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Abstract

Objective: Increased protein phosphatase magnesium-dependent 1A (PPM1A) levels in 

patients with ankylosing spondylitis regulate osteoblast differentiation in bony ankylosis; 

however, the potential mechanisms that regulate osteoclast (OC) differentiation in relation to 

abnormal bone formation remain unclear. Therefore, in this study, conditional gene knockout 

(PPM1Afl/fl;LysM-Cre) mice were generated and their bone phenotypes were evaluated.

Methods: The bone phenotypes of LysM-Cre and PPM1Afl/fl;LysM-Cre mice were assessed 

via micro-computed tomography. OC differentiation was induced by culturing bone marrow-

derived macrophages in the presence of the receptor activator of nuclear factor kappa-B 

(RANK) ligand and macrophage colony-stimulating factor (M-CSF) and was evaluated by 

counting tartrate-resistant acid phosphatase-positive multinucleated cells. The mRNA 

expressions of PPM1A, RANK and OC-specific genes were examined by quantitative real-time 

PCR, and protein levels were determined using Western blotting. Surface RANK expression 

was analyzed by fluorescent flow cytometry.
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Results: The PPM1Afl/fl;LysM-Cre mice displayed reduced bone mass and increased OC 

differentiation and OC-specific gene expression compared with their LysM-Cre littermates. 

Mechanistically, reduced PPM1A function in OC precursors in PPM1Afl/fl;LysM-Cre mice 

induced OC lineage commitment by up-regulating RANK expression via p38 MAPK 

activation in response to M-CSF. PPM1A expression in macrophages was decreased by TLR4 

activation. The ankylosing spondylitis disease activity score was negatively correlated with 

the expression of PPM1A in peripheral blood mononuclear cells from axial SpA patients.

Conclusion: The loss of PPM1A function in OC precursors driven by inflammatory signals 

contributes to OC lineage commitment and differentiation by elevating RANK expression, 

reflecting a potential role of PPM1A in dynamic bone metabolism in axial SpA.

Key words: Protein phosphatase magnesium-dependent 1A, Receptor activator of nuclear 

factor kappa-B, Osteoclast, Axial spondyloarthritis, Inflammation
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Introduction

Axial spondyloarthritis (axial SpA) is a chronic inflammatory disorder that primarily affects 

the axial skeleton, including the spine and sacroiliac joints.1) The characteristic features of 

axial SpA include new bone formation by the osteoproliferation of osteoblasts (OBs), which 

can eventually lead to bony ankylosis.1) Blocking the differentiation and activation of OBs 

prevented radiographic progression in a mouse model of ankylosing spondylitis (AS),2) which 

illustrates that OBs represent an important component of bony ankylosis in AS. In addition, 

recent studies have focused on the divergent ability of osteoclast (OC) precursors to 

differentiate into OCs during OC commitment and accordingly influence the bone-resorbing 

capacity in AS.3,4) Given that the bone remodeling process is coordinated by bone-resorbing 

OCs and bone-forming OBs,5) the pathophysiological mechanisms underlying 

osteoproliferation in AS must be considered in terms of the coupling activities of OBs and 

OCs.2,3,6-8)

Bone-resorbing OCs are derived from monocyte/macrophage precursors of the hematopoietic 
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progenitor lineage. Proliferating macrophages serve as OC precursors, which undergo further 

differentiation into OCs.9) Two factors, namely macrophage colony-stimulating factor (M-CSF) 

and receptor activator of nuclear factor κB (RANK) ligand (RANKL), are critical for OC 

lineage commitment and differentiation.10-12) In the earlier stages of OC differentiation, M-

CSF binds to its receptor c-fms on proliferating monocyte/macrophage precursors, thereby 

playing a key role in OC lineage commitment prior to OC differentiation13) by activating 

transcription factors such as Mitf and PU.1.14) Importantly, M-CSF can induce the expression 

of RANK, a receptor for RANKL, through mitogen-activated protein kinases (MAPKs) 

including p38, JNK and ERK.15,16) This induction of RANK typifies OC lineage commitment. 

Following RANKL stimulation, the binding of TRAF6 to RANK results in the activation of 

MAPKs17,18) and OC-specific transcription factors, such as NFATc1 and NF-κB, to induce OC-

specific genes,10,19-21) leading to OC differentiation.9,22) Therefore, in inflammatory conditions, 

the lineage commitment of macrophages is closely related to OC activity, resulting in 

pathological processes in bone remodeling in many diseases such as osteoporosis, rheumatoid 

arthritis (RA) and AS.3,4,23)
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Protein phosphatase magnesium-dependent 1A (PPM1A) is a member of the protein 

phosphatase 2C family of serine/threonine phosphatases.24) The expression of this protein is 

increased in cells or tissues under certain circumstances.25,26 Previous study demonstrated that 

PPM1A levels are increased in the synovial tissue of patients with AS and that its up-regulation 

enhances OB differentiation.25) Further, PPM1A expression is increased in macrophages 

during Mycobacterium tuberculosis infection, and this up-regulation plays a key role in the 

innate immune responses of macrophages.26) Considering that macrophages are the precursors 

of OCs9) and that PPM1A is known to inactivate MAPKs by dephosphorylating p38 and JNK,27)

which are critical for RANK expression,17,18) PPM1A in macrophages might be a possible 

regulator of OC differentiation.

