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Abstract

Maintenance of optimal bone mass is controlled through the concerted functions of several cell
types, including bone resorbing osteoclasts. Osteoclasts function to remove calcified tissue during
developmental bone modeling, and degrade bone at sites of damage during bone remodeling.
Changes to bone homeostasis can arise with alterations in osteoclastogenesis and/or catabolic
activity that are not offset by anabolic activity; thus, factors that regulate osteoclastogenesis and
bone resorption are of interest to further our understanding of basic bone biology, and as potential
targets for therapeutic intervention. Several key cytokines, including Rankl and M-csf, as well as
co-stimulatory factors elicit kinase signaling cascades that promote osteoclastogenesis. These
kinase cascades are offset by the action of protein phosphatases, including members of the serine/
threonine phosphatase family. Here we review the functions of serine/threonine phosphatases and
their control of osteoclast differentiation and function, while highlighting deficiencies in our
understanding of this understudied class of proteins within the field.
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Osteoclasts and Bone Remodeling

Osteoclasts play a major role in the bone remodeling cycle, being responsible for the
destruction of old and damaged bone (1). Osteoclasts are multinucleated cells derived from
monocyte/macrophage lineage precursors (1). Two cytokines are integral for the maturation
of precursors to bone resorbing osteoclasts: receptor activator of nuclear factor-xB (NF-xB)
ligand (RANKL, Tnfsf, Trance, Opgl) (1,2) and macrophage colony-stimulating factor (M-
CSF or Csf1) (1,3). Produced mainly by mesenchymal-lineage cells such as osteoblasts and
osteocytes (1,4), RANKL and M-CSF (1,2) contribute to the proliferation, survival and

"to whom correspondence should be addressed: Elizabeth W. Bradley, 2-212 McGuire Translational Research Facility, 2001 6t Street
SE, Minneapolis, MN, 55455, (612) 301-2810, ebradlel@umn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karkache et al.

Page 2

differentiation of osteoclast precursors and promote cytoskeletal rearrangement required for
proper bone resorption (1,3). Differentiation occurs when RANKL binds to its cognate
receptor RANK and M-CSF binds to colony-stimulating factor 1 receptor (c-fms), eliciting
kinase-mediated signaling pathways that initiate the process (5). Osteoprotegerin (OPG) acts
as an inhibitor of RANKL (1,2), which can be enhanced by pro-inflammatory cytokines and
prostaglandins that simultaneously suppress OPG activity, resulting in a net gain of
osteoclast activity (1). Maintenance of optimal bone mass requires tight regulation of kinase
cascades, with dysregulation contributing to tissue dysfunction.

A wide array of kinase-dependent signaling pathways orchestrate osteoclast function (Figure
1), including those initiated following RANKL ligation to RANK. Signaling elicited by
RANKUL during osteoclastogenesis ultimately induces gene expression mediated by c-fos
and nuclear factor-activated T cells c1 (NFATc1)-dependent transcription (6), but the impact
of RANK activation first requires kinases activity. RANK signaling is facilitated via its
association with tumor necrosis factor receptor (TNRF)-associated factor (TRAF) adaptor
proteins, including TRAFs 1, 2, 3, 5 and 6. TRAF6 aids in activation of the kinase
transforming growth factor g (Tgfp)-activated kinase 1 (TAK1) via TAK binding protein 2
(TAB2) (7). This in turn activates downstream mitogen-activated protein kinases (MAPKS),
such as p38 MAPK and JNK (Figure 1). Both canonical RelA/p50 and alternate RelB/p55
NF-xB signaling pathways are activated downstream of RANK via TRAF6 and TRAF2/5,
respectively (4,6). TRAF6 activates the canonical pathway via TAK1-dependent
phosphorylation of kB kinase (IKK), leading to phosphorylation and degradation of
inhibitory xB (IxB). Loss of 1xB frees NF-xB and allows its translocation to the nucleus
(8,9). In addition, TRAF6 recruits and induces activity of the receptor tyrosine kinase Proto-
oncogene tyrosine-protein kinase (c-Src) via integrin ayps, leading to cytoskeletal
reorganization, required for osteoclast-mediated bone resorption (4,10), as well as
downstream activation of phosphoinositide 3-kinase (P13K), and protein kinase B (Akt) (11).
Activation of PI3K/Akt signaling downstream of RANKL induces expression of NFATc1 to
facilitate osteoclast differentiation and promotes osteoclast migration (12,13). Thus, these
kinase-mediated pathways are critical for RANKL-dependent osteoclast formation and
function.

