E.W. Hdac3 deletion in myeloid progenitor cells enhances bone healing in females and limits osteoclast fusion via Pmepa1. Sci. Rep. 2020, 10, 21804. [Google Scholar] [CrossRef] [PubMed]

	



Couasnay, G.; Madel, M.; Lim, J.; Lee, B.; Elefteriou, F. Sites of Cre-recombinase activity in mouse lines targeting skeletal cells. J. Bone Miner. Res. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Clausen, B.; Burkhardt, C.; Reith, W.; Renkawitz, R.; Förster, I. Conditional gene targeting in macrophages and granulocytes using LysMcre mice. Transgenic Res. 1999, 8, 265–277. [Google Scholar] [CrossRef]

	



Chang, M.K.; Raggatt, L.-J.; Alexander, K.; Kuliwaba, J.; Fazzalari, N.L.; Schroder, K.; Maylin, E.R.; Ripoll, V.M.; Hume, D.; Pettit, A. Osteal Tissue Macrophages Are Intercalated throughout Human and Mouse Bone Lining Tissues and Regulate Osteoblast Function In Vitro and In Vivo. J. Immunol. 2008, 181, 1232–1244. [Google Scholar] [CrossRef]

	



Stackowicz, J.; Jönsson, F.; Reber, L.L. Mouse Models and Tools for the in vivo Study of Neutrophils. Front. Immunol. 2020, 10, 3130. [Google Scholar] [CrossRef] [PubMed]

	



Glatt, V.; Canalis, E.; Stadmeyer, L.; Bouxsein, M.L. Age-Related Changes in Trabecular Architecture Differ in Female and Male C57BL/6J Mice. J. Bone Miner. Res. 2007, 22, 1197–1207. [Google Scholar] [CrossRef]

	



Katsenelson, K.C.; Stender, J.D.; Kawashima, A.T.; Lordén, G.; Uchiyama, S.; Nizet, V.; Glass, C.K.; Newton, A.C. PHLPP1 counter-regulates STAT1-mediated inflammatory signaling. eLife 2019, 8, 8. [Google Scholar] [CrossRef]

	



Ryu, D.B.; Lim, J.-Y.; Kim, T.-W.; Shin, S.; Lee, S.-E.; Park, G.; Min, C.K. Preclinical evaluation of JAK1/2 inhibition by ruxolitinib in a murine model of chronic graft-versus-host disease. Exp. Hematol. 2021, 98, 36–46. [Google Scholar] [CrossRef]

	



Reyes, G.; Niederst, M.; Cohen-Katsenelson, K.; Stender, J.D.; Kunkel, M.T.; Chen, M.; Brognard, J.; Sierecki, E.; Gao, T.; Nowak, D.G.; et al. Pleckstrin homology domain leucine-rich repeat protein phosphatases set the amplitude of receptor tyrosine kinase output. Proc. Natl. Acad. Sci. USA 2014, 111, E3957–E3965. [Google Scholar] [CrossRef] [PubMed]

	



Sierecki, E.; Sinko, W.; McCammon, J.A.; Newton, A.C. Discovery of Small Molecule Inhibitors of the PH Domain Leucine-Rich Repeat Protein Phosphatase (PHLPP) by Chemical and Virtual Screening. J. Med. Chem. 2010, 53, 6899–6911. [Google Scholar] [CrossRef] [PubMed]

	



Black, D.M.; Greenspan, S.L.; Ensrud, K.; Palermo, L.; McGowan, J.A.; Lang, T.; Garnero, P.; Bouxsein, M.L.; Bilezikian, J.P.; Rosen, C.J. The Effects of Parathyroid Hormone and Alendronate Alone or in Combination in Postmenopausal Osteoporosis. N. Engl. J. Med. 2003, 349, 1207–1215. [Google Scholar] [CrossRef]

	



Finkelstein, J.S.; Hayes, A.; Hunzelman, J.L.; Wyland, J.J.; Lee, H.; Neer, R.M. The Effects of Parathyroid Hormone, Alendronate, or Both in Men with Osteoporosis. N. Engl. J. Med. 2003, 349, 1216–1226. [Google Scholar] [CrossRef] [PubMed]