In this study, the down-regulation of the OC precursor macrophage-specific PPM1A in mice 

resulted in apparently increased osteoclastogenesis, which occurs through the regulation of 

RANK expression. The reverse correlation between AS disease activity score and expression 

level of PPM1A was also observed in peripheral blood mononuclear cells (PBMCs) obtained 

from patients with axial SpA. These discoveries establish PPM1A as a potential determinant 
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of OC lineage commitment from macrophages.
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Materials and methods

Reagents and antibodies

RANKL and M-CSF were obtained from Pepro Tech Inc. (Rocky Hill, NJ, USA). A tartrate-

resistant acid phosphatase (TRAP) Assay Kit, lipopolysaccharide (LPS from Escherichia coli

O11:B4), PD98059, SB203580, SP60025 and β-actin antibodies were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Lipofectamine 2000 was purchased from Invitrogen (Grand 

Island, NY, USA). Anti-mouse CD265 (RANK)-phycoerythrin conjugate, protease and 

phosphatase inhibitor cocktails were purchased from Thermo Fisher Scientific Inc. (Rockford, 

IL, USA). Antibodies against PPM1A were purchased from Novus Biologicals (Littleton, CO, 

USA). Antibodies against p-ERK, ERK, p-p38, p38, p-JNK and JNK were purchased from 

Cell Signaling Technology (Danvers, MA, USA). All antibodies used in this study were 

polyclonal antibodies raised from rabbits.

Mice and bone mineral density (BMD) measurements and histological analysis
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PPM1Aflox/flox (PPM1Afl/fl, MGI:4458753, Ppm1atm1a(EUCOMM)Hmgu) mice were purchased from 

MRC Harwell (Oxfordshire, UK). To obtain mice with PPM1A-deficient macrophages, 

PPM1Afl/fl mice were bred with LysM-Cre mice (004781, B6.129P2-Lyz2tm1(cre)Ifo/J, Jackson 

Laboratory). PPM1Afl/fl;LysM-Cre mice were born at the expected Mendelian ratios, and they 

survived and reproduced as well as their wild-type (WT) littermates (PPM1Afl/fl or LysM-Cre

mice). Toll-like receptor 4 (TLR4) knockout (KO) mice were purchased from Jackson 

Laboratories (Bar Harbor, ME, USA). All mice in this study were from a pure C57BL/6 

background. All animal procedures were approved by the Institutional Animal Care and Use 

Committee of the Asan Institute for Life Sciences in Seoul, Korea. Distal femurs dissected 

from the LysM-Cre mice and PPM1Afl/fl;LysM-Cre mice (n = 6 per group) were fixed in 4% 

paraformaldehyde. Bone volume was measured by a micro-CT analysis using the Skyscan 

1072 system (14.85 μm pixel size, 50 kVp, 200 μA, 0.5 mm AI filter, Skyscan, Kontich, 

Belgium).28) Datasets were reconstructed using modified cone beam reconstruction software 

(NRecon) with a Feldkamp-based algorithm and were segmented into binary images using 

adaptive thresholding. After the acquisition of 200 tomographic slices, a bone volume analysis 
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was performed using CTan software (ver 1.6). BMD was measured in the region of interest 

with micro-CT (Skyscan). Areal BMD (g/cm3) in proximal femur (femoral neck, total hip) 

was measured using dual-energy X-ray absorptiometry (DXA; QDR 4500A, Hologic Inc., 

Waltham, MA). Three-dimensional surface-rendered models were generated using CTan 

software and visualized using CTVol (Bruker-micro-CT). The hindlimbs were dissected, fixed 

in 70% ethanol, embedded in methy methacrylate, and sectioned for histological analysis.28)

Tissue sections were stained with hematoxylin� eosin (H� E) or TRAP with the Acid 

Phosphatase Assay Kit (Sigma� Aldrich) in accordance with the manufacturer’s instructions. 

TRAP staining indicates the presence of mature OCs. The OC surface was assessed on TRAP-

stained sections using Image J densitometry software (Version 1.6, National Institutes of 

Health, Bethesda, MD). 

Osteoclast differentiation

Bone marrow (BM) cells were isolated by flushing the marrow space in the femurs and tibiae 

collected from six-week-old C57BL6, LysM-Cre, PPM1Afl/fl and PPM1Afl/fl;LysM-Cre mice. 
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Isolated cells were cultured for 12 h in a-minimal essential medium (α-MEM; Hyclone) 

supplemented with 10% FBS (Hyclone, Logan, UT) and 1% penicillin–streptomycin (Gibco, 

New York, NY). Non-adherent cells were collected after 12 h and cultured in petri dishes 

(Green Cross, Suwon, Korea) in the presence of M-CSF (30 ng/ml) for further 3 days. 