M-CSF-dependent signaling induced by ligand binding to c-fms is required for the definitive
formation of osteoclasts and promotes their function and survival (Figure 1). This is
highlighted by the op/op mouse phenotype, resulting from a point mutation within the Cs71
gene and production of non-functional M-CSF; these mice are characterized by lack of
osteoclasts and severe osteopetrosis (14-16). PI3K, c-Src and growth factor receptor-bound
protein 2/son of sevenless (Grb2/Sos) all associate with c-fms following receptor
dimerization and autophosphorylation induced by M-CSF binding (17). Induction of PI3K
activity plays a central role in osteoclast cytoskeletal organization and ruffled membrane
formation (18), and c-Src activation plays a role in the regulation of resorptive organelles,
such as the ruffled membrane (2). Akt, a downstream target of PI3K, mediates RANKL
and/or M-CSF-stimulated proliferation and survival of osteoclast lineage cells (18).
Association of the Grb2/Sos complex to c-fms results in a Ras-mediated MAPK signaling
cascade ending in the phosphorylation and activation of extracellular signal-regulated kinase
(ERK1/2), leading to osteoclast proliferation and survival (4,9).
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While RANKL and M-CSF are sufficient to induce osteoclastogenesis, several co-
stimulatory pathways help to promote osteoclast differentiation and bone remodeling. These
include the immunoreceptor tyrosine-based activation motif (ITAM) costimulatory
molecules Dap12, FcyR, and Oscar, which promote calcium-mediated activation of NFATc1
and greater osteoclast activity (Figure 1) (19). DNAX activating protein of 12 kDa (Dap12,
also called Karap or Tyrobp) associates with triggering receptors expressed by myeloid cells
(TREM)2 and contains a tyrosine-based motif that acts as a docking site for Syk and Zap70
tyrosine kinases. This promotes the recruitment and activation of P13K, phospholipase Cy
(PLCy)1, and ERK1/2 pathways, resulting in the differentiation of osteoclast precursors,
namely the fusion of macrophages into multinucleated giant cells (20,21). Fcy receptor
(FcyR) is constitutively expressed by monocytes, macrophages, and myeloid progenitor
cells (22). Like Dap12, the FcyR chain contains ITAMs that serve as a docking site for Syk
family kinases and Zap70 that recruit PLCy1 to activate NFATc1 (22). The y-chain of FcyR
facilitates signaling and transport of IgG Fc receptors to the cell surface, though knowledge
of the role of the latter in osteoclast activity is incomplete (19). Mice with severe
osteopetrosis demonstrate the critical role of FcRy and Dap12 during osteoclast activation
when both factors are lacking (19). The phenotype is less pronounced in mice lacking only
Dapl2, whereas FcR-y-deficient mice show no disease phenotype, suggesting that FCRy
plays an important role in osteoclastogenesis in conjunction with Dap12 (19). Osteoclast-
associated receptor (Oscar) is an 1gG-like receptor upregulated in the presence of FcyR and
acts as a costimulatory factor with a role in osteoclast differentiation (23). Association of
Oscar with FcyR enhances activation of NFATc1 (23). While FcyR deficiency does not
affect osteoclast development on its own, blocking Oscar activity inhibits osteoclastogenesis
in vitro, suggesting that Oscar activated FCRy-mediated signal transduction may not be
essential for osteoclast development, but may be involved in an alternative signaling
pathway for osteoclast differentiation (23). Taken together, the activation of Trem2 and
Oscar by the binding of (as of yet) unknown ligands allows for the tyrosine phosphorylation
of Dap12 and FcRry, leading to the recruitment of kinases Syk and Zap70, which in turn
activate PLCy and calcium oscillations which activate NFATc1, with osteoclast
differentiation as the concluding event (24).

Other cytokines can influence the differentiation and activity of osteoclasts. The T-cell
cytokines interferon (Ifn) -y and interleukins (IL) 4 and 10 are known suppressors of
osteoclast formation and all involve protein kinases within their signal cascades (1,18).
Several studies identify many other factors involved in osteoclast differentiation and function
including a variety of ILs, granulocyte macrophage colony-stimulating factor (GM-CSF),
IFNB, stromal cell-derived factor 1 (Sdf-1), monocyte chemoattractant protein 1 (Mcp-1),
transforming growth factor  (Tgfp), a range of Toll-like receptor ligands, Wnt ligands, and
semaphorins (1,25,26). IL-1, like M-CSF and RANKL, has been shown to play a role in
stimulating bone resorption (1,3). IL-1 activates NF-xB signaling and the JNK and p38
MAPK kinase pathways which induce the expression of canonical IL-1 target genes by
transcriptional and posttranscriptional mechanisms (27). This is just a fraction of the
complexity that can be found within the signaling pathways of bone remodeling and
osteoclastogenesis, complexity that is deepened further by the involvement of protein serine/
threonine phosphatases.
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Serine/Threonine Protein Phosphatases

