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Bone mass is maintained through the complementary
activities of osteoblasts and osteoclasts; yet differen-
tiation of either osteoblasts and osteoclasts engages
the mitogen-activated protein kinase (MAPK) path-
way. The MAPKs are negatively regulated by a family
of dual-specificity phosphatases known as the MAPK
phosphatases (MKPs). MKP-1 is a stress-responsive
MKP that inactivates the MAPKs and plays a central
role in macrophages; however, whether MKP-1 plays
a role in the maintenance of bone mass has yet to be
investigated. We show here, using a genetic ap-
proach, that mkp-1~'" female mice exhibited slightly
reduced bone mass. We found that mkp-1*"" and
mkp-1~'" mice had equivalent levels of bone loss
after ovariectomy despite mkp-1~'~ mice having
fewer osteoclasts, suggesting that mkp-1-'" oste-
oclasts are hyperactive. Indeed, deletion of MKP1 led
to a profound activation of osteoclasts in vivo in re-
sponse to local lipopolysaccharide (LPS) injection.
These results suggest a role for MKP-1 in osteoclasts,
which originate from the fusion of macrophages. In
support of these observations, receptor activator for
nuclear factor-kB ligand induced the expression for
MKP-1, and osteoclasts derived from mkp-1~"" mice
had increased resorptive activity. Finally, receptor
activator of nuclear factor-kB ligand-induced p38
MAPK and c-Jun NH,-terminal kinase activities were
enhanced in osteoclasts derived from mkp-1~"" mice.
Taken together, these results show that MKP-1
plays a role in the maintenance of bone mass and
does so by negatively regulating MAPK-dependent
osteoclast signaling. (4mJ Patbol 2009, 175:1564-1573;
DOI: 10.2353/ajpath.2009.090035)

Mitogen-activated protein kinases (MAPKs) constitute
a family of serine/threonine protein kinases that trans-
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duce a wide array of extracellular signals into cellular
responses, including cell growth, differentiation, and
apoptosis. The three major subfamilies of MAPKs are
extracellular signal-related kinases (ERKs), c-Jun NH-
terminal kinase (JNK), and p38 MAPK." MAPK activa-
tion occurs via phosphorylation on both threonine and
tyrosine regulatory residues through the action of
MAPK kinases, whereas dephosphorylation of either
residue inactivates the MAPKs.2® MAPKs have been
implicated in the control of bone mass,* which is main-
tained by both osteoblasts and osteoclasts.

Osteoblasts are derived from mesenchymal stem
cells and are responsible for the synthesis of the bone
matrix and its subsequent calcification.®® Although the
physiological role of the MAPK pathway in osteoblasts
had remained controversial,” recent work has estab-
lished an important role for the ERK pathway in osteo-
blast differentiation that involves stimulation of RUNX2
phosphorylation and transcriptional activity.” Oste-
oclasts are multinucleate cells derived from the hema-
topoietic monocyte/macrophage lineage and are re-
sponsible for the degradation of mineralized bone.
Receptor activator of nuclear factor-«B ligand (RANKL),
which promotes differentiation and activation of oste-
oclasts, is expressed by osteoblasts, bone marrow
stromal cells, and activated T-cells.8~"" RANKL, on
binding its receptor RANK, stimulates osteoclasts via
the MAPK and the nuclear factor-«B pathways.' '’
Whereas all three families of MAPKs become activated
during osteoclastogenesis,’®'* p38 MAPK plays a
central role in RANKL-induced osteoclast differentia-
tion.">~'* Therefore, the activation of both osteoblasts
and osteoclasts requires engagement of the MAPK
pathway to maintain bone mass.

The primary phosphatases responsible for regulat-
ing MAPK signaling are the MAPK phosphatases
(MKPs), which constitute a subfamily of dual-specificity
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phosphatases. The family of MKPs includes 11 mem-
bers that have distinct and overlapping affinities for the
MAPKSs. The ability of the MKPs to selectively dephos-
phorylate the MAPKSs is dictated by the kinase interac-
tion motif, which resides in the noncatalytic region of
the MKPs."®'® Direct binding between the MKPs and
the MAPKSs, in most cases, stimulates MKP-mediated
dephosphorylation of the MAPKs. The founding mem-
ber of the MKP family, MKP-1, is an inducible nuclear
MKP that inactivates all three groups of MAPKs, with a
preference for p38 MAPK and JNK over ERK.'®'¢ Be-
cause MKP-1 has been shown to be an important
negative regulator of the MAPK pathway in the innate
immune response, '’ 2" hence macrophages, and be-
cause MAPKs are essential for both osteoblast and
osteoclast activities,? we hypothesized that MKP-1
might play a role in the control of bone mass. Here we
show that MKP-1-deficient (mkp-1~'") female mice ex-
hibited transiently reduced bone mass, suggesting that
MKP-1 plays a role in bone homeostasis. We found that
mkp-1*"* and mkp-1~'~ mice had equivalent levels of
bone loss after ovariectomy despite mkp-1~/~ mice
having fewer osteoclasts. Osteoclasts derived from
mkp-1~'" mice exhibited enhanced resorption and p38
MAPK and JNK activation. Taken together, MKP-1
plays a role in the maintenance of bone mass and does
so by negatively regulating MAPK-dependent oste-
oclast signaling.