Adherent cells were considered to be bone marrow derived macrophages (BMMs) and were 

used as OC precursor cells. BMMs were cultured for 4 days with M-CSF (30 ng/ml) and 

RANKL (100 ng/ml) to induce differentiation into mature OCs. The medium was changed 

every 3 days. OC formation was evaluated by TRAP staining according to the manufacturer’s 

instructions. The number of TRAP-positive multinucleated cells (MNCs; containing more than 

three nuclei, ten nuclei, or actin rings) was counted under a light microscope.29)

Reverse transcription-polymerase chain reaction (RT-PCR) and quantitative real-time 

(qRT)-PCR analysis

Total RNA was isolated from the cells using Trizol Reagent (Life Technology, Carlsbad, CA, 

USA), and 0.5–1 μg of RNA was reverse-transcribed using SuperScript II reverse transcriptase 
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(Life Technologies). The resulting cDNA was amplified by PCR using the primers shown in 

Table 1. The PCR conditions were as follows: denaturation at 95°C for 30 s, followed by 

annealing at 55°C~60°C for 30 s, and extension at 72°C for 1 min. The number of cycles fell 

within the range associated with linear amplification (23–34 cycles).28) qRT-PCR was 

performed using a Power SYBR Green 1-Step Kit and an ABI 7000 Real Time PCR System 

(Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer’s instructions.
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Table 1. List of primers used in this study

Target Sequences

mouse PPM1A

Forward 5′-ATG GTG CAG ATA GAA GCG GG-3′

Reverse 5′-AGC CAG AGA GCC ATT GAC AC-3′ 

mouse DC-STAMP

Forward 5′-CCA AGG AGT CGT CCA TGA TT-3′

Reverse 5′-GGC TGC TTT GAT CGT TTC TC-3′

mouse OC-STAMP

Forward 5′-TTC TCT GGC CTG GAG TTC CT-3′

Reverse 5′-TGA CAA CTT AGG CTG GGC TG-3′

mouse CTSK

Forward 5′-AAT ACC TCC CTC TCG ATC CTA CA-3′

Reverse 5′-GGT TCT TGA CTG GAG TAA CGT A-3′

mouse TRAP

Forward 5′-TCC TGG CTC AAA AAG CAG TT-3′

Reverse 5′-ACA TAG CCC ACA CCG TTC TC-3′

mouse PU.1

Forward 5′-GAT GGA GAA GCT GAT GGC TTG G-3′

Reverse 5′-TTC TTC ACC TCG CCT GTC TTG C-3′
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mouse NFATc1

Forward 5′-GGG TCA GTG TGA CCG AAG AT-3′

Reverse 5′-GGA AGT CAG AAG TGG GTG GA-3′

mouse c-fms

Forward 5′-CCC ACC CTG AAG TCC TGA GT-3′

Reverse 5′-CTT TGT CCT AGG GAG ACG GC-3′

mouse RANK

Forward 5′-CAG ATG TCT TTT CGT CCA CAG A-3′

Reverse 5′-AGA CTG GGC AGG TAA GCC T-3′

mouse GAPDH

Forward 5′-AGC CAC ATC GCTCAG ACA-3′

Reverse 5′-GCC CAA TAC GAC CAA ATC C-3′

human PPM1A

Forward 5′-TGG CGT GTT GAA ATG GAG-3′

Reverse 5′-AGC GGA TTA CTT GGT TTG TG-3′

human RANK

Forward 5′-AGA TCG CTC CTC CAT GTA CCA-3′

Reverse 5′-GCC TTG CCT GTA TCA CAA ACT TT-3′

human GAPDH

Forward 5′-TGT TGC CAT CAA TGA CCC CTT-3′

Reverse 5′-CTC CAC GAC GTA CTC AGC G-3′

DC-STAMP dendritic cell-specific transmembrane protein, OC-STAMP osteoclast stimulatory 
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transmembrane protein, CTSK cathepsin K, NFATc1 nuclear factor of activated T cells c1, 

GAPDH glyceraldehyde 3-phosphate dehydrogenase
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Western blotting and fluorescent flow cytometry

Preparation of the cell lysates, SDS-PAGE gels and western blotting analyses were conducted 

according to a standard protocol.28) RANK expression on BMMs isolated from LysM-Cre and 

PPM1Afl/fl;LysM-Cre mice was evaluated by incubating 5 × 105 cells with phycoerythrin-

conjugated anti-mouse RANK or an isotype control antibody in PBS containing 2% FBS at 

4°C for 1 h. The cells were washed twice with PBS. Flow cytometry was performed on a 

FACScan according to the manufacturer’s instructions (Becton Dickinson, San Jose, CA, 

USA).

Reporter assay

The RANK promoter-luciferase reporter plasmid was transiently transfected into BMMs from 

WT and TLR4 KO mice using Lipofectamine 2000 in accordance with the manufacturer’s 

instructions. Two days after transfection, the cells were lysed using passive lysis buffer 

(Promega, Madison, WI, USA), and the luciferase activity in the extracts was measured using 

the dual luciferase assay system (Promega). Co-transfection with the Renilla vector allowed 
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normalization of the assays for differences in transfection efficiency.