Activation of key kinase-activated signal transduction pathways facilitates osteoclast
differentiation and their bone resorbing activity; in turn, these pathways must also be
dampened by dephosphorylation of protein substrates. This action is performed by protein
phosphatases. Whereas hundreds of protein kinases have been identified, only a handful of
protein phosphatases are known (28). Though few in number, protein phosphatases are
implicated in a plethora of cellular functions, including those involved in bone resorption.
Protein phosphatases dephosphorylate amino acid residues via nucleophilic attack by a
metal-activated water molecule, resulting in the hydrolysis of the substrate phosphate group
(29). Water is split in the reaction, producing a phosphate ion and a protonated hydroxyl
group on the amino acid residue (29). The activity of protein phosphatases are specified by
regulatory subunits, interacting factors, and inhibitors. Protein phosphatases are classified by
the kind of substrates to which they bind. These include protein serine/threonine
phosphatases (PSPs), which are split into three major families: phosphoprotein phosphatases
(PPPs), metal-dependent protein phosphatases (PPMs), and TFIIF-associating component of
RNA polymerase 11 CTD phosphatase/ small CTD phosphatase (FCP/SCP) (Figure 2).

Phosphoprotein Phosphatases

Phosphoprotein Phosphatases (PPPs) are the largest family of serine/threonine phosphatases.
Within this family, each PPP is distinguished by highly conserved regulatory subunits that
are unique to each type (Figure 2A). PPP binding is mediated by sequences called short
linear motifs (SLiMs) that reside in regions devoid of secondary structure within regulatory
subunits (30). SLiMs are unique to a single PPP, universal across species, degenerate in their
amino acid sequence to allow for variations in affinities among regulatory subunits, and
flexible such that use of different SLiMs would allow for more than one regulator to be
accommodated on any one catalytic subunit (30). SLiMs for PPP members PP1 (KIQF and
RVxF), PP2 (LSPIXE), and PP3 (LxVP) are known, but those for other PPPs are as of yet
undiscovered or their method of recognizing other subunits is not understood (30). Notable
members of the PPPs include PP1, PP2, Calcineurin, PP4, PP5, PP6, and PP7. The wide
structural and functional variety of PPPs lends them well to an array of cellular activities and
processes, including osteoclastogenesis and bone resorption.

Protein Phosphatase 1

Protein Phosphatase 1 (PP1) is a multi-protein complex composed of three catalytic
subunits, PP1a, PP1p and PP1+y, and associated regulatory subunits (31). PP1 (PP1a, ppplc)
is universally expressed in eukaryotes and plays a role in numerous cellular processes such
as meiosis, cell division, apoptosis, protein synthesis, metabolism, cytoskeletal
reorganization and the regulation of membrane receptors and channels (32). The diverse
functions of PP1 are made possible through use of varied regulatory subunits (32). PP1
enzymatic activity is inhibited by inhibitor-1, inhibitor-2, okadaic acid, microcystin, and
tautomycetin (32,33). PP1 dephosphorylates a wide variety of substrates including Glycogen
synthase (34), Glycogen phosphorylase (34), Calmodulin dependent protein kinase 11 (35),
Perl/2 (36), Cenep (37), Atg16l1 (38) and FOXP3 (39). In osteoclasts, PP1
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dephosphorylates the inhibitory Ser595 residue of Raf kinases, thereby promoting
downstream MAPK signaling (Figure 1) (40,41).

While the role of PP1 isoforms within the osteoclast lineage is understudied, PP1 mutations
resulting in human disease may provide a rationale for future study. Mutations of PPP1CB
results in Noonan syndrome-like disorder with loose anagen hair 2 that is characterized by
delayed bone age (Table 1) (42). Additionally, infiltrating T cells within the synovium of
rheumatoid arthritis patients exhibit enhanced PP1 expression (39); thus, future assessment
of functions PP1 within skeletal lineage cells may lead to impactful therapeutic treatments.

Protein Phosphatase 2

Protein Phosphatase 2 (PP2, PP2a, ppp2ca, Nedlba, Rp-c) plays a role in development, cell
mobility, proliferation, apoptosis, cytoskeletal dynamics, cell cycle control, and the
regulation of several cell signaling pathways (28). PP2 is a heterotrimeric holoenzyme. It
forms when a heterodimeric core enzyme, composed of a catalytic and scaffolding subunit,
associate with a variable regulatory subunit (33). Regulatory subunits of PP2 are made up of
4 families: B through B’” all of which bind directly to the catalytic subunit (except B™”),
each with two to five isoforms (28). This, in addition to the a/p isoforms of the scaffolding
and catalytic subunits, allows PP2 to act on substrates with precise specificity (28). Like
PP1, PP2 is inhibited by okadaic acid and microcystin and is also inhibited by fostriecin
(28). Notable substrates of PP2 include kinase suppressor of Ras (KSR), p21 activated
kinase (PAK1) (43), Raf (44), mitogen-activated protein kinase kinase kinase 3 (MEKK3)
(45), and RANKL pathway associated factors Calcium-calmodulin kinase 1V (CaMKIV)
(46), p38 MAPK(47), ERK1/2 (48), Pim-1(49), and Akt (50) among others.

