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Negative Regulation of Osteoclast Commitment by 
Intracellular Protein Phosphatase Magnesium- Dependent 
1A
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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 differentiation in relation to abnormal bone formation remain unclear. This study was undertaken to inves-
tigate the relationship of PPM1A to osteoclast differentiation by generating conditional gene- knockout (PPM1Afl/fl; 
LysM- Cre) mice and evaluating their bone phenotype.

Methods. The bone phenotypes of LysM- Cre mice (n = 6) and PPM1Afl/fl;LysM- Cre mice (n = 6) were assessed 
by micro–computed tomography. Osteoclast differentiation was induced by culturing bone marrow–derived macro-
phages in the presence of RANKL and macrophage colony- stimulating factor (M- CSF), and was evaluated by count-
ing tartrate- resistant acid phosphatase–positive multinucleated cells. Levels of messenger RNA for PPM1A, RANK, 
and osteoclast- specific genes were examined by real- time quantitative polymerase chain reaction, and protein levels 
were determined by Western blotting. Surface RANK expression was analyzed by fluorescence flow cytometry.

Results. The PPM1Afl/fl;LysM- Cre mice displayed reduced bone mass (P < 0.001) and increased osteoclast differ-
entiation (P < 0.001) and osteoclast- specific gene expression (P < 0.05) compared with their LysM- Cre littermates. 
Mechanistically, reduced PPM1A function in osteoclast precursors in PPM1Afl/fl;LysM- Cre mice induced osteoclast 
lineage commitment by up- regulating RANK expression (P < 0.01) via p38 MAPK activation in response to M- CSF. 
PPM1A expression in macrophages was decreased by Toll- like receptor 4 activation (P < 0.05). The Ankylosing 
Spondylitis Disease Activity Score was negatively correlated with the expression of PPM1A in peripheral blood 
 mononuclear cells from patients with axial spondyloarthritis (SpA) (γ = −0.7072, P < 0.0001).

Conclusion. The loss of PPM1A function in osteoclast precursors driven by inflammatory signals contributes 
to osteoclast lineage commitment and differentiation by elevating RANK expression, reflecting a potential role of 
PPM1A in dynamic bone metabolism in axial SpA.

INTRODUCTION

Axial spondyloarthritis (SpA) is a chronic inflammatory disor-
der 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, which 

can eventually lead to bony ankylosis (1). Blocking the differentia-
tion and activation of osteoblasts prevented radiographic progres-
sion in a mouse model of ankylosing spondylitis (AS) (2), which 
illustrates that osteoblasts represent an important component of 
bony ankylosis in AS. In addition, recent studies have focused on 
the divergent ability of osteoclast precursors to differentiate into 
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osteoclasts during osteoclast commitment and accordingly influ-
ence bone- resorbing capacity in AS (3,4). Given that the bone 
remodeling process is coordinated by bone- resorbing osteoclasts 
and bone- forming osteoblasts (5), the pathophysiologic mecha-
nisms underlying osteoproliferation in AS must be considered in 
terms of the coupling activities of osteoblasts and osteoclasts 
(2,3,6–8).

Bone- resorbing osteoclasts are derived from monocyte/
macrophage precursors of the hematopoietic progenitor line-
age. Proliferating macrophages serve as osteoclast precursors, 
which undergo further differentiation into osteoclasts (9). Two fac-
tors, namely macrophage colony- stimulating factor (M- CSF) and 
RANKL, are critical for osteoclast lineage commitment and differ-
entiation (10–12). In the earlier stages of osteoclast differentiation, 
M- CSF binds to its receptor c- Fms on proliferating monocyte/
macrophage precursors, thereby playing a key role in osteoclast 
lineage commitment prior to osteoclast differentiation (13) by acti-
vating transcription factors such as microphthalmia- associated 
transcription factor and PU.1 (14). Importantly, M- CSF can 
induce the expression of RANK, a receptor for RANKL, through 
MAPKs, including p38, JNK, and ERK (15,16). This induction of 
RANK typifies osteoclast lineage commitment. Following RANKL 
stimulation, the binding of TRAF6 to RANK results in the activa-
tion of MAPKs (17,18) and osteoclast- specific transcription fac-
tors, such as NFATc1 and NF- κB, to induce osteoclast- specific 
genes (10,19–21), leading to osteoclast differentiation (9,22). 
Therefore, in inflammatory conditions, the lineage commitment of 
macrophages is closely related to osteoclast activity, resulting in 
pathologic processes in bone remodeling in many diseases, such 
as osteoporosis, rheumatoid arthritis (RA), and AS (3,4,23).