Human samples

PBMCs were collected from patients with axial SpA (n = 30) and age- and sex-matched 

healthy controls (n = 13) at the Asan Medical Center (Seoul, Korea) and Hanyang University 

Hospital (Seoul, Korea). Clinical information was extracted from an electronic clinical 

database. All patients met the Assessment of SpondyloArthritis International Society 

classification criteria for axial SpA.30) Disease activity was determined using the ankylosing 

spondylitis disease activity score (ASDAS)-C reactive protein (CRP).31) This study was 

approved by the Institutional Review Board of Asan Medical Center in Seoul, South Korea 

(IRB No: 2015-0274) and Hanyang University Hospital, Seoul, South Korea (IRB No: 2017-

12-001).

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of collagen type 1 cross-linked C-telopeptide (CTX, Mouse CTX-1 ELISA 
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kit, Novus, Centennial, CO, USA) in the plasma of LysM-Cre and PPM1Afl/fl;LysM-Cre mice 

were measured in accordance with the manufacturer’s protocols. All samples were examined 

in triplicate for each experiment.

Statistical analysis

Differences between the two groups were analyzed using the Mann–Whitney U-test or an 

unpaired Student’s t-test, and the differences amongst three groups were analyzed via one-way 

ANOVAs. The bars are triplicate averages from single experiments, and a representative of 

three independent experiments is shown. The relationships between parameters were tested 

using Spearman’s rank correlation coefficient. Statistical analyses were considered significant 

for p values < 0.05.
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Results

Macrophage-specific reduction of PPM1A expression in mice results in increased bone 

resorption due to enhanced OC formation

To evaluate the effect of reduced PPM1A expression in macrophage (OC precursors) on bone 

phenotype, LysM-Cre and PPM1Afl/fl;LysM-Cre mice were compared at six weeks of age. 

Compared with LysM-Cre mice, the PPM1Afl/fl;LysM-Cre mice were smaller (Figure 1A). CT 

revealed sparse trabecular bone density in PPM1Afl/fl;LysM-Cre mice compared with LysM-

Cre mice (Figure 1B). Accordingly, BMD, bone volume/total volume, trabecular (Tb) 

thickness and Tb number were significantly smaller and Tb spacing and the structure model 

index were significantly larger in PPM1Afl/fl;LysM-Cre mice, suggesting that bone resorption 

appears as a bone phenotype in PPM1Afl/fl;LysM-Cre mice (Figure 1C). TRAP staining 

revealed enhanced OC activity in PPM1Afl/fl;LysM-Cre mice, as evidenced by the increased 

positive staining of TRAP (Figure 1D). Indeed, the ELISA analysis revealed that the level of 

CTX in the plasma of PPM1Afl/fl;LysM-Cre mice was significantly higher than that of LysM-
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Cre mice, indicating that the reduced bone mass in PPM1Afl/fl;LysM-Cre mice is caused by 

increased OC activity (Figure 1E).

Next, the expression status of OC-specific genes (TRAP, DC-STAMP, OC-STAMP and 

CTSK)10,19-21,32) in macrophages from PPM1Afl/fl;LysM-Cre and LysM-Cre mice was evaluated. 

RT-PCR revealed lower PPM1A expression in macrophages from PPM1Afl/fl;LysM-Cre mice 

than in C57BL/6, LysM-Cre and PPM1Afl/fl mice, as expected (Figure 2A). Accordingly, 

PPM1A protein expression in macrophages was similarly decreased in PPM1Afl/fl;LysM-Cre

mice (Figure 2B). TRAP+ MNCs, which are OC-specific lineage cells,33) were numerically 

increased in PPM1Afl/fl;LysM-Cre mice (Figure 2C and 2D). qRT-PCR illustrated that BMMs 

in PPM1Afl/fl;LysM-Cre mice displayed higher DC-STAMP, OC-STAMP, CTSK and TRAP

expression compared with that in LysM-Cre mice (Figure 2E). These data suggest that reduced 

PPM1A expression in macrophages results in increased OC differentiation due to the increased 

capacity for OC formation in the early stages of OC differentiation.
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Figure 1. Bone phenotype in LysM-Cre mice and PPM1Afl/fl;LysM-Cre mice. A, Size 

comparison between LysM-Cre and PPM1Afl/fl;LysM-Cre mice. B, Comparison of trabecular 

bone density, as evaluated by micro-CT performed at six weeks of age, in male LysM-Cre and 

PPM1Afl/fl;LysM-Cre mice. The histograms represent three-dimensional structural parameters 

of the femurs. C, Quantification from B; Differences of bone density indices between LysM-