Materials and Methods

Animals

mkp-1-'~ mice were generated on a mixed 129J/
C57BL6 background, bred, and genotyped as de-
scribed previously.?®2® The animals were housed in
standard caging on a 12-hour light cycle and were
offered free access to rodent chow (number 2018,
Harlan Teklad, Madison, WI) and water. Baseline mice
were euthanized at 8 weeks of age. Female mkp-1+/*
and mkp-1~'~ mice were subjected to ovariectomy at 8
weeks of age and were euthanized 6 weeks later, along
with age-matched controls. Mice received two i.p. in-
jections of calcein (5 mg/kg/day) on days 8 and 1
before sacrifice for dynamic histomorphometric analy-
sis. To assess osteoclast formation and activity in vivo,
we administered a single local s.c. calvarial injection of
lipopolysaccharide (25 g in 2 ul; Escherichia coli O55:
B5, Sigma Chemical, St. Louis, MO) to 8-week-old male
and female mice that were sacrificed 5 days later.
Calvariae were subjected to micro-computed tomogra-
phy (CT) analysis, and resorbed areas were quantified
using Imaged software (NIH, Bethesda, MD). All pro-
cedures were approved by the Yale University Institu-
tional Animal Care and Use Committee.

Reagents

Rabbit polyclonal antibodies directed against p38
MAPK, phosphorylated (p) p38 (p-p38 MAPK), ERK1/2,
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p-ERK1/2, JNK, and p-JNK, and a mouse monoclonal
antibody directed against inhibitor of nuclear factor-«xB
were obtained from Cell Signaling Technology (Bev-
erly, MA). Anti-MKP-1 antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). A mouse
monoclonal antibody directed against Grp94 was pur-
chased from Abcam (Cambridge, MA). Horseradish
peroxidase-conjugated F(ab’), directed against rabbit
and mouse IgG were purchased from Jackson Immuno-
Research (West Grove, PA). Phalloidin-Alexa Fluor 568
was purchased from Invitrogen (Carlsbad, CA), and
Osteologic slides were from BD Biosciences (Franklin
Lakes, NJ). Rat anti-mouse monoclonal antibodies
used for flow cytometry included anti-Mac-1 (CD11b)
conjugated to fluorescein (Mac1-FITC; M1/70) and rat
FITC-lgG2b (PharMingen, San Diego, CA); anti-c-fms
conjugated to phycoerythrin (c-fms-PE; 1gG2b), and
anti-c-Kit conjugated to allophycocyanin (c-kit-APC;
IgG2b) and isotype-matching antibodies (eBioscience,
San Diego, CA). Secondary antibody anti-rat IgG2a
conjugated to FITC was purchased from PharMingen.
Phalloidin-Alexa Fluor 568 was purchased from Invitro-
gen. All supplies and reagents for tissue culture were
endotoxin-free. Some bone marrow cells were treated
with polymyxin B sulfate for 24 hours to avoid the
effects of the endotoxin before treatment. All supplies
and reagents for tissue culture were endotoxin-free. Un-
less otherwise stated, all chemicals were from Sigma
Chemical.

Osteoclast Formation and Activity

Bone marrow- and spleen-derived osteoclasts were gen-
erated from 4- to 12-week-old mkp-1* and mkp-1~/~
mice as described previously.?* Bone marrow and
spleen cells were isolated, mechanically dissociated,
and cultured at a density of 1.33 X 10° cells per cm? in
minimal essential medium containing 10% heat-inacti-
vated fetal bovine serum (HyClone, Logan, UT), 100
units/ml penicillin-streptomycin (Gibco Invitrogen, Carls-
bad, CA), 1% minimal essential medium vitamins, 1%
glutamine, and 30 ng/ml macrophage colony-stimulation
factor (M-CSF) (PeproTech, Inc, Rocky Hill, NJ). Medium
was changed every 3 days. The RANKL dose response
was determined by culturing cells in 20 to 100 ng/ml
RANKL in increments of 20 ng/ml. After 6 days of culture,
the cells were fixed and reacted for tartrate-resistant acid
phosphatase according to the supplier’s directions. To
assess the formation of an actin ring, a landmark of
osteoclast activity, cells were cultured in the presence of
M-CSF (20 ng/ml) and RANKL (PreproTech, Inc., 100
ng/ml) on glass slides for 8 days, fixed, and reacted with
phalloidin-Alexa Fluor 568 and Topro-3. To further assess
resorptive activity, cells were cultured on Osteologic
slides that were coated with artificial bone made of cal-
cium phosphate crystals. After 20 days, cells were lysed,
and the calcium phosphate substrate was stained with
silver nitrate according to the supplier’s instructions. The
resorbed areas on slides were recorded by histomor-
phometry. Osteoblast alkaline phosphatase and mineral-
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ized nodule formation assays were performed as we
described previously®® using 4- to 12-week-old mkp-17"*
and mkp-1~'~ mice.