PP2 also functions as a tumor suppressor (51-55) and its loss within hematopoietic stem
cells (HSCs) of lymphoid cancers results in enhanced cell survival and proliferation (56-59),
but little is known about how PP2 functions within non-transformed HSCs. One study
demonstrated that PP2 dampens chemoattraction and migration of hematopoietic progenitor
cells elicited by stromal cell derived factor 1 (Sdf1/Cxcl12) by limiting phosphorylation of
Akt/PKB and Gsk3p (60).

Published studies document the role of PP2ca in bone homeostasis. Data obtained from high
throughput sequencing of primary murine osteoclasts shows that the alpha catalytic subunit
for PP2 is highly expressed as compared to other PSPs and their respective subunits (Figure
2C). PP2aa. controls expression of RANKL and OPG by osteoblasts, and therefore
indirectly modulates osteoclastogenesis (61). Wang et al. showed that PP2a inhibition via
okadaic acid decreases osteoclastogenesis and bone destruction in a titanium particle-
induced osteolysis model. Moreover, knockdown of PP2ca within RAW246.7
osteoclastogenesis assays suppresses activation of NF-xB and JNK and diminishes pit
formation (62). These results suggest that PP2 is needed for optimal osteoclast activity,
especially in the context of wear particle induced bone loss, but further study is needed to
definitively assess the functions of PP2 within osteoclasts and bone homeostasis.

There are several clinical cases of PP2 regulatory subunit mutations in humans that result in
an array of abnormal skeletal phenotypes, most notably skeletal overgrowth and craniofacial
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abnormalities (Table 1) (63,64). Several missense mutations of PPP2R5D result in various
phenotypes, namely: hip dysplasia, scoliosis, finger syndactyly, and palate narrowing (63).
Missense mutation of PPP2R1A resulted in similar phenotypes (63); thus, the skeletal
manifestations imparted by mutations to PP2 regulatory subunits points to potential crucial
roles for PP2 isoforms within skeletal lineage cells.

Calcineurin/Protein Phosphatase 3

Calcineurin (PP3, PP2b, Caln, lecee) is the only PPP responsive to calcium ions in most
tissues (65). It plays a role in calcium-dependent biological processes, including
neurodevelopment, memory, immune response, cardiac hypertrophy, signal transduction, and
muscle development (28,66). In terms of osteoclast activity, Calcineurin dephosphorylates
NFATc1, the master osteoclastogenesis transcription factor, allowing its translocation to the
nucleus (8,67) (Figure 1). Calcineurin consists of the catalytic subunit Calcineurin A (CNA)
and the regulatory subunit Calcineurin B (CNB) (28). CNA contains an N-terminal
phosphatase domain, CNB-binding helical domain (BBH), calcium-calmodulin (Ca2*-
CaM)-binding matif, and an autoinhibitory element (Figure 2A) (28). CNA gains its activity
when bound by Ca?*-CaM, displacing the autoinhibitory element (28,68), while CNB
contains two Ca2*-binding domains for calcium mediated activity (28). Other than
autoinhibition, small molecules exist that also inhibit Calcineurin. Cyclosporine A and
FK506 (also known as tacrolimus) inhibit Calcineurin phosphatase activity by binding
directly to CNA (69). Zinc similarly inhibits Calcineurin activity within the RANKL-
induced NFATc1 pathway (8).

While the Calcineurin-dependent regulation of NFAT family transcription factors was
originally described in T cells, emerging evidence demonstrates that this phosphatase also
controls the fate of myeloid lineage cells. Calcineurin activity helps dictate the fate of HSCs
from mesoderm progenitors during early embryonic development by facilitating Ca?*
signaling downstream of inositol 1,4,5-trisphosphate receptors (70). This is further refined
by studies demonstrating that inhibition of Calcineurin diminished proliferation of CD34+
hematopoietic progenitor cells (71). Disruption of the NFAT/Calcineurin complex led to
selective preferential expansion of myeloid progenitors (CD11B™ cells) and myeloid lineage
cells (granulocyte, monocyte and dendritic cells) (72). Though Calcineurin-mediated NFAT
activation directs CD33+ progenitor cells towards the dendritic cell lineage (73), inhibition
of Calcineurin enhanced granulopoiesis (74), decreased lineage specification of progenitors
into granulocyte subtypes (75) and negatively influenced the activation of mast cells through
Stem cell factor (SCF)-mediated signaling cascade (76,77). Collectively, these studies
demonstrate that NFAT/Calcineurin signaling represses myelopoiesis and may therefore
limit the pool of osteoclast progenitors.