Cre (n = 6) and PPM1Afl/fl;LysM-Cre mice (n = 6). Bone mineral density (BMD), bone volume 

per tissue volume (BV/TV), trabecular thickness (Tb. Th.), trabecular number (Tb. N.), 
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trabecular separation (Tb. Sp), structure model index (SMI), and total porosity (%). D, The 

hindlimbs were dissected, fixed and decalcified. The sections with the trabecular region were 

stained with hematoxylin� eosin (H� E) or tartrate� resistant acid phosphatase (TRAP, purple 

colour). Representative images from three independent experiments are shown. Scale bars, 

200 mm. Quantitation of TRAP-positive surface area. E, Collagen type 1 cross-linked C-

telopeptide (CTX) in the plasma of from 6-week-old male LysM-Cre and PPM1Afl/fl;LysM-Cre

mice was measured using an ELISA to represent bone turnover markers. Values are presented 

as the mean ± SD. *: p < 0.05, **: p < 0.01, ***: p < 0.001 by the Mann–Whitney U test.
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Figure 2. Decreased protein phosphatase magnesium-dependent 1A (PPM1A) expression in 

macrophages is associated with increased expression of osteoclast (OC)-specific genes and 

OC differentiation. A-B, PPM1A mRNA and protein expression levels in macrophages from 

C57BL/6, LysM-Cre, PPM1Afl/fl and PPM1Afl/fl;LysM-Cre mice were determined using reverse 

transcription-polymerase chain reaction (RT-PCR) and western blotting (B, left). The 

densitometric quantification of PPM1A compared to β-actin is presented (B, right). GAPDH 
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and β-actin were used as the loading controls. C, Macrophages from C57BL/6, LysM-Cre, 

PPM1Afl/fl and PPM1Afl/fl;LysM-Cre mice treated with macrophage colony-stimulating factor 

(30 ng/ml) and RANKL (100 ng/ml) for four days were fixed and stained with Tartrate-

resistant acid phosphatase (TRAP) staining to detect OC formation. D, The numbers of TRAP+

multinucleated cells (MNCs) containing more than 3 (n ≥ 3) or 10 nuclei (n ≥ 10) or containing 

an actin ring from C were counted under a light microscope. E, Quantitative real-time 

polymerase chain reaction (qRT-PCR) analysis of OC-specific genes (dendritic cell-specific 

transmembrane protein [DC-STAMP] osteoclast-specific transmembrane protein [OC-

STAMP], cathepsin K [CTSK] and TRAP) in bone marrow-derived macrophages (BMMs) in 

LysM-Cre and PPM1Afl/fl;LysM-Cre mice. The transcript levels were normalized to those of 

GAPDH. Values in B, D and E are presented as the mean ± SD. *: p < 0.05, **: p < 0.01, ***: 

p < 0.001 by the Mann–Whitney U test.
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PPM1A down-regulation in macrophages leads to increased expression of RANK via p38 

MAPK signaling

To determine the mechanism by which PPM1A influences OC commitment, the status of gene 

expression related to OC lineage commitment34) was investigated in M-CSF–cultured BMMs 

obtained from LysM-Cre and PPM1Afl/fl;LysM-Cre mice. Real-time PCR revealed that PU.1

mRNA expression was increased in BMMs from PPM1Afl/fl;LysM-Cre mice with no alteration 

in c-fms expression, suggesting that the OC lineage commitment was enhanced by PPM1A

down-regulation. Interestingly, RANK mRNA expression was increased in BMMs from 

PPM1Afl/fl;LysM-Cre mice (Figure 3A). RANK protein expression was increased in 

macrophages from PPM1Afl/fl;LysM-Cre mice compared with that in LysM-Cre mice (Figure 

3B). Time-course Western blot analysis revealed no major changes in the activation of ERK, 

and JNK MAPKs upon M-CSF stimulation for 0–30 min compared with the LysM-Cre control 

(Figure 3C). Only p38 activation was increased in a time-dependent manner in 

PPM1Afl/fl;LysM-Cre macrophages compared with that in LysM-Cre macrophages (Figure 3C). 

To gain more direct evidence that PPM1A regulates RANK through p38 MAPK signaling, 
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BMMs were treated with various MAPKs inhibitors and RANK expression was analyzed by 

flow cytometry. Consistent with the up-regulation of RANK, there was a significant difference 

in RANK levels in PPM1Afl/fl;LysM-Cre macrophages due to the activation of p38 MAPK 

(Figure 3D). These data indicate that PPM1A influences RANK expression through the p38 

signaling pathway and that it may directly dephosphorylate p38 MAPK, as previously 

reported.35) Taken together, PPM1A primarily regulates RANK expression in macrophages 

through the p38 signaling pathway.
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Figure 3. The expression of receptor activator of nuclear factor kappa-B (RANK) was 

increased in macrophages from PPM1Afl/fl;LysM-Cre mice. A, The mRNA expression levels 

of genes involved in macrophage colony-stimulating factor (M-CSF) signaling (PU.1, NFATc1

and c-fms) and RANK in LysM-Cre and PPM1Afl/fl;LysM-Cre macrophages were determined 
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utilizing qRT-PCR. B, BMMs from LysM-Cre and PPM1Afl/fl;LysM-Cre mice were analyzed 

for RANK expression via fluorescent flow cytometry (left). The shaded histogram indicates 

the isotype control. The percentage of RANK-PE positive cells was quantified (right). C, 