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). 
We previously demonstrated that PPM1A levels are increased in 
the synovial tissue of patients with AS and that its up- regulation 
enhances osteoblast differentiation (25). Further, PPM1A expres-
sion is increased in macrophages during Mycobacterium tubercu-
losis infection, and this up- regulation plays a key role in the innate  
immune responses of macrophages (26). Considering that macro-
phages are the precursors of osteoclasts (9) 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 osteoclast differ-
entiation.

In this study, we found that the down- regulation of the oste-
oclast precursor macrophage- specific PPM1A in mice resulted in 
apparently increased osteoclastogenesis, which occurs through 
the regulation of RANK expression. An inverse correlation between 
AS Disease Activity Score (ASDAS) and PPM1A expression level 
was also observed in peripheral blood mononuclear cells (PBMCs) 
obtained from patients with axial SpA. These discoveries establish 

PPM1A as a potential determinant of osteoclast lineage commit-
ment from macrophages.

MATERIALS AND METHODS

Reagents and antibodies. RANKL and M- CSF were 
obtained from PeproTech. A tartrate- resistant acid phosphatase 
(TRAP) assay kit, lipopolysaccharide (LPS; from Escherichia coli 
O11:B4), PD98059, SB203580, SP60025, and β- actin antibod-
ies were purchased from Sigma- Aldrich. Lipofectamine 2000 
was purchased from Invitrogen. Phycoerythrin (PE)–conjugated 
anti- mouse CD265 (RANK), protease, and phosphatase inhibi-
tor cocktails were purchased from ThermoFisher Scientific. Anti-
bodies against PPM1A were purchased from Novus Biologicals. 
Antibodies against phospho- ERK, ERK, phospho- p38, p38, 
phospho- JNK, and JNK were purchased from Cell Signaling 
Technology. All antibodies used in this study were polyclonal anti-
bodies raised from rabbits.

Mice and bone mineral density (BMD) measure-
ments and histologic analysis. PPM1Aflox/flox (PPM1Afl/fl,  
MGI:4458753, Ppm1atm1a(EUCOMM)Hmgu) mice were purchased 
from MRC Harwell. To obtain mice with PPM1A- deficient mac-
rophages, 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) lit-
termates (PPM1Afl/fl or LysM- Cre mice). 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 (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 vol-
ume was measured by a micro–computed tomography analysis 
as previously described (28). Mouse hind limbs were collected for 
histologic analysis as previously described (28), and tissue sec-
tions were stained with hematoxylin and eosin or TRAP using an 
Acid Phosphatase Assay Kit (Sigma-Aldrich) according to the 
manufacturer’s instructions. TRAP staining indicates the presence 
of mature osteoclasts. The osteoclast surface was assessed on  
TRAP- stained sections using ImageJ densitometry software,  
version 1.6 (National Institutes of Health).