	



Khosla, S.; Westendorf, J.J.; Oursler, M.J. Building bone to reverse osteoporosis and repair fractures. J. Clin. Investig. 2008, 118, 421–428. [Google Scholar] [CrossRef]

	



Koh, A.J.; Demiralp, B.; Neiva, K.G.; Hooten, J.; Nohutcu, R.M.; Shim, H.; Datta, N.S.; Taichman, R.S.; McCauley, L.K. Cells of the Osteoclast Lineage as Mediators of the Anabolic Actions of Parathyroid Hormone in Bone. Endocrinology 2005, 146, 4584–4596. [Google Scholar] [CrossRef]

	



Duong, L.T.; Crawford, R.; Scott, K.; Winkelmann, C.T.; Wu, G.; Szczerba, P.; Gentile, M.A. Odanacatib, effects of 16-month treatment and discontinuation of therapy on bone mass, turnover and strength in the ovariectomized rabbit model of osteopenia. Bone 2016, 93, 86–96. [Google Scholar] [CrossRef]

	



Duong, L.; Pickarski, M.; Cusick, T.; Chen, C.; Zhuo, Y.; Scott, K.; Samadfam, R.; Smith, S.; Pennypacker, B. Effects of long term treatment with high doses of odanacatib on bone mass, bone strength, and remodeling/modeling in newly ovariectomized monkeys. Bone 2016, 88, 113–124. [Google Scholar] [CrossRef]

	



Muise, E.S.; Podtelezhnikov, A.A.; Pickarski, M.; Loboda, A.; Tan, Y.; Hu, G.; Thomspon, J.R.; Duong, L.T. Effects of Long-Term Odanacatib Treatment on Bone Gene Expression in Ovariectomized Adult Rhesus Monkeys: Differentiation From Alendronate. J. Bone Miner. Res. 2016, 31, 839–851. [Google Scholar] [CrossRef] [PubMed]

	



Rizzoli, R.; Benhamou, C.-L.; Halse, J.; Miller, P.D.; Reid, I.; Portales, J.A.R.; DaSilva, C.; Kroon, R.; Verbruggen, N.; Leung, A.T.; et al. Continuous treatment with odanacatib for up to 8 years in postmenopausal women with low bone mineral density: A phase 2 study. Osteoporos. Int. 2016, 27, 2099–2107. [Google Scholar] [CrossRef] [PubMed]

	



Masubuchi, S.; Gao, T.; O’Neill, A.; Eckel-Mahan, K.; Newton, A.C.; Sassone-Corsi, P. Protein phosphatase PHLPP1 controls the light-induced resetting of the circadian clock. Proc. Natl. Acad. Sci. USA 2010, 107, 1642–1647. [Google Scholar] [CrossRef]

	



Dempster, D.W.; Compston, J.E.; Drezner, M.K.; Glorieux, F.H.; Kanis, J.A.; Malluche, H.; Meunier, P.J.; Ott, S.M.; Recker, R.R.; Parfitt, A.M. Standardized nomenclature, symbols, and units for bone histomorphometry: A 2012 update of the report of the ASBMR Histomorphometry Nomenclature Committee. J. Bone Miner. Res. 2012, 28, 2–17. [Google Scholar] [CrossRef]

	



Bradley, E.W.; Oursler, M.J. Osteoclast Culture and Resorption Assays. Adv. Struct. Saf. Stud. 2008, 455, 19–35. [Google Scholar] [CrossRef]

	



Bradley, E.; Ruan, M.M.; Oursler, M.J. PAK1 is a novel MEK-independent raf target controlling expression of the IAP survivin in M-CSF-mediated osteoclast survival. J. Cell. Physiol. 2008, 217, 752–758. [Google Scholar] [CrossRef] [PubMed]

	



Bradley, E.; Ruan, M.M.; Oursler, M.J. Novel Pro-survival Functions of the Kruppel-like Transcription Factor Egr2 in Promotion of Macrophage Colony-stimulating Factor-mediated Osteoclast Survival Downstream of the MEK/ERK Pathway. J. Biol. Chem. 2008, 283, 8055–8064. [Google Scholar] [CrossRef] [PubMed]