Western Blot Analysis

After 7 days of culture, osteoclasts were serum-starved
for 2 hours and stimulated with the indicated reagents.
The cells were then lysed in Laemmli sample buffer sup-
plemented with protease inhibitors (Complete Tablets,
Roche Molecular Biochemicals, Indianapolis, IN), sodium
fluoride, and a phosphatase inhibitor cocktail Il. The ly-
sates were sonicated and resolved by SDS-polyacryl-
amide gel electrophoresis, transferred to Immobilon-P
membranes, and subjected to immunoblotting using en-
hanced chemiluminescence (Amersham Pharmacia Bio-
technology, Sunnyvale, CA). Blots were quantified using
Imaged software. Numbers represent the average of
three experiments, with values equilibrated against their
corresponding controls.

Flow Cytometry

Cells were stained with the first antibody, incubated for
30 minutes on ice, and washed twice with washing
buffer (5% fetal calf serum/PBS). The secondary anti-
body was added, and the cells were incubated for 30
minutes on ice. After incubation, cells were washed
twice with washing buffer and suspended in washing
buffer for fluorescence-activated cell sorter analysis,
which was performed using a FACSCalibur (BD
Biosciences).

Bone Density and Microarchitecture

Bone density was determined as described previously®®

by peripheral quantitative computed tomography (pQCT)
(XCT Research M, Norland Medical Systems, Fort Atkin-
son, WI) of a virtual 1-mm cross section of the distal femur
0.25 mm proximal to the growth plate. In addition, distal
femurs and calvariae were scanned with a micro-CT
scanner (MicroCT 40, Scanco, Bassersdorf, Switzerland)
with a 2048 X 2048 matrix and isotropic resolution of 9
um?® with 12 um voxel size.

Histomorphometry

Femurs from mkp-1*" and mkp-1~'~ mice were dehy-
drated in a graded ethanol series and embedded without
decalcification in methylmethacrylate, as described pre-
viously.?® Four-micrometer-thick cross sections of the
distal femur 0.25 mm proximal to the growth plate were
stained with Villanueva mineralized bone stain for static
histomorphometric analysis, and 8-um-thick sections
were left unstained for analysis of dynamic parameters.
Histomorphometric analysis was performed using Os-
teomeasure software (Osteometrics, Atlanta, GA). The
following parameters were measured: the relative tissue
surface occupied by bone (%); the number of trabeculae

per mm; the relative surface of bone occupied by trabec-
ulae (%); the distance/separation between trabeculae
(mm); the number of osteoclasts per total bone surface;
the perimeter of osteoclasts per total bone perimeter; the
perimeter of osteoblasts per total bone perimeter; miner-
alizing surface; mineral apposition rate; and bone forma-
tion rate.

Statistical Analysis

Data represent the mean = 1 SD. Treatment groups
were compared using analysis of variance. Pairwise
comparison P values between the treatment groups
were adjusted using Tukey’s multiple comparison pro-
cedure. Statistical significance was declared if two-
sided P value was <0.05. All computations were per-
formed using SPSS.

Results

Lack of MKP-1 Is Associated with a Reduced
Trabecular Bone Density in Female Mice

To assess the role of MKP-1 in the maintenance of bone
mass, we subjected femurs from 8-week-old mkp-1""*
and mkp-1~'~ male and female mice to micro-CT analy-
sis. The femurs revealed little distinguishable differences
between male mkp-1"* compared with mkp-1~/~ mice
(data not shown) and between female mkp-1*"* com-
pared with mkp-7—/~ mice (Figure 1A). Similar results
were also obtained by X-ray analysis (data not shown).
Next, we subjected the distal femurs from 8-week-old
mkp-1""* and mkp-1~'~ male and female mice to pQCT
analysis. Female but not male mkp-7~'~ mice (data not
shown) showed a 19% reduction in trabecular density
and a 15% reduction in trabecular content (Figure 1B).
This observation was confirmed by histomorphometric
analysis, which revealed a decrease in the number and
surface area of trabeculae that was associated with a
concomitant increase in the separation between the
trabeculae of mkp-1-/~ female compared with mkp-1*"*
female mice (Figures 1, C and D; Table 1). We also
observed a trend toward reduced osteoclast number in
mkp-1-'~ mice compared with mkp-1*"* mice (Figure
1E). In contrast, dynamic histomorphometric analysis
of long bones revealed that the bone formation rate
was similar in wild-type and MKP-1-deficient mice
(Table 1), suggesting that osteoblasts are not affected
by the absence of MKP-1. Although MAPKs have
been shown to positively regulate osteoblast and os-
teoclast activities, our results suggest that the effect of
MKP-1 probably occurs in osteoclasts rather than in
osteoblasts.

