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Deficiency in the phosphatase PHLPP1 suppresses osteoclast-
mediated bone resorption and enhances bone formation in

mice
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Enhanced osteoclast-mediated bone resorption and dimin-
ished formation may promote bone loss. Pleckstrin homology
(PH) domain and leucine-rich repeat protein phosphatase 1
(Phlpp1l) regulates protein kinase C (PKC) and other proteins in
the control of bone mass. Germline Phlpp1 deficiency reduces
bone volume, but the mechanisms remain unknown. Here, we
found that conditional Phlppl deletion in murine osteoclasts
increases their numbers, but also enhances bone mass. Despite
elevating osteoclasts, Phlpp1 deficiency did not increase serum
markers of bone resorption, but elevated serum markers of bone
formation. These results suggest that Phlppl suppresses oste-
oclast formation and production of paracrine factors control-
ling osteoblast activity. Phlppl deficiency elevated osteoclast
numbers and size in ex vivo osteoclastogenesis assays, accompa-
nied by enhanced expression of proto-oncogene C-Fms (C-Fms)
and hyper-responsiveness to macrophage colony-stimulating
factor (M-CSF) in bone marrow macrophages. Although Phlpp1
deficiency increased TRAP™ cell numbers, it suppressed actin-
ring formation and bone resorption in these assays. We
observed that Phippl deficiency increases activity of PKC{, a
PKC isoform controlling cell polarity, and that addition of a
PKC{ pseudosubstrate restores osteoclastogenesis and bone
resorption of Phlpp1l-deficient osteoclasts. Moreover, Phlppl
deficiency increased expression of the bone-coupling factor col-
lagen triple helix repeat-containing 1 (Cthrcl). Conditioned
growth medium derived from Phlppl-deficient osteoclasts
enhanced mineralization of ex vivo osteoblast cultures, an effect
that was abrogated by Cthrcl knockdown. In summary, Phlpp1
critically regulates osteoclast numbers, and Phlpp1 deficiency
enhances bone mass despite higher osteoclast numbers because
it apparently disrupts PKC{ activity, cell polarity, and bone
resorption and increases secretion of bone-forming Cthrcl.
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Bone modeling, remodeling, and repair in response to injury
all occur through coordinated bone resorption and bone depo-
sition; thus, cellular activities of osteoclasts and osteoblasts
must be tightly coupled to maintain optimal bone health. Oste-
oclasts function in these processes through direct bone resorb-
ing activity, but also via secretion of paracrine factors that
stimulate osteoblast-mediated bone production. Because dis-
ruptions of osteoclast differentiation and/or activity impact
bone resorption and coupling to bone deposition, a better
understanding of osteoclast biology will help design strategies
to limit bone loss.

Osteoclasts arise from the fusion of monocyte/macrophage
progenitors. This process is facilitated by the actions of two
cytokines, macrophage colony-stimulating factor (M-CSF)?
(Csf1) and receptor activator of nuclear factor kB (RANKL),
which are necessary and sufficient for osteoclastogenesis.
Whereas RANKL is required for definitive osteoclast differen-
tiation, M-CSF promotes the proliferation, survival, and differ-
entiation of osteoclast precursors (1). M-CSF exerts its actions
through the C-fms receptor encoded by the CsfIr gene. Binding
of M-CSF to the C-fms receptor induces receptor autophos-
phorylation and activation of downstream signaling kinases
including Akt and Mek/Erk.

Once formed, osteoclasts become highly polarized cells