	



Bradley, E.W.; Ruan, M.M.; Vrable, A.; Oursler, M.J. Pathway crosstalk between Ras/Raf and PI3K in promotion of M-CSF-induced MEK/ERK-mediated osteoclast survival. J. Cell. Biochem. 2008, 104, 1439–1451. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 09702 g001 550] 





Figure 1. Conditional deletion of Phlpp1 increases bone mass of female mice. Phlpp1 cKOLysM mice and their littermate controls were aged to 12 weeks and micro-CT was performed at the distal femur. (A) Representative images from female mice. Scale bar is 1 mm. (B) Bone volume per total volume (BV/TV), * p < 0.05. (C) Trabecular thickness (Tb. Th), * p < 0.05. (D) Trabecular number (Tb. N), * p < 0.05. (E) Trabecular spacing (Tb. Sp), * p < 0.05. 
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Figure 2. Conditional deletion of Phlpp1 increases osteoclast number, but reduces bone resorption. Female Phlpp1 cKOLysM mice and control littermates were aged to 12 weeks and paraffin sections were collected. TRAP staining was performed (A) and the number of osteoclasts per bone perimeter (B) was determined. Scale bar is 500 microns. * p < 0.05. Sections were Goldner’s trichrome stained and numbers of osteoblasts per bone perimeter were determined (C). CTX-1 (D) and P1NP (E) ELISAs were performed using serum collected from 12-week-old female mice. * p < 0.05. 
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Figure 3. Conditional deletion of Phlpp1 enhances ex vivo osteoclastogenesis. Osteoclasts were generated from bone marrow macrophages collected from 6–8-week-old Phlpp1 cKOLysM females or their sex-matched littermate controls. Samples were collected on day 4 and (A) Western blotting was performed. (B) TRAP staining of control or Phlpp1 cKOLysM cultures was performed. Insets in the left panels denote locations of higher magnification images shown in left panels. (C) Number of osteoclasts and (D) average osteoclast area per field were determined, * p < 0.05. (E) Expression of osteoclast phenotypic markers was assessed by qPCR, * p < 0.05. Scale bars are 100 microns. 
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Figure 4. Phlpp1 Represses ex vivo Osteoclastogenesis. Osteoclasts were generated from bone marrow macrophages collected from 6–8-week-old Phlpp1−/− females or their sex-matched WT controls. Cultures were infected with each indicated adenovirus (MOI = 10) on day 0 and samples were collected on day 4. (A,B) TRAP staining of Phlpp1−/− or WT cultures. Insets in panel (A) denote locations of higher power images shown in (B). (C) Number of osteoclasts and (D) average osteoclast area per field were determined, *: p < 0.05 as compared to WT, AdGFP samples. Scale bars are 100 microns. 
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Figure 5. Phlpp1 attenuates responses to M-CSF. Osteoclasts were generated from bone marrow macrophages collected from 6–8-week-old Phlpp1−/− females or their sex-matched WT controls. Cultures were infected with each indicated adenovirus (MOI = 10) on day 0 and samples were collected on day 4. (A) TRAP staining of cultures was performed and the (B) number of osteoclasts and (C) average osteoclast area per field was determined, * p < 0.05 Scale bars are 100 microns. 
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Figure 6. Phlpp inhibition reduces bone resorption ex vivo. Osteoclast progenitors were collected from 6–8-week-old C57Bl/6 females and cultured in the presence of the Phlpp inhibitor NSC 117079 in osteoclastogenic conditions. (A) TRAP staining was performed and the (B) number of osteoclasts and (C) average osteoclast area per field was determined, * p < 0.05. (D) Day 4 osteoclasts were stained with phalloidin and DAPI and bright field images were collected. (E) Western blotting was performed. (F,G) Osteoclasts were cultured on bovine bone disks in the presence of the Phlpp inhibitor NSC 117079 or control for 10 days. (F) Toluidine blue staining of the bone disks was performed, and (G) the average percent resorbed surface was determined. Scale bars are 100 microns. 
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Figure 7. Model depicting how Phlpp1 ablation may affect osteoclastogenesis and bone mass in female mice. 
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