Reduced Osteoclast Number but Equivalent
Bone Loss after Estrogen-Depletion of
mkp-1~"" Mice

Estrogen has been shown to reduce osteoclast forma-
tion and activation directly via suppression of RANK-
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Figure 1. Female mkp-1~/" mice have less trabecular bone than mkp-717"* mice. Eight-week-old female mkp-1—"" and mkp-1~"""mice were used as a baseline.

Representative distal femurs were scanned using micro-CT (A) and pQCT (B). Scale bar = 1 mm. C: Femurs were embedded in methylmethacrylate, sectioned,
stained with Villanueva mineralized bone stain, and subjected to bone histomorphometric analysis. Scale bar = 1 wm. D: Number of trabeculae per wm?, relative
surface of bone occupied by trabeculae (%), and distance/separation between trabeculae (um). E: Relative osteoclast perimeter versus bone perimeter and
osteoclast number per unit of bone surface (cells/mm?). Data are means = SD; n = 8.

induced signaling in osteoclast precursors.''¢ Estro-
gen depletion induced by ovariectomy is a well
established animal model for postmenopausal osteo-
porosis. Because MKP-1 is a stress-responsive imme-
diate-early gene, we determined whether bone loss
induced by estrogen depletion would be aggravated
in the absence of MKP-1. We subjected 8-week-old

mkp-1*"* and mkp-1~/~ female mice to bilateral ovari-
ectomy and sacrificed them 6 weeks later, at a time
when bone remodeling has reached a new level of
equilibrium, using age-matched mice as controls. We
then analyzed distal femurs by micro-CT, pQCT, and
histomorphometry. Micro-CT analysis suggested that
ovariectomy induced comparable losses in trabecular

Bone formation rate/bone volume
(mm®/mm3/year)

Bone formation rate/bone surface
(mm®/mm?/year)

607.63 * 381.22

25691 = 11.15

530.36 = 433.59

27.05 = 20.18

757.40 * 366.73

33.12 = 18.14

Table 1. Histomorphometric Analysis of Femurs from 8-week-old mkp-17'" and mkp-1~'~ Male and Female Mice
Baseline
Male mkp-1+/* Male mkp-1-/~ Female mkp-1+/* Female mkp-1-/~
Static parameters
Relative tissue surface occupied 12.64 = 4.03 13.63 = 3.80 9.07 = 2.21 6.75 £ 2.23
by bone (%)
Th.Wi (um) 30.54 + 4.31 29.70 + 3.72 27.54 = 4.01 25.50 + 2.58
No. of trabeculae (/mm) 457 +1.16 5.04 = 0.99 3.60 = 0.55 2.88 = 0.70
Distance/separation between 204.92 £ 79.37 176.28 = 46.28 256.60 * 46.94 335.60 = 70.24*
trabeculae (um)
Perimeter of osteoblasts per total 9.06 = 7.69 6.74 = 2.55 13.11 = 3.07 11.96 = 4.74
bone perimeter (%)
Perimeter of osteoclasts per total 4.62 = 1.81 6.65 = 2.06 9.16 = 3.20 6.53 = 1.85
bone perimeter (%)
No. of osteoclasts per total bone 1.87 £0.70 271 +0.84 3.64 = 1.36 2.59 = 0.69
surface (cells/mm?)
Dynamic parameters
Mineral apposition rate (um/day) 1.88 = 0.56 1.95 + 0.60 1.53 = 0.41 1.56 = 0.59

492.38 = 211.50

20.40 = 80.66

Values are mean =+ SD.
*P < 0.05 versus baseline female mkp-1+/*.
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Figure 2. mkp-1~'~ and mkp-1""* mice lose equivalent amounts of bone in response to estrogen depletion. Eight-week-old mkp-1"" and mkp-1*"* mice were
subjected to ovariectomy (OVX), sacrificed 6 weeks later, and compared with age-matched controls. Femurs were analyzed by micro-CT (A) and pQCT (B). Total
density, trabecular bone density, cortical bone density, and cortical thickness are shown: black bar, control; white bar, OVX. Data are means = SD; n = 8.