Osteoclast differentiation. Bone marrow (BM) cells 
were isolated by flushing the marrow space in the femurs and 
tibiae collected from 6- week- old C57BL/6, LysM- Cre, PPM1Afl/fl,  
and PPM1Afl/fl;LysM- Cre mice. Mature osteoclasts were gener-
ated from BM- derived macrophages (BMMs) and were evalu-
ated by TRAP staining as previously described (28,29). Briefly, 
isolated BMMs were cultured for 4 days with M- CSF (30 ng/
ml) and RANKL (100 ng/ml) to induce differentiation into mature   
osteoclasts.
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Reverse transcription–polymerase chain reaction 
(RT- PCR) and real- time quantitative PCR (qPCR) analy-
sis. Total RNA was isolated from cells using TRIzol reagent (Life 
Technology), and 0.5–1 μg of RNA was reverse- transcribed using 
SuperScript II reverse transcriptase (Life Technologies). The result-
ing complementary DNA (cDNA) was amplified by PCR using the 
following primers: for mouse PPM1A, forward 5′- ATG- GTG- CAG- 
 ATA- GAA- GCG- GG- 3′ and reverse 5′- AGC- CAG- AGA- GCC- ATT-  
GAC- AC- 3′; for mouse DC-STAMP, forward 5′- CCA- AGG- AGT- 
CGT- CCA- TGA- TT- 3′ and reverse 5′- GGC- TGC- TTT- GAT- CGT- 
TTC- TC- 3′; for mouse OC-STAMP, forward 5′- TTC- TCT- GGC- C
TG- GAG- TTC- CT- 3′ and reverse 5′- TGA- CAA- CTT- AGG- CTG- G
GC- TG- 3′; for mouse CTSK, forward 5′- AAT- ACC- TCC- CTC- TC
G- ATC- CTA- CA- 3′ and reverse 5′- GGT- TCT- TGA- CTG- GAG- TA
A- CGT- A- 3′; for mouse TRAP, forward 5′- TCC- TGG- CTC- AAA-  

AAG- CAG- TT- 3′ and reverse 5′- ACA- TAG- CCC- ACA- CCG- TTC-  
TC- 3′; for mouse PU.1, forward 5′- GAT- GGA- GAA- GCT- GAT- G
GC- TTG- G- 3′ and reverse 5′- TTC- TTC- ACC- TCG- CCT- GTC- T
G- C- 3′; for mouse NFATc1, forward 5′- GGG- TCA- GTG- TGA- C
CG- AAG- AT- 3′ and reverse 5′- GGA- AGT- CAG- AAG- TGG- GTG-  
GA- 3′; for mouse c-fms, forward 5′- CCC- ACC- CTG- AAG- TCC- 
TGA- GT- 3′ and reverse 5′- CTT- TGT- CCT- AGG- GAG- ACG- GC- 
3′; for mouse RANK, forward 5′- CAG- ATG- TCT- TTT- CGT- CCA- 
CAG- A- 3′ and reverse 5′- AGA- CTG- GGC- AGG- TAA- GCC- T- 3′; 
for mouse GAPDH, forward 5′- AGC- CAC- ATC- GCT- CAG- ACA- 3′ 
and reverse 5′- GCC- CAA- TAC- GAC- CAA- ATC- C- 3′; for human 
PPM1A, forward 5′- TGG- CGT- GTT- GAA- ATG- GAG- 3′ and reverse 
5′- AGC- GGA- TTA- CTT- GGT- TTG- TG- 3′; for human RANK, for-
ward 5′- AGA- TCG- CTC- CTC- CAT- GTA- CCA- 3′ and reverse 5′- G
CC- TTG- CCT- GTA- TCA- CAA- ACT- TT- 3′; and for human GAPDH, 

Figure 1. Bone phenotype in LysM- Cre mice and PPM1Afl/fl;LysM- Cre mice. A, Comparison of the size of LysM- Cre mice and PPM1Afl/fl;LysM- 
Cre mice. B, Micro–computed tomography images showing trabecular bone density in the femurs of 6- week- old LysM- Cre and PPM1Afl/fl; 
LysM- Cre mice. C, Quantification of the features shown in B. BMD = bone mineral density; BV/TV = bone volume/total volume; TbTh = 
trabecular thickness; TbN = trabecular number; TbSp = trabecular separation; SMI = structure model index. D, Left, Hematoxylin and eosin 
(H&E) and tartrate- resistant acid phosphatase (TRAP) staining of hind limb sections from LysM- Cre and PPM1Afl/fl;LysM- Cre mice. Mouse hind 
limbs were dissected, fixed, and decalcified, and the sections with the trabecular region were stained with H&E or TRAP (purple). Representative 
images from 3 independent experiments are shown. Bars = 200 μm. Right, Quantitation of the TRAP- positive surface area in sections from each 
mouse strain. E, Levels of C- terminal crosslinking telopeptide of type I collagen (CTX), a marker of bone turnover, in plasma from 6- week- old 
male LysM- Cre and PPM1Afl/fl;LysM- Cre mice, measured by enzyme- linked immunosorbent assay. Values in C, the right panel of D, and E 
are the mean ± SD of triplicate determinations (n = 6 mice per group). * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann- Whitney U test.
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forward 5′- TGT- TGC- CAT- CAA- TGA- CCC- CTT- 3′ and reverse  
5′- CTC- CAC- GAC- GTA- CTC- AGC- G- 3′. The PCR conditions and  
detailed procedure have been described previously (28). Real- 
time qPCR was performed using a Power SYBR Green 1- Step 
Kit and an ABI 7000 Real- Time PCR System (Applied Biosystems) 
according to the manufacturer’s instructions.