Western blot analysis of M-CSF–induced mitogen-activated protein kinase (MAPK) activation 

(ERK, p38, JNK, p-ERK, p-p38, and p-JNK) in BMMs from LysM-Cre and PPM1Afl/fl;LysM-

Cre mice after M-CSF stimulation for 0–30 min (left) and its quantification (right). D, BMMs 

from LysM-Cre and PPM1Afl/fl;LysM-Cre mice were pre-treated with DMSO (Veh), PD98059 

(PD, 10 mM, ERK inhibitor), SB203580 (SB, 10 mM, p38 inhibitor) or SP60025 (SP, 10 mM, 

JNK inhibitor) in the presence of M-CSF and then analyzed for RANK expression by 

fluorescent flow cytometry (left). The percentage of RANK-PE positive cells was quantified 

(right). Values are presented as the mean ± SD. *: p < 0.05, **: p < 0.01 by the Mann–Whitney

U test.
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Lipopolysaccharide (LPS) reduces PPM1A expression, resulting in increased RANK 

expression in macrophages

Next, the effect of inflammatory environment on PPM1A expression was explored. LPS, 

tumor necrosis factor α, interleukin (IL)-1β and IL-6 were used as the inflammatory stimuli. 

The mRNA and protein expression of PPM1A were diminished in macrophages following LPS 

stimulation (Figure 4A and 4B). Because TLR4 is the receptor for LPS,36-38) it was then 

investigated whether PPM1A is down-regulated in response to LPS exposure using TLR4 KO 

mice. Whereas LPS stimulation resulted in decreased PPM1A mRNA and protein expression 

in WT macrophages, these effects were not observed in macrophages from TLR4 KO mice 

(Figure 4C and 4D). This regulatory axis affects RANK expression in macrophages, as 

evidenced by the finding that LPS stimulation increased RANK promoter activation (Figure 

4E) and RANK expression in WT macrophages but not in TLR4 KO macrophages (Figure 4F). 

Similarly, in human PBMCs, TLR4 activation by LPS stimulation was linked to decreased 

PPM1A mRNA expression, and this decrement was accompanied by an increase in RANK

mRNA expression (Figure 4G).
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Figure 4. Lipopolysaccharide (LPS) stimulation reduces protein phosphatase magnesium-

dependent 1A (PPM1A) expression and increases receptor activator of nuclear factor kappa-B 

(RANK) expression in macrophages. A, Macrophages were exposed to various inflammatory 

stimuli including LPS, tumor necrosis factor α (TNFα), interleukin (IL)-1β and IL-6 and 

PPM1A mRNA expression was evaluated using RT-PCR (upper) and qRT-PCR (lower). B, 

PPM1A protein expression in macrophages treated with LPS, TNFα, IL-1β and IL-6 was 

determined using western blot analysis (upper) and the quantification of protein expression is 
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presented (lower). C, PPM1A mRNA expression level in macrophages from wild-type (WT) 

and Toll-like receptor 4 (TLR4) knockout (KO) mice under LPS exposure was determined 

utilizing RT-PCR (upper) and qRT-PCR (lower). D, PPM1A protein expression level in WT 

and TLR4 KO macrophages after LPS exposure was determined with western blotting (upper) 

and the protein expression is quantified (lower). E, BMMs from WT and TLR4 KO mice were 

treated with LPS and RANK promoter-luciferase reporter plasmids were transiently 

transfected into these cells. After 24 h, the cells were harvested and subjected to the luciferase 

assay. The relative luciferase activity was normalized to the control activity. F, The surface 

RANK protein level in WT and TLR4 KO BMMs exposed to LPS was determined by flow 

cytometry. G, PBMCs isolated from healthy controls were stimulated with LPS and PPM1A

and RANK mRNA expression levels were determined by qRT-PCR. Values are presented as 

the mean ± SD. *: p < 0.05, ***: p < 0.001 by the Mann–Whitney U test.
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PPM1A expression in PBMCs from patients with axial spondyloarthritis

Because the results revealed a regulatory axis between PPM1A expression and the 

inflammatory condition, it was important to determine whether there is a correlation between 

PPM1A expression and disease activity in axial SpA.7) The PPM1A/β-actin ratio in PBMCs 

from axial SpA patients (n = 30) and age- and sex-matched healthy controls (n = 13) was 

compared and there was no significant difference in the PPM1A/β-actin ratio between healthy 

controls and axial SpA patients (Figure 5A). Clinical variables of the axial SpA patients are 

shown in Table 2. Of the 30 axial SpA patients, 27 (90.0%) patients fulfilled the 1984 modified 

New York criteria for AS.39) Next, correlation between inflammatory burden, as measured by 

ASDAS-CRP, and PPM1A expression in PBMCs acquired from patients with axial SpA 

(Figure 5B) was evaluated. The PPM1A expressions in PBMCs and ASDAS-CRP were 

negatively correlated (γ = −0.7072, p < 0.0001), emphasizing that the inflammatory burden of 

axial SpA is associated with decreased PPM1A expression.
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Figure 5. Axial spondyloarthritis (axial SpA) patients with higher disease activity have lower 

expression levels of protein phosphatase magnesium-dependent 1A (PPM1A) in PBMCs. A, 
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The protein levels of PPM1A and β-actin were measured using an immunoblot assay in 

PBMCs from axial SpA patients (n = 30) and age- and sex-matched healthy controls (n = 13). 