Notably, despite equivalent loss of trabecular and cor-
tical bone induced by estrogen depletion in mkp-7~'~ mice
compared with mkp-7*"" mice (Figures 2 and 3A), we
found that trabecular bone from mkp-1-—/~ mice con-
tained fewer osteoclasts that covered less bone sur-
face compared with mkp-1*" mice (Figure 3C). Dy-
namic histomorphometric analysis of long bones
revealed that the bone formation rate was similar in
wild-type and MKP-1-deficient mice (Table 2), sug-
gesting that osteoblasts are not affected by the ab-

bone density in mkp-1*"" and mkp-1-'~ mice (Figure
2A). pQCT analysis confirmed that observation and
revealed that mkp-1—/~ mice exhibited a decrease in
cortical bone density and a decrease in cortical thick-
ness, whereas mkp-1*/* mice remained unaffected
(Figure 2B). However, no significant difference was
observed in either cortical bone density or cortical
thickness in mkp-7—'~ mice compared with mkp-1+" mice
after ovariectomy (Figure 2B). Of note, knockout fe-
male mice, which were 6 weeks older than baseline

mice, no longer showed a difference from wild-type
female mice, suggesting the transient nature of the
bone phenotype, which dissipates with aging.

On histomorphometric analysis of the distal femurs,
both mkp-1""" and mkp-1~'~ mice had fewer and
smaller trabeculae associated with an increase in the
separation between trabeculae as a result of ovariec-
tomy. However, there were no differences between
mkp-1""* and mkp-1~'~ mice (Figure 3, A and B; Table 2).

sence of MKP-1. Taken together, these data suggest
that the absence of MKP-1 does not aggravate bone
loss in response to estrogen depletion. However, re-
markably, despite the fact that the extent of bone loss
was comparable between mkp-1** and mkp-1~/~
mice, after estrogen depletion mkp-1~/~ mice achieved this
with fewer osteoclasts. This observation raises the pos-
sibility that osteoclasts from MKP-1-deficient mice may
be hyperactive or osteoblasts may be hypoactive or
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Figure 3. mkp-1~'" mice have fewer osteoclasts than mkp-1""" mice in response to estrogen depletion. A, B and C: Eight-week-old mkp-1~"" and mkp-1"""

mice were subjected to ovariectomy (OVX), sacrificed 6 weeks later, and compared with age-matched controls. Femurs were analyzed by histomorphometry:
Th.N/um?, number of trabeculae per wm? Th.Ar (%), relative surface of bone occupied by trabeculae; Th.Sp (um), distance/separation between trabeculae.
Oc/T.Ar, number of osteoclasts per total bone surface; Oc.Pm./B.Pm (%), relative perimeter occupied by osteoclasts per total bone perimeter. Data are means *
SD; n = 8.
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Histomorphometric Analysis of Distal Femurs from 14-week-old Ovariectomized and Age-Matched Control mkp-1""" and

Control Ovariectomized
mkp-1+"* mkp-1="~ mkp-1+"* mkp-1-"~
Static parameters
Relative tissue surface occupied 3.90 = 1.32 4.31 = 0.96 2.35 = 1.07* 2.27 +0.73"
by bone (%)
Trabecular bone width (um) 23.83 = 2.23 22.72 = 1.71 21.76 = 2.61 21.07 =250
No. of trabeculae (/mm) 1.80 = 0.55 210 = 0.46 1.18 = 0.47* 1.17 = 0.28"
Distance/separation between 569.56 = 152.42 479.41 £ 135.22 937.45 + 326.00* 881.96 + 230.07"
trabeculae (um)
Perimeter of osteoblasts per total 12.62 = 5.25 13.01 £ 6.28 8.57 = 5.71 12.64 = 3.82
bone perimeter (%)
Perimeter of osteoclasts per total 5.65 + 2.60 4.05 = 1.66 7.27 = 3.24 3.51 = 1.45%
bone perimeter (%)
No. of osteoclasts per total bone 223+ 1.04 1.78 £ 0.88 2.70 = 0.88 1.49 + 0.70%
surface (cells/mm?)
Dynamic parameters
Mineral apposition rate (wm/day) 1.02 = 0.61 1.19 =+ 0.63 1.57 = 047 1.36 = 0.76

Bone formation rate/bone volume 457.00 + 230.87
(mm3/mm3/year)
Bone formation rate/bone surface

(mm3/mm?/year)

20.08 = 10.07

494.53 + 344.08

374.67 = 148.15 595.99 * 229.92

19.03 £ 14.32 13.51 = 13.51 20.10 = 8.52

Values are mean =+ SD.

*P < 0.05 versus control mkp-1+/".

P < 0.001 versus control mkp-1-/~.