Western blotting and fluorescence flow cytometry.  
Preparation of the cell lysates and sodium dodecyl sulfate– 
poly acrylamide gel electrophoresis gels and Western blot analy-
ses 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 PE- 
conjugated anti- mouse RANK or an isotype control antibody in 
phosphate buffered saline (PBS) containing 2% fetal bovine serum 
at 4°C for 1 hour. The cells were washed twice with PBS. Flow 
cytometry was performed on a FACScan instrument according to 
the manufacturer’s instructions (Becton Dickinson).

Reporter assay. The RANK promoter–luciferase reporter 
plasmid was transiently transfected into BMMs from WT and 
TLR- 4–knockout mice using Lipofectamine 2000 according to the 
manufacturer’s instructions. Two days after transfection, the cells 
were lysed using passive lysis buffer (Promega), and the luciferase 
activity in the extracts was measured using a Dual Luciferase assay 
system (Promega). Co- transfection with the Renilla vector allowed 
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 and Hanyang University Hos-
pital. Clinical information was extracted from an electronic clinical 
database. All patients met the Assessment of SpondyloArthritis 
International Society classification criteria for axial SpA (30). Dis-
ease activity was determined using the ASDAS using the C- reactive 
protein level (ASDAS- CRP) (31). This study was approved by the 
institutional review boards of Asan Medical Center (IRB No. 2015- 
0274) and Hanyang University Hospital (IRB No. 2017- 12- 001).

Enzyme- linked immunosorbent assay (ELISA). The 
concentrations of C- terminal crosslinking telopeptide of type I 
collagen (CTX) (Mouse CTX- 1 ELISA kit; Novus) in the plasma of 
LysM- Cre and PPM1Afl/fl;LysM- Cre mice were measured accord-
ing to the manufacturer’s protocols. All samples were examined in 
triplicate for each experiment.

Statistical analysis. Differences between the 2 groups 
were analyzed using the Mann- Whitney U test or Student’s 
unpaired t- test, and the differences among 3 groups were analy-
zed by one- way analysis of variance. In the figures, bars are trip-
licate averages from single experiments, and a representative of 
3 independent experiments is shown. The relationships between  

parameters were tested using Spearman’s rank correlation coeffi-
cient. P values less than 0.05 were considered significant.

RESULTS

Macrophage- specific reduction in PPM1A expres-
sion in mice results in increased bone resorption due 
to enhanced osteoclast formation. To evaluate the effect of 
reduced PPM1A expression in macrophages (osteoclast precur-
sors) on bone phenotype, we compared LysM- Cre and PPM1Afl/fl; 
LysM- Cre mice at 6 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 thickness, and trabec-
ular number were significantly lower and trabecular spacing and 
the structure model index were significantly greater in PPM1Afl/fl; 
LysM- Cre mice, suggesting that bone resorption appears as a bone  
phenotype in PPM1Afl/fl;LysM- Cre mice (Figure  1C). TRAP stain-
ing revealed enhanced osteoclast activity in PPM1Afl/fl;LysM- Cre 
mice, as evidenced by the increased TRAP- positive staining (Fig-
ure 1D). Indeed, ELISA revealed that the level of CTX in the plasma 
of PPM1Afl/fl;LysM- Cre mice was significantly higher than that in 
LysM- Cre mice, indicating that the reduced bone mass in PPM1Afl/fl; 
LysM- Cre mice is caused by increased osteoclast activity  
(Figure 1E).