B, Spearman’s correlation analysis between PPM1A and ankylosing spondylitis disease 

activity score-C reactive protein (ASDAS-CRP) from axial SpA patients (n = 30). C, 

Suggested working model in axial SpA.
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Table 2. Characteristics of the 30 axial spondyloarthritis patients

N = 30

Age, median (IQR), years 33.0 (28.5–42.0)

Male, n (%) 28 (93.3)

Disease duration, median (IQR), months 19.2 (1.5–111.7)

HLA-B27 positive, n (%) 29 (96.7)

Ankylosing spondylitisa, n (%) 27 (90.0)

ASDAS-CRP, mean (± SD) 2.35 (± 1.06)

ASDAS-CRP; ankylosing spondylitis disease activity score-C reactive protein

aPatients fulfilling the radiologic criterion of the 1984 modified New York criteria: sacroiliitis 

grade ≥2 bilaterally or grade 3–4 unilaterally
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Discussion

In this study, the macrophage-specific down-regulation of PPM1A results in OC commitment 

via increased RANK expression and enhanced RANK signaling. This is the first study to 

uncover the role of PPM1A in macrophages in OC differentiation. Previous study reported that 

PPM1A levels are increased in the synovial tissue of patients with AS and that PPM1A over-

expression promoted OB differentiation.25) The serum levels of PPM1A in patients with AS 

were also increased compared with those in patients with RA and in healthy controls.25)

Although the PPM1A serum levels varied amongst patients with AS, the clinical significance 

of this variability has not been determined. In this present study, a greater range of PPM1A 

expression was also observed in PBMCs from patients with axial SpA. Those with higher 

expression of PPM1A in PBMCs may attenuate RANK expression more potently, resulting in 

the inhibition of OC commitment and potential changes in the joint microstructure.

OCs are derived from hematopoietic stem cells (HSCs), and they are responsible for the 

resorption of endosteal bone surfaces and periosteal surfaces beneath the periosteum.10,40)
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RANK-RANKL is the primary factor involved in OC differentiation.9,22) RANKL binds to 

RANK expressed on the surface of OC precursors and initiates downstream signaling (RANK 

signaling), which leads to the expression of OC-specific genes and consequently the 

differentiation and activation of mature OCs.9,22) Thus, the RANK level in OC precursors can 

determine the capacity for OC formation through OC lineage commitment. As demonstrated 

in this study, RANK and PU.1 mRNA expression was increased in PPM1Afl/fl;LysM-Cre

macrophages compared with that in LysM-Cre macrophages. Considering that HSCs 

differentiate into OC precursors in the presence of PU.1 under M-CSF signaling,33) it can be 

concluded that macrophages from PPM1Afl/fl;LysM-Cre mice display enforced OC 

commitment due to M-CSF signaling. Notably, M-CSF, by binding to c-fms, 

autophosphorylates cytoplasmic tail tyrosine residues41) and activates downstream events 

including p38 phosphorylation,42,43) resulting in increased RANK expression in early OC 

precursors.44) Based on the present results, in circumstances where PPM1A expression is 

decreased in macrophages, p38 activity increases, resulting in increased RANK expression 

and thereby enhanced OC commitment.
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The OC-specific genes that are induced by RANK-mediated intracellular signaling include 

CTSK, TRAP, calcitonin receptor, DC-STAMP, OC-STAMP and integrin β3.10,19-21,32) In the 

present data, the mRNA expression of CTSK, TRAP, DC-STAMP and OC-STAMP was 

increased in PPM1Afl/fl;LysM-Cre macrophages compared with that in LysM-Cre macrophages, 

indicating that PPM1A down-regulates OC-specific genes in these cells. Given that PPM1A 

inactivates MAPKs27) and that MAPKs are important mediators of RANK-mediated 

intracellular signaling,17,18) PPM1A may attenuate further OC differentiation by down-

regulating RANK-mediated intracellular signaling stimulated by RANKL in OC precursors. 

In particular, LPS stimulation reduced PPM1A expression in macrophages, thus identifying 

inflammation as an important variable affecting PPM1A mRNA expression. Thus, in 

inflammatory conditions, OC differentiation may be enhanced by increased RANK expression 

signaling attributable to PPM1A down-regulation in macrophages. However, the individual 

LPS-regulated inflammatory cytokines failed to suppress PPM1A. The reasons are not yet 

apparent but possibly there could be additional mediators about TLR4 signaling such as 

pathogen-associated molecular patterns rather than cytokine signaling that affects PP1MA.