#P < 0.005 versus ovariectomized mkp-1+/".

both. MKP-1-deficient mice could conceivably contrib-
ute to an equivalent level of bone loss compared with
wild-type mice using fewer osteoclasts.

MKP-1 Negatively Regulates Osteoclast
Differentiation and Activation in Response to
Local Lipopolysaccharide Injection

To determine whether MKP1 modulates osteoclast for-
mation and activity in vivo, we used an efficient and
rapid in vivo bone resorption assay. We injected mice
with LPS in the periosteum of the right calvaria, which
we subjected 5 days later to micro-CT analysis. As
shown in Figure 4, mice deficient in MKP1 demon-
strated extensive bone resorption, which was relatively
discrete in wild-type mice. Indeed, resorption of bone
extended beyond the injected site in MKP1-deficient
mice, suggesting that MKP1 down-regulates oste-
oclast formation and activation. Whether this resorption
was completed by fewer osteoclasts remains an open
question.

MKP-1 Negatively Regulates Osteoclast Activity

To examine first whether MKP-1 affects the number of
osteoclast precursors, we subjected freshly isolated
bone marrow cells to flow cytometric analysis using sur-
face markers expressed by pre-osteoclasts.?® The per-
centage of precursor cells relative to the total number of
bone marrow cells was similar in mkp-7"* and mkp-1='~
mice (Figure 5A). To next determine whether deletion of
MKP-1 results in the hyperactivation of osteoclasts, we
cultured equal numbers of macrophages derived from
spleen cells isolated from mkp-71~/~ and age-matched

7+/+

mkp- mice in the presence of M-CSF (20 ng/ml) and
increasing concentrations of RANKL. As expected,
RANKL induced the differentiation of osteoclasts in a
dose-dependent manner as seen by multinucleation and
positive staining for the osteoclast marker tartrate-resis-
tant acid phosphatase (Figure 4A). Although macro-
phages that lack MKP-1 formed osteoclasts, they were
reduced in number compared with mkp-7** osteoclasts
(Figure 5, A and B). We also found that mkp-7~'~ oste-
oclasts occupied a reduced surface area (Figure 5C) and
were significantly smaller than wild-type osteoclasts.

To actively resorb bone, osteoclasts form an actin
“ring,” which is a complex molecular attachment struc-
ture that seals off an extracellular compartment located
between the cell and its substrate.?” By virtue of being
sealed off, this compartment can reach a low pH, which
allows for the dissolution of hydroxyapatite crystals, and
is rich in lysosomal enzymes that degrade the bone ma-
trix under low pH conditions.?” Therefore, the ring is the
functional signature of active osteoclasts and because of
its rich actin content, it can be visualized using phalloidin
conjugated with a fluorescent marker. To determine
whether MKP-1 plays a role in osteoclast activity, we
cultured spleen-derived macrophages from mkp-1+"*
and mkp-1—'~ mice on glass slides for 8 days in the
presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml)
and assessed ring formation. Whereas both mkp-1*+/*
and mkp-1~/~ osteoclasts formed actin rings in response
to RANKL, osteoclasts as well as their rings were notably
smaller in mkp-1—'~ osteoclasts compared with those in
mkp-17"* osteoclasts (Figure 6A). To determine whether
the actin ring from cells that lack MKP-1 seals off a low pH
compartment, we cultured equal numbers of spleen cell-
derived macrophages from mkp-1** and mkp-1-/~
mice on calcium phosphate-coated chamber slides in the



1570 Carlson et al
AJP October 2009, Vol. 175, No. 4

male

female

0.8 (0.2)
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Figure 4. Absence of MKP-1 dramatically accentuates bone resorption in
response to local injection of LPS. Eight-week-old mkp-17"" and mkp-1"/*
male and female mice were injected with 25 ug of LPS in a 2-ul volume in the
periosteum of the right calvaria. Note the dramatic response of MKP1-
deficient mice to LPS. Numbers represent mean % (+SD) resorbed bone
surface. n = 4.

presence of M-CSF (20 ng/ml) and RANKL (50 ng/ml).
Despite their smaller size and number, mkp-1-/~ oste-
oclasts resorbed more calcium phosphate substrate per
unit of surface area than mkp-1*/* osteoclasts (Figure 6,
B and C). Collectively, these results demonstrate that
MKP-1-deficient osteoclasts are hyperactive, indicating
that MKP-1 negatively regulates osteoclast activity.