We next evaluated the expression status of osteoclast- 
specific genes (TRAP, DC-STAMP, OC-STAMP, and CTSK) 
(10,19–21,32) in macrophages from PPM1Afl/fl;LysM- Cre and 
LysM- Cre mice. RT- PCR revealed lower PPM1A expression in 
macrophages from PPM1Afl/fl;LysM- Cre mice than C57BL/6, 
LysM- Cre, and PPM1Afl/fl mice, as expected (Figure 2A). Con-
sistent with this finding, PPM1A protein expression in mac-
rophages was similarly decreased in PPM1Afl/fl;LysM- Cre 
mice (Figure  2B). TRAP- positive mononuclear cells, which 
are osteoclast- specific lineage cells (33), were  numerically 
increased in PPM1Afl/fl;LysM- Cre mice (Figures  2C and D). 
Real- time qPCR illustrated that BMMs from PPM1Afl/fl;LysM- 
Cre mice displayed higher DC-STAMP, OC-STAMP, CTSK, 
and TRAP expression than those from LysM- Cre mice (Fig-
ure 2E). These data suggest that reduced PPM1A expression 
in macrophages results in increased osteoclast differentiation 
due to the increased capacity for osteoclast formation in the 
early stages of osteoclast differentiation.

PPM1A down- regulation in macrophages leads to 
increased expression of RANK via p38 MAPK signal-
ing. To determine the mechanism by which PPM1A influences 
osteoclast commitment, we investigated the status of gene 
expression related to osteoclast lineage commitment (34) in 
M- CSF–cultured BMMs obtained from LysM- Cre and PPM1Afl/fl; 
LysM- Cre mice. Real- time PCR revealed that PU.1  messenger 
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RNA (mRNA) expression was increased in BMMs from 
PPM1Afl/fl;LysM- Cre mice with no alteration in c-fms expres-
sion, suggesting that the osteoclast 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 those from LysM- Cre mice (Figure 3B). Time- 
course Western blot analysis revealed no major changes in the 
activation of ERK or JNK upon M- CSF stimulation for 0–30 
minutes compared with the LysM- Cre control (Figure 3C). Only 
p38 activation was increased in a time- dependent manner 

Figure 2. Association of decreased protein phosphatase magnesium- dependent 1A (PPM1A) expression in macrophages with increased 
expression of osteoclast- specific genes and osteoclast differentiation. A and B, PPM1A mRNA expression, determined by reverse transcription–
polymerase chain reaction (PCR) (A), and PPM1A protein levels, determined by Western blotting (B), in macrophages from C57BL/6, LysM- Cre, 
PPM1Afl/fl, and PPM1Afl/fl;LysM- Cre mice. The right panel of B shows the densitometric quantification of PPM1A compared to β- actin. GAPDH 
was used as a loading control in A; β- actin was used as a loading control in B. C, Tartrate- resistant acid phosphatase (TRAP) staining for 
osteoclast formation. Macrophages from C57BL/6, LysM- Cre, PPM1Afl/fl, and PPM1Afl/fl;LysM- Cre mice were treated with macrophage colony- 
stimulating factor (30 ng/ml) and RANKL (100 ng/ml) for 4 days, fixed, and stained with TRAP. Original magnification × 200. D, Numbers of 
TRAP- positive multinucleated cells (MNCs) containing ≥3 nuclei, ≥10 nuclei, or an actin ring in C, counted under a light microscope. E, Relative 
expression of mRNA for the indicated osteoclast- specific genes in bone marrow–derived macrophages from LysM- Cre and PPM1Afl/fl;LysM- Cre 
mice, determined by real- time quantitative PCR. The transcript levels were normalized to GAPDH. Values in the right panel of B, D, and E are 
the mean ± SD of triplicate determinations. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann- Whitney U test. Color figure can be viewed in 
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract.
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in PPM1Afl/fl;LysM- Cre mouse macrophages compared with  
LysM- Cre mouse macrophages (Figure 3C).