Numerous studies demonstrate the importance of Calcineurin as a positive regulator of
osteoclast differentiation and activity. Several Calcineurin isoforms, including Aalpha,
Abeta, Agamma and B1, are expressed by RAW246.7 throughout differentiation in vitro
(78,79) and by primary mouse osteoclasts (Figure 2C). As stated previously, Calcineurin
promotes osteoclastogenesis via its ability to dephosphorylate and promote the nuclear
translocation of NFATc1 (67). To support this notion, overexpression of Calcineurin induces
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osteoclast differentiation and activity of ex vivo cultured primary osteoclast progenitors (79—
81), which is blunted by co-expression of dominant negative NFATc1 (79). These data are
further supported by observations that Calcineurin inhibitors cyclosporine and FK506, as
well as expression of a Calcineurin inhibitory peptide, limit osteoclast differentiation
(78,79). Moreover, expression of a constitutively active, Calcineurin-insensitive, NFATc1
construct induced osteoclast differentiation of RAW?246.7 cells in the absence of RANKL
(78). Calcineurin may also promote osteoclast differentiation and activity via its ability to
control mMTORC activity (82,83). Bone mass is similarly impacted by Calcineurin genetic
deficiency, with CNAa germline null mice exhibiting decreased bone mass and elevated
levels of TRAP+ multinucleated cells in vivo and enhanced ex vivo osteoclastogenesis (79).
In addition, Calcineurin inhibitors cyclosporine A and FK506 induce bone loss in rodents
(84) and osteoporosis in humans (85), but the cellular responses for this bone loss are
unclear. Osteoclast-specific NFATc1 activity regulates bone mass (86), but while conditional
deletion of Calcineurin in osteoblasts diminishes bone mass (86), the requirement of
Calcineurin within osteoclasts has not been established. In humans, mutation of the
Calcineurin auto-inhibitory domain results in arthrogryposis, cleft palate, craniosynostosis,
short stature, and impaired intellectual development (Table 1) (87).

Protein Phosphatases 4, 5 and 6

Protein Phosphatase 4 (PP4, PP4c, ppp4c, Ppx, Pph3) and PP6 (ppp6c) are essential PPPs
structurally similar to PP2 (Figure 2A, B) and are involved in similar processes, but function
independently (28,88). The PP4 catalytic subunit associates with its own regulatory subunits,
R1 and R2, to form distinct complexes (28,88), while PP6 forms a holoenzyme in a similar
fashion to PP2 (28,89). Like PP2, PP4 and 6 are inhibited by okadaic acid, microcystin and
fostriecin (33). PP6 downregulates TAK1 activation, an essential kinase for osteoclast
differentiation (90,91). PP6 is expressed by murine osteoclasts (Figure 2C), but despite this,
no studies have investigated the potential importance of PP6 within osteoclasts. Similarly, no
studies seem to have focused on any potential effects of PP4 on osteoclast differentiation or
activity despite its relatively high expression by ex vivo generated osteoclasts (Figure 2C).

Protein Phosphatase 5 (PP5, Ppp5c, Ppt) is unique in that it is encoded by a single gene and
is not known to form complexes with regulatory subunits (28). While ubiquitously expressed
in all tissues including osteoclasts (Figure 2C), it is highly expressed in the brain (28). It has
roles in the regulation of cell proliferation, differentiation, migration, survival, death, DNA
repair (28,92), and plays a significant role in hormone and stress-induced signaling (28,93).
PP5 is auto-inhibited via interactions with tetratricopeptide repeats and a C-terminal helix
alpha J region (Figure 2A) (28). These interactions are interrupted by heat shock protein
(Hsp) 90 and fatty acids, releasing inhibition (28). Germline deletion of PP5 in mice results
in reduced body weight and femur length (94). Bone mineral density, trabecular bone
volume, and cortical thickness are negatively impacted as well (94). While much of this
phenotype may be attributed to expression of PP5 by chondrocytes, the possible
contributions of osteoclast function to this endochondral ossification defect have not been
studied to date.
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Protein Phosphatase 7