MKP-1 Is Essential for RANKL-Induced MAPK
Inactivation in Osteoclasts

The MAPK pathway has been shown previously to play a
critical role in stimulating osteoclast formation and activ-
ity."27'* Therefore, to provide a mechanism for the sup-
pressive effect of MKP-1 on osteoclast activity, we deter-
mined whether MKP-1 participates in the inactivation of
the MAPKs in osteoclasts. We cultured bone marrow-
derived macrophages from mkp-1** and mkp-1~/~
mice in the presence of M-CSF (30 ng/ml) and RANKL
(50 ng/ml) for 7 days. After a 2-hour starvation, oste-
oclasts were stimulated with RANKL (100 ng/ml) for in-
creasing times and subjected to immunoblot analysis
with phospho-specific antibodies directed against p38
MAPK, ERK1/2, and JNK. First, using an antibody di-
rected against MKP-1 we found that RANKL is a rapid
and potent inducer of MKP-1 expression (Figure 6D). On

RANKL stimulation of mkp-1~/" osteoclasts, the kinetics
of ERK activation in the absence of MKP-1 was essen-
tially equivalent to that of mkp-7""" osteoclasts (Figure
6D). In contrast, p38 MAPK displayed an enhanced level
of activation in response to RANKL in mkp-7—/~ oste-
oclasts (Figure 6D). In addition, JNK exhibited both an
enhanced and sustained activation in response to
RANKL. These results suggest that MKP-1 negatively
regulates osteoclast function by inactivation of MAPK-
dependent signaling in vitro.

Osteoblasts Differentiated Independent of
MKP-1

To investigate the potential contribution of osteoblasts
to the bone phenotype of MKP-1-deficient mice, we set
out to culture osteoblasts derived from marrow cells.
Osteoblasts formed colonies, which generated calci-
fied bone in the presence and in the absence of
MKP-1, suggesting a discrete role, if any, for MKP-1 in
osteoblasts (Figure 6E).

Discussion

In this study we demonstrate that MKP-1 plays a role in
the control of adult bone mass via the differentiation and
the activation of osteoclasts. We also report that RANKL
is a potent inducer of MKP-1 expression, which subse-
quently attenuates MAPK activation in osteoclasts. The
net level of protein phosphorylation of signaling mole-
cules is representative of the sum, at any given time, of
the opposing activities of kinases and phosphatases,
which ultimately dictate the biological response. By virtue
of dephosphorylating p38 MAPK and JNK, two molecules
that play key roles in the differentiation and the activation
of osteoclasts, MKP-1 seems to negatively regulate oste-
oclast differentiation and activation. In addition, our find-
ings support the critical role of p38 MAPK and/or JNK in
osteoclast activation. Recent evidence suggests that
MKP-5 also plays a role in osteoclast function. MKP-5 is a
member of the MKP family of dual-specificity phospha-
tases that predominately dephosphorylate JNK. MKP-5
was induced in osteoclasts after stimulation by RANKL.28
RANKL-induced activation of MKP-5 was proposed to
limit JNK activation as a mechanism to protect oste-
oclasts from undergoing apoptosis. It is conceivable that
the relatively mild nature of the bone loss phenotype
observed in female mkp-1~/~ mice could be a result of
other MKPs, such as MKP-5, embracing the role for
MKP-1 in MKP-1-deficient mice. Indeed, the transient
nature of the lower bone mass phenotype observed in
female MKP-1-deficient mice could result from compen-
sation by alternative MKPs. Nevertheless, our results are
generally consistent with MKP-1 playing a major role in
negatively regulating osteoclast activity. In addition to
MKP-1 and MKP-5, the ERK-specific MKP, MKP-3, medi-
ates the development of bone by signaling downstream
of the fibroblast growth factor receptor.® Yet, in a ge-
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Figure 5. Absence of MKP-1 reduces osteoclastogenesis in response to M-CSF and RANKL. A: Bone marrow-derived macrophages from 6-week-old MKP-1-
deficient and wild-type mice were cultured in the presence of M-CSF (30 ng/ml) for 2 days before being subjected to flow cytometric analysis with antibodies
directed against c-fms, Mac-1, and C-kit, as surface markers. Note that the absence of MKP-1 did not affect the number of osteoclast precursor cells. 7 = 3. Bz
Spleen-derived macrophages were cultured for 6 days in the presence of M-CSF (20 ng/ml) and increasing concentrations of RANKL. Scale bar = 100 um. Cells
were stained for the osteoclast marker tartrate-resistant acid phosphates to record their number per well, the surface they occupy, with calculation of average cell

size (C). n = 5. Data are means * SD. *P < 0.05 and **P < 0.01.

nome-wide cDNA microarray analysis of fusing macro-
phages, we found that only MKP-1 is induced (data not
shown). Therefore, despite their overlapping substrate
specificities for the MAPKSs, these observations collec-
tively suggest an important role for each of the MKPs in
bone development and homeostasis.