To gain more direct evidence that PPM1A regulates RANK 
through p38 MAPK signaling, we treated BMMs with various 
MAPK inhibitors and analyzed RANK expression by flow cytom-
etry. Consistent with the up- regulation of RANK, there was a sig-

nificant difference in RANK levels in PPM1Afl/fl;LysM- Cre mouse 
macrophages due to the activation of p38 MAPK (Figure  3D). 
These data indicate that PPM1A influences RANK expres-
sion through the p38 signaling pathway and that it may directly 
dephosphory late p38 MAPK, as previously reported (35). Taken 
together, these findings show that PPM1A primarily regulates 

Figure 3. Increased expression of RANK in macrophages from PPM1Afl/fl;LysM- Cre mice. A, Levels of expression of mRNA for genes involved in 
macrophage colony- stimulating factor (M- CSF) signaling and RANK in LysM- Cre (wild- type [WT]) and PPM1Afl/fl;LysM- Cre mouse macrophages, 
determined by real- time quantitative polymerase chain reaction. B, Left, RANK expression in bone marrow–derived macrophages (BMMs) from 
LysM- Cre and PPM1Afl/fl;LysM- Cre mice, analyzed by fluorescence flow cytometry. The shaded histogram indicates the isotype control. Right, 
Quantification of the percentage of phycoerythrin (PE)–conjugated RANK–positive cells. C, Left, Western blot analysis of M- CSF–induced 
activation of MAPKs (phospho- ERK, ERK, phospho- p38, p38, phospho- JNK, and JNK) in BMMs from LysM- Cre and PPM1Afl/fl;LysM- Cre mice 
after stimulation with M- CSF for 0–30 minutes. Right, Quantification of the Western blot analysis results. D, Left, RANK expression in BMMs 
from LysM- Cre mice and PPM1Afl/fl;LysM- Cre mice pretreated with DMSO (vehicle [veh]) and treated with an ERK inhibitor (PD98059 [PD];  
10 mM), a p38 inhibitor (SB203580 [SB]; 10 mM), or a JNK inhibitor (SP60025 [SP];10 mM) in the presence of M- CSF. Cells were analyzed for 
RANK expression by fluorescence flow cytometry. Right, Percentage of PE- conjugated RANK–positive cells. Values in A and the right panels of 
B and D are the mean ± SD of triplicate determinations. * = P < 0.05; ** = P < 0.01 by Mann- Whitney U test. Color figure can be viewed in the 
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract.
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RANK expression in mouse macrophages through the p38 sig-
naling pathway.

LPS reduces PPM1A expression, resulting in in -
creased RANK expression in macrophages. We next 
explored whether the inflammatory environment affects PPM1A 
expression. LPS, tumor necrosis factor, interleukin- 1β (IL- 1β), 
and IL- 6 were used as the inflammatory stimuli. PPM1A mRNA 
and protein expression were diminished in macrophages from 
wild-type mice following LPS stimulation (Figures  4A and 
4B). Because Toll- like receptor 4 (TLR- 4) is the receptor for 

LPS (36–38), we then investigated whether PPM1A is down- 
regulated in response to LPS exposure using TLR- 4–knockout  
mice. Whereas LPS stimulation resulted in decreased PPM1A  
mRNA and protein expression in WT mouse macrophages,  
these effects were not observed in macrophages from  
TLR- 4–knockout mice (Figures  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 (Figure 4F) in WT 
mouse macrophages but not in TLR- 4–knockout mouse mac-
rophages. Similarly, in human PBMCs, TLR- 4 activation by LPS 

Figure 4. Reduced protein phosphatase magnesium- dependent 1A (PPM1A) expression and increased RANK expression in macrophages 
from wild-type mice stimulated with lipopolysaccharide (LPS). A, PPM1A mRNA expression in macrophages exposed to inflammatory stimuli 
including LPS, tumor necrosis factor (TNF), interleukin- 1β (IL- 1β), and IL- 6, determined by reverse transcription–polymerase chain reaction (RT- 
PCR) (top) and quantitative RT- PCR (qRT- PCR) (bottom). B, PPM1A protein expression in macrophages treated with LPS, TNF, IL- 1β, and IL- 6, 
determined by Western blot analysis (top) and quantification of protein expression (bottom). C, PPM1A mRNA expression in macrophages from 
wild- type (WT) and TL- R4–knockout (TLR4KO) mice exposed to LPS, determined by RT- PCR (top) and qRT- PCR (bottom). D, PPM1A protein 
expression level in macrophages from WT and TLR- 4–knockout mice exposed to LPS, determined by Western blotting (top), and quantification 
of protein expression (bottom). E, Relative luciferase activity in WT and TLR- 4–knockout mice. Bone marrow–derived macrophages (BMMs) 
from WT and TLR- 4–knockout mice were treated with LPS, and RANK promoter–luciferase reporter plasmids were transiently transfected into 
these cells. After 24 hours, the cells were harvested and subjected to the luciferase assay. Relative luciferase activity was normalized to control 
activity. F, Surface RANK protein level in WT and TLR- 4–knockout mouse BMMs exposed to LPS, determined by flow cytometry. G, PPM1A 
and RANK mRNA expression levels in human peripheral blood mononuclear cells (hPBMCs) isolated from healthy controls and stimulated with 
LPS, determined by qRT- PCR. Values are the mean ± SD of triplicate determinations. * = P < 0.05; *** = P < 0.001, by Mann- Whitney U test. 
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract.
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 stimulation was linked to decreased PPM1A mRNA expression, 
and this decrease was accompanied by an increase in RANK 
mRNA expression (Figure 4G).