Protein Phosphatase 7 (PP7, At5g63870, Atpp7, Mgil19.12, Mgil19_12) has no known
substrates, but is thought to play a role in sensory neuron function and/or development (95).
Like Calcineurin, PP7 interacts with Ca2*-CaM via binding motif, but in an inhibitory
fashion (28,96). PP7 also has EF-hand-like sequences that confer Ca2* sensitivity (Figure
2A) (28,97). PP7 is autoinhibited by insertions within the core domain (Figure 2A), and
excision of the insertions restores activity (28,96). The role PP7 plays within its associated
tissues is not clearly understood, but it is thought that it regulates the dephosphorylation of
G-protein-coupled receptors (33). PP7 is present only in the brain and retina (98), and RNA-
seq data from primary murine osteoclasts would suggest that PP7 is not expressed by
osteoclasts (Figure 2C). Because of the lack of expression, PP7 may not directly govern the
generation and/or functions of osteoclasts.

Metal-dependent protein phosphatases

Metal-dependent protein phosphatases (PPMs) depend on manganese (Mn2*) or magnesium
(Mg?2*) ions for their activity, acting as the catalyst for dephosphorylation via activation of a
water molecule (28). PPMs do not have associated regulatory subunits, but rather employ
conserved domains and additional sequence motifs to act with specificity (28). Notable
members are PP2c, pyruvate dehydrogenase phosphatase (Pdp), and the PH domain leucine
rich repeat protein phosphatases (Phlpp). Like PPPs, some PPMs also play a part in
osteoclastogenesis and bone resorption.

Protein Phosphatase 2C

Protein Phosphatase 2C (PP2C) is a very diverse class of PPM with over 20 known isoforms
(28,97). Its primary role is in stress-signaling regulation, but it is also involved in several
cellular functions including growth, differentiation, metabolism, survival, and apoptosis
(28,99). Three additional a helices unique to PP2C associate with the core domain on the C-
terminal side and are thought to contribute to substrate specificity or regulation (Figure 2A)
(28). PP2Cs are resistant to all known PSP inhibitors, though initial studies identified
putative candidates within the within National Cancer Institute Diversity Set (100).
Detectable levels of all three PP2C isozymes, Ppm1la, Ppm1b and Ppmlg, are produced by
primary mouse osteoclasts (Figure 2C), highlighting their potential role in bone resorption.

The PP2C family member Ppm1d (Iddgip, Jdvs, Pp2c-Delta, Wip1) is induced by p53 (56)
and positively influences development of HSCs (56,101). This is supported by studies
demonstrating that germline deletion of Ppm1d causes an HSC aging phenotype
characterized by progressive declines in HSC numbers, reduced colony formation and self-
renewal, reduced B and T lineage cells, expansion of myeloid progenitors, as well as a lack
of bone marrow reconstitution capability (56). These effects may be due to the ability of
Ppm1d to dephosphorylate and inactivate p38 MAPK and dampen mTOR activity (Figure 1)
(102). Moreover, Ppm1d mutations occur with age and can lead to selective clonal expansion
of HSCs conferring resistance to chemotherapy in hematological cancer patients (103).
Similarly, germline deletion of mitochondrial localized PP2C phosphatase PpmZ1k (Bdp,
Msudmv, Pp2ckappa, Pp2cm, Ptmp, Ug0882e07) results in gradual decreases in HSC
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numbers concomitant with enhanced granulocyte-monocyte progenitors (GMPs) and
modulates glycolysis, self-renewal and quiescence of HSCs (104); thus, Ppm1d and Ppm1k
are critical regulators of HSC maintenance, but the impact of their deficiency on bone mass
and osteoclastogenesis is unknown.

Ppm1la has a documented function within osteoclast lineage cells. Mice deficient in Ppm1la
within myeloid lineage cells exhibit decreased bone mass and enhanced osteoclast numbers
(105). Mechanistically, this was attributed to induction of RANK expression via elevated
p38 MAPK activity (105). Ppm1a also dephosphorylates and inactivates Smad2/3
downstream of Tgff-induced signaling (106), implicating a function for Ppm1a in control of
coupling bone resorption to bone formation (107). PpmZ1a dampens bone morphogenic
protein (BMP) signaling via dephosphorylation of Smad1 (108); thus, Ppmla may also
regulate osteoclastogenesis in this manner.

Mutation to several PPM genes induces skeletal phenotypes in humans. Deletion of the
genomic region containing PPM1B results in facial dysmorphism (109), whereas truncating
mutations to PPM1D result in Jansen de Vries syndrome characterized by facial
abnormalities as well as small hands and feet (Table 1) (110); thus, further study of Ppm
isoforms within skeletal lineage cells is warranted.