Given that MKP-1 functions as a stress-responsive
gene we had anticipated that estrogen depletion-in-
duced bone loss would be exacerbated in MKP-1-defi-
cient mice. However, we observed that MKP-1-deficient
mice exhibited similar levels of bone loss compared with
wild-type mice after estrogen depletion. Yet, MKP-1-de-
ficient mice had fewer osteoclasts. Because this experi-
ment included control rather than sham-operated ani-
mals, it is possible that cortisol released in response to
the stress induced by surgery prevented a stronger os-
teoclast response in MKP1-deficient mice.*° These re-
sults suggested, however, that MKP-1-deficient mice had
osteoclasts that were hyperactive and hence were capa-
ble of resorbing equal quantities of bone compared with
wild-type mice. We confirmed these results by inducing
rapid formation and activation of osteoclasts in calvariae.

We also confirmed these results in cultured osteoclasts
derived from MKP-1-deficient mice. Hence, it seems that
MKP-1 regulation of the MAPKs not only controls oste-
oclast activity but also seems to play an important role in
promoting the expansion of the osteoclast population
itself. The question as to why only female mice show a
discrete bone phenotype, which dissipates with age, re-
mains open. We, and others, have reported similar gen-
der differences in knockout mice.?*

Although the MAPK pathway has been shown to
stimulate both osteoclast and osteoblast differentia-
tion, the lower bone mass phenotype observed in MKP-
1-deficient young female mice was indicative of a pre-
dominant dysregulation in osteoclasts rather than in
osteoblasts. Typically, the more osteoclasts, the more
osteoblasts there are, accompanied by an increase in
the turnover of bone. Here, perhaps because of the
hyperactivated state of osteoclasts, osteoblast activity
does not seem to be sufficiently enhanced in vivo be-
cause the rate of bone formation remains similar to that
of wild-type mice in response to estrogen depletion.
This observation suggested that perhaps the number
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Figure 6. Enhanced osteoclast but not osteoblast activity in MKP-1-deficient mice. A: Spleen-derived macrophages were cultured in the presence of M-CSF (20
ng/ml) and RANKL (100 ng/mbD) for 8 days and then were fixed and reacted with phalloidin-Alexa Fluor 568 and Topro-3. Arrows point out the extent of osteoclast
plasma membrane. Scale bar = 20 um. B and C: Spleen-derived macrophages were cultured in the presence of M-CSF (20 ng/ml) and RANKL (100 ng/ml for
20 days on a calcium phosphate substrate. Osteoclast activity was assessed by recording the calcium phosphate surface area dissolved (B) and the number of
resorbed areas (C) per well. Results are representative of three independent experiments. Data are means = SD; 7 = 3. D: Bone marrow-derived macrophages
isolated from mkp-1*"* and mkp-1~/" mice were cultured for 7 days in the presence of M-CSF (20 ng/mD and RANKL (100 ng/ml). Cells were then serum-starved
for 2 hours and activated with 100 ng/ml RANKL for the indicated times. Cell lysates were resolved and subjected to Western blotting with the indicated antibodies.
Blots are representative of four separate experiments with similar results (see Table 3 for quantification). E: Bone marrow derived pre-osteoblasts were cultured
for 7 days and then reacted for alkaline phosphate or cultured for an additional 7 days in the presence of B-glycerophosphate and stained with Alizarine red S

or von Kossa stain.

rather than the activity of individual osteoclasts dic-
tates the bone formation response.

Although p38 MAPK is currently being considered as a
potential therapeutic target for inflammation-mediated

bone loss (reviewed in Ref. 3'), our data suggest that
activating MKP-1 rather than inhibiting p38 MAPK might
offer a novel therapeutic avenue to control bone mass,
whether general or local.

Table 3. Quantification of the Western Blot Data Illustrated in Figure 6D
mkp-1+/+ mkp-1-'~

0 min 5 min 15 min 30 min 60 min 120 min 0 min 5 min 15 min 30 min 60 min 120 min
MKP1 0(0) 0(0) 1232(79) 1581 (129) 2123(129) 2644 (139)  0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
P-p38  0(0) 0(0) 0(0) 0(0) 213(26)  162(25) 181(26) 168 (28) 567 (68) 567 (56) 279 (66) 0(0)
P-ERK  0(0) 207(34) 638(27) 638(61) 156 (15) 0(0)" 176(33) 502(55) 518(47) 186(25)  0(0) 0(0)
P-UNK  0(0) 0(0) 0(0) 0(0) 0(0) 252 (38) 0(0) 0(0) 100(13) 796(88) 906 (88) 1370 (145)
IkBa 584 (55) 820(90) 376(56) 376(29)  601(29) 701 (5) 974 (111) 891(89) 496 (61) 584 (63) 864 (79) 864 (91)

Numbers represent arbitrary units (SD). n = 4.

IkBa, inhibitor of nuclear factor-«B.
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