PPM1A expression in PBMCs from patients with 
axial SpA. Because our results revealed a regulatory axis 
between PPM1A expression and the inflammatory condition, 

Figure  5. Lower expression levels of protein phosphatase magnesium- dependent 1A (PPM1A) in peripheral blood mononuclear cells 
(PBMCs) from patients with axial spondyloarthritis (Ax SpA) with higher disease activity. A, Protein levels of PPM1A in PBMCs from patients 
with axial SpA (n = 30) and age-  and sex- matched healthy controls (n = 13), determined by immunoblot assay. Symbols represent individual 
subjects; horizontal lines and error bars show the mean ± SD. B, Correlation between PPM1A levels and Ankylosing Spondylitis Disease Activity 
Score using the C- reactive protein level (ASDAS- CRP) in patients with axial SpA (n = 30), determined by Spearman’s correlation analysis. C, 
Suggested working model in axial SpA. M- CSF = macrophage colony- stimulating factor; OC = osteoclast. Color figure can be viewed in the 
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract
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it was important to determine whether there is a correlation 
between PPM1A expression and disease activity in axial SpA (7). 
We compared the PPM1A:β- actin ratio in PBMCs from patients 
with axial SpA (n = 30) and age-  and sex- matched healthy con-
trols (n = 13) and found that there was no significant difference 
(Figure 5A). Next, we evaluated whether the inflammatory burden,  
as measured by ASDAS- CRP, is correlated with PPM1A expres-
sion in PBMCs from patients with axial SpA (Figure 5B). Clinical 
variables for the patients with axial SpA are shown in Table 1. 
Of the 30 patients with axial SpA, 27 (90.0%) fulfilled the 1984 
modified New York criteria for AS (39). In the correlation analysis, 
PPM1A expression in PBMCs and the ASDAS- CRP were nega-
tively correlated (r = −0.7072, P < 0.0001), emphasizing that the 
inflammatory burden of axial SpA is associated with decreased 

PPM1A expression.

DISCUSSION

In this study, we demonstrated that the macrophage- specific 
down- regulation of PPM1A results in osteoclast commitment via 
increased RANK expression and enhanced RANK signaling. To 
our knowledge, this is the first study to identify the role of PPM1A 
in macrophages in osteoclast differentiation. We previously 
reported that PPM1A levels are increased in the synovial tissue of 
patients with AS and that PPM1A overexpression promotes oste-
oblast 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 serum PPM1A levels  
varied among patients with AS, the clinical significance of this var-
iability has not been determined. In the 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 osteoclast commitment and potential changes 
in the joint microstructure.

Osteoclasts are derived from hematopoietic stem cells 
(HSCs), and they are responsible for the resorption of endosteal 
bone surfaces and periosteal surfaces beneath the perios-
teum (10,40). RANK–RANKL interaction is the primary factor 
involved in osteoclast differentiation (9,22). RANKL binds to 
RANK expressed on the surface of osteoclast precursors and 
initiates downstream signaling (RANK signaling), which leads to 