Pyruvate Dehydrogenase Phosphatase

Pyruvate Dehydrogenase Phosphatase (Pdp, Pdpl, Pdh, Pdpc, Ppm2c, Ppm2a) along with
pyruvate dehydrogenase kinase (Pdk) and pyruvate dehydrogenase, form the pyruvate
dehydrogenase complex (PDC) (Pelley 2006). The activity of Pdp is cyclical with Pdk; Pdk
inhibits pyruvate dehydrogenase while PDC activates it (Pelley 2006). Pdp is stimulated by
calcium ions and insulin and is inhibited by ATP, NADH and acetyl-CoA, which also
activate Pdk (111). In addition to the conserved phosphatase domain, the first 70 N-terminal
amino acids form a mitochondrial targeting region, where pyruvate dehydrogenase is
localized (Figure 2A) (112). Although there are no described roles for Pdp in regulating
osteoclast function, Pdp subunits are expressed by osteoclasts (Figure 2C) and by virtue of
the ability to regulate cellular metabolism, PDP may likewise control osteoclast glycolytic
activity.

PH Domain and Leucine Rich Protein Phosphatases

PH Domain and Leucine Rich Protein Phosphatases (PHLPP) is a relatively recent entry into
the PPM family with two distinct isozymes: Phlppl (Plekhel, Scop, Ppm3a) and Phlpp2
(Phlppl, Ppm3b) (113-115). Both isozymes are composed of an N-terminal Ras association
(RA) domain, a pleckstrin homology (PH) domain, a leucine rich repeat (LRR) region, a
conserved PP2C phosphatase domain and a PDZ binding motif (113-115). The major
difference between the two is a large N-terminal extension that is present in Phlpp1 but not
in Phlpp2 (Figure 2A) (113-115). Phlpp is mainly involved in tumor suppression, apoptosis,
histone regulation, and bone development (113-115). Substrates of Phlpp enzymes include:
Akt, Rafl, Mstl, p70 S6K, as well as typical and atypical PKC isoforms (113). Amongst the
of Akt isoforms, Phlppl primarily targets Ser474 Akt2 and Ser 472 Akt3, while Phlpp2 acts
upon Ser473 Aktl and Ser 472 Akt3 (113). Phlpp phosphatases also target threonine 387 of
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Mstl (116). Phlpp gene expression is inhibited by histone deacetylase 3 (Hdac3) (117),
translation is controlled by mTORC1, and the protein itself is inhibited via degradation by -
TrCP ubiquitination (114,115,118). Studies have shown that ubiquitination of Phlpp can be
counteracted by ubiquitin specific peptidases 1, 12, and 46, preserving its stability
(114,115).

Phlppl regulates a number of pathways that are involved with bone cell function. Ex vivo
generated osteoclasts express both Phlppl and Phlpp2 transcripts (Figure 2C). Phlppl
germline deficient mice display reduced snout-to-tail and tibia length as well as decreased
bone mineral density and trabecular number (119). Conversely, conditional deletion of
Phlppl within Ctskexpressing cells suppress osteoclast activity and enhances bone formation
(120), but the utility of this model is questionable given the non-specific expression of Ctsk-
Cre within osteoclasts and skeletal cells of mesenchymal origin (121-124). Future studies
are required to definitively assess the functions of Phlppl, as well as Phlpp2, within myeloid
lineage cells and osteoclasts.

TFIIF-associating component of RNA polymerase Il CTD Phosphatase/

small CTD phosphatase

The TFIIF-associating component of RNA polymerase 11 CTD Phosphatase/ small CTD
phosphatase (FCP/SCP) class of PSPs use an aspartate based mechanism of catalysis, unlike
the metal ion based mechanisms of PPPs and PPMs (33), and have only one major substrate:
the carboxy-terminal domain (CTD) of RNA Polymerase Il (28). There are eight known
members, with Fcpl (Fep, Fepl, Fepx, Hbfqtl3, Ctdpl) and Scpl (Sycpl, Ct8, Hom-tes-14,
Ctsdpl) being major players (28). The conserved structural core of FCP/SCPs is the FCP
homology (FCPH) domain (28,125). Within the domain are insertion domains thought to
contribute to catalysis (28). In Fcpl, there is a BRCA1 C-terminal domain like (BRCT)
domain that is C-terminal to the FCPH domain (126) and further down is a TFIIF interacting
helix (Figure 2A) (125). Some members of FCP/SCP can be inhibited by BeF3™ (33). There
is evidence supporting the role of Scpl (CTDSP1) and Scp2 (CTDSP2) in neurogenesis
(127-130), but little is known about the role of FCP/SCP class of PSPs on myelogenesis and
osteoclastogenesis. CTDP1 mutations result in facial dysmorphism accompanied by
congenital cataracts and neuropathy (Table 1) (131).