36

In axial SpA, the severity of joint inflammation tends to fluctuate over time.45) Data in figure 

5A show that there is no significant difference in the PPM1A expression in PBMCs from axial

SpA patients vs. healthy controls. Due to the variability of disease activity of axial SpA, 

intracellular PPM1A expression in PBMCs from axial SpA patients may vary accordingly, 

rather than being constantly decreased or increased. This might be a possible explanation for 

the lack of significant difference in the PPM1A expression in PBMCs from axial SpA patients 

vs. healthy controls. A strong negative correlation was observed between ASDAS-CRP and 

PPM1A expression in PMBCs, supporting the inflammatory burden as an important regulator 

of PPM1A expression. Interestingly, elevated serum levels of soluble RANKL and increased 

bone resorption as assessed by decreased BMD have also been reported in patients with AS.46)

In that study, prominent elevation of soluble RANKL in patients with AS might have led to 

OC commitment more actively in the presence of strong RANK expression in macrophages, 

thereby resulting in a resorptive bone phenotype. The notion that OCs play a role in the 

pathogenesis of AS is supported by the clinical benefits resulting from treatment with 

pamidronate in active AS.47) Taken together with the present results, the PPM1A level may 
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determine the resorptive bone phenotype in active axial SpA under an inflammatory burden 

by altering the capacity for OC commitment in macrophages. 
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Conclusion

In conclusion, this study demonstrated that PPM1A down-regulation in macrophages results 

in RANK up-regulation and RANK signaling enhancement, causing OC commitment and 

further bone resorption. This finding suggests that PPM1A is both a potential enhancer of 

osteoblastogenesis25) and a potential regulator of OC commitment. Thus, in axial SpA with 

active inflammation, decreased PPM1A expression in PBMCs may enhance 

osteoclastogenesis via the up-regulation of RANK, thereby shifting the homeostasis of bone 

metabolism towards bone resorption (Figure 5B). These findings identify PPM1A as an 

important marker of bone metabolism in axial SpA and a potential therapeutic target for 

treating bony ankylosis.
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국문요약

목표: 강직성 척추염 환자의 혈청과 활막에서 protein phosphatase magnesium-

dependent 1A (PPM1A)는 증가되어 있으며, 이는 조골세포 분화를 촉진하여 비정상

적인 골 형성, 즉, 뼈의 강직을 유발한다. 그러나 비정상적인 골 형성과 관련하여

파골세포 분화가 어떻게 조절되는지에 대해서는 잘 알려져 있지 않다. 본 연구에

서는 조건부 유전자 knockout (PPM1Afl/fl;LysM-Cre) 쥐를 이용하여 그들의 골 표현

형을 확인하고, 파골세포 분화가 어떤 기전으로 조절되는지 보고자 한다.

연구방법: LysM-Cre 쥐와 PPM1Afl/fl;LysM-Cre 쥐의 골 표현형을 micro-computed 

tomography 를 이용하여 평가하였다. 파골세포의 분화는 nuclear factor kappa-B 

(RANK) ligand 와 macrophage colony-stimulating factor (M-CSF)의 존재 하에 골수 유

래 대식세포를 배양함으로써 유도하였고, tartrate-resistant acid phosphatase-양성인 다

핵세포를 계수함으로써 평가하였다. PPM1A, RANK 및 파골세포 특이적 유전자의

mRNA 발현은 정량적 실시간 PCR 을 통해 측정하였고, 단백질 발현은 Western 

blotting 을 이용하여 측정하였다.
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결과: PPM1Afl/fl;LysM-Cre 쥐는 LysM-Cre 쥐에 비해 골 질량이 감소되어 있었고, 

파골세포 분화 및 파골세포 특이적 유전자의 발현이 증가되어 있었다. 기전상으

로 PPM1Afl/fl;LysM-Cre 쥐의 대식세포에서의 PPM1A 기능 감소는 p38 MAPK 활성

화를 통해 RANK 발현을 증가시킴으로써 파골세포로의 분화를 유도하였다. 염증

성 자극이 PPM1A 발현에 미치는 영향을 확인한 결과, 대식세포에서의 PPM1A 

발현은 염증성 자극에 의한 TLR4 활성화에 의해 감소되었다. 더 나아가 축성 척

추관절염 환자의 질병활성도와 말초 혈액 단핵 세포에서의 PPM1A 발현 정도 사

이에도 음의 상관 관계를 보였다.

결론: 염증성 자극에 의한 대식세포에서의 PPM1A 기능 손실은 RANK 발현을 증

가시키며 파골세포의 분화에 기여한다. 축성 척추관절염의 골 대사에 있어

PPM1A 는 중요한 역할을 하는 것으로 생각된다.

중심 단어: Protein phosphatase magnesium-dependent 1A, Receptor activator of nuclear 

factor kappa-B, 파골세포, 축성 척추관절염, 염증
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