the expression of osteoclast- specific genes and consequently 
the differentiation and activation of mature osteoclasts (9,22). 
Thus, the RANK level in osteoclast precursors can determine 
the capacity for osteoclast formation through osteoclast lineage 
commitment. We demonstrated that expression of mRNA for 
RANK and PU.1 was increased in PPM1Afl/fl;LysM- Cre mouse 
macrophages compared with LysM- Cre mouse macrophages. 
Considering that HSCs differentiate into osteoclast precursors in 
the presence of PU.1 under M- CSF signaling (33), we can con-
clude that macrophages from PPM1Afl/fl;LysM- Cre mice display 
enforced osteoclast commitment due to M- CSF signaling. Nota-
bly, M- CSF, by binding to c- fms, autophosphorylates cytoplas-
mic tail tyrosine residues (41) and activates downstream events 
including p38 phosphorylation (42,43), resulting in increased 
RANK expression in early osteoclast precursors (44). Based on 
our results, we speculate that in circumstances in which PPM1A 
expression is decreased in macrophages, p38 activity increases, 
resulting in increased RANK expression and thereby enhanced 
osteoclast commitment.

The osteoclast- specific genes that are induced by RANK- 
mediated intracellular signaling include CTSK, TRAP, CALCR, 
DC-STAMP, OC-STAMP, and β3 integrin (10,19–21,32). In our 
study, the expression of mRNA for CTSK, TRAP, DC-STAMP, 
and OC-STAMP was increased in PPM1Afl/fl;LysM- Cre mouse 
macro phages compared with LysM- Cre mouse macrophages, 
indicating that PPM1A down- regulates osteoclast- specific genes 
in these cells. Given that PPM1A inactivates MAPKs (27) and 
that MAPKs are important mediators of RANK- mediated intracel-
lular signaling (17,18), PPM1A may attenuate further osteoclast 
differentiation by down- regulating RANK- mediated intracellular 
signaling stimulated by RANKL in osteoclast precursors. In par-
ticular, we found that LPS stimulation reduced PPM1A expression 
in macrophages, thus identifying inflammation as an important 
variable affecting PPM1A mRNA expression. Thus, in inflam-
matory conditions, osteoclast 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 we speculate that there could 
be additional mediators that stimulate TLR- 4 signaling, such as 
pathogen- associated molecular patterns, rather than cytokine 
signaling that affects PP1MA.

In axial SpA, the severity of joint inflammation tends to fluc-
tuate over time (45). Data in Figure  5A show that there was 
no significant difference in PPM1A expression in PBMCs from 
patients with axial SpA versus healthy controls. Although the 
explanation for this observation is unclear, the variability of axial 
SpA disease activity might have contributed to the greater 
range of PPM1A expression in PBMCs from patients with axial 
SpA. A strong negative correlation was observed between 
ASDAS- CRP and PPM1A expression in PMBCs, supporting 
the notion that the inflammatory burden is a possible  regulator 

Table 1. Characteristics of the 30 patients with axial spondyloarthritis*
Age, median (IQR) years 33.0 (28.5–42.0)
Male, no. (%) 28 (93.3)
Disease duration, median (IQR) months 19.2 (1.5–111.7)
HLA–B27 positive, no. (%) 29 (96.7)
Ankylosing spondylitis, no. (%)† 27 (90.0)
ASDAS- CRP, mean ± SD 2.35 ± 1.06

* IQR = interquartile range; ASDAS- CRP = Ankylosing Spondylitis 
Disease Activity Score using the C- reactive protein level. 
† Patients who fulfilled the radiologic criterion of the 1984 modified  
New York criteria (sacroiliitis grade ≥2 bilaterally or grade 3–4 unilaterally). 
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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 osteoclast commitment 
more actively in the presence of strong RANK expression in 
macrophages, thereby resulting in a resorptive bone phenotype. 
The notion that osteoclasts 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, those find-
ings and our results indicate that the PPM1A level may deter-
mine the resorptive bone phenotype in active axial SpA under 
an inflammatory burden by altering the capacity for osteoclast 
commitment in macrophages.

In conclusion, we demonstrated that PPM1A down- 
regulation in macrophages results in RANK up- regulation and 
RANK signaling enhancement, causing osteoclast commitment 
and further bone resorption. This finding suggests that PPM1A 
is both a potential enhancer of osteoblastogenesis (25) and 
a potential regulator of osteoclast 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 metabo-
lism toward 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 anky-
losis.
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