Concluding Remarks

The intricate interplay between osteoclasts and osteoblasts modulates bone resorption and
formation, thus regulating bone homeostasis. Disruption or loss of osteoclast activity tilts the
balance of this equilibrium, leading to changes in bone mass. Despite the success of current
therapeutics to enhance bone mass, the extremely rare yet adverse side effects of these
therapies limit their clinical application; thus, new target for therapeutic intervention are
needed.

Despite their ability to attenuate critical signaling pathways mediating osteoclast
differentiation and function, little is known about the impact of PSPs on these processes.
RNA-sequencing results suggest that, of the 80 PSPs identified, roughly half show
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significant expression by osteoclasts (e.g., RPKM>10). Of these, only Phlppl, Calcinurin
and PP2C, have been studied to a significant extent. Each of these PSPs has a unique
function resulting in contrasting phenotypes when conditionally deleted within osteoclast
lineage cells. This is likely due to differing substrates, with NFATc1 being the dominant
Calcineurin substrate, and Phlppl primarily inactivating AGC kinases; thus, the functions of
remaining individual PSPs within osteoclast lineage cells is of interest.

Inhibition of PSPs has been proposed as a therapeutic approach to treat neurodegenerative
diseases (132,133) and cancer (134,135), and may likewise offer an avenue to regulate
osteoclastogenesis and bone resorption. While a few small molecule inhibitor for specific
PSPs have been identified, little is known about their effects within the osteoclast lineage. It
would likely be beneficial to the study of PSPs and their functions within osteoclasts if
inhibitors specific to each were developed, but this has historically been difficult. Within
classes of PSPs, the phosphatase domain is highly conserved and known inhibitors are
nonspecific. PP2C, for example, does not currently have any known inhibitors, lacks
regulatory subunits, and has highly conserved phosphatase domains between its members. It
may be possible to produce inhibitors that take advantage of differences within the different
isoforms or specific subunits of PSPs in a given class, leading to a loss of function separate
from the phosphatase domain itself.

In this review we have covered several PSPs that regulate the proliferation, differentiation,
maintenance and function of osteoclasts. Modulation of these PSP-mediated signaling by
reinvention of PSP inhibitors used for other diseases or against novel targets may therefore
serve as a potential line of treatment for conditions where there is a dysregulation of bone
homeostasis such osteoporosis and osteopetrosis.
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Kinase signaling cascades that promote osteoclastogenesis are tempered by
the action of protein phosphatases, including members of the serine/threonine
phosphatase family.

Here we examine the impact of serine/threonine phosphatases on osteoclast
differentiation and activity, while highlighting deficiencies in our
understanding of this understudied class of proteins within the field.
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Figure 1. PSPs regulate signaling regulating osteoclastogenesis and bone resorption.
Multiple pathways downstream of M-CSF, RANKL and associated co-stimulator pathways

are tempered by PSPs.
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Figure 2. PSP Structure, relatedness and expression in murine osteoclasts.
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three classes. (B) Phylogenetic tree comparing relatedness of PSPs was generated using
Clustal Omega. See Supplemental Table 1 for sequences utilized. (C) High throughput RNA
sequencing was performed using RNA generated from ex vivo generated murine osteoclasts

from female C57BI/6 mice. Shown is a heat map of all PSPs expressed.
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(OM1M) database was used to identify human genetic alternations in serine/threonine phosphatase genes that
have associated skeletal phenotypes.

Ppase NCBIGene No.  Mutation/Variant Associated Skeletal Phenotype Ref. No.
PPP1CB 5500 P49R or A56P substitution Noonan syndrome-like disorder with loose anagen hair 2 (42)
(OMIM 617506) characterized by delayed bone age. short
stature
PPP2R1A 5513 de novo R1S2W substitution Skeletal overgrowth, craniofacial abnormalities (64)
PPP2R5B 5526 de novo S161L deletion Skeletal overgrowth, proximal interphalangeal joint (64)
swelling
PPP2R5C 5527 de novo T157 substitution Skeletal overgrowth, craniofacial abnormalities (64)
PPP2R5D 5528 de novo E19SK, W207R or P210R Skeletal overgrowth, craniofacial abnormalities, (63.64)
substitutions syndactyly, polydactyly, scoliosis, hip dysplasia
PPP3CA 5530 F470L, A473T arthrogryposis, cleft palate, craniosynostosis (87)
PPM 1B 5495 2p21 deletion Facial dysmorphism (109)
PPM ID 0493 Truncations Facial abnormalities, small hands -mil feet (110)
CTDPI 9150 IVS6 + 389C-T Facial dysmorphism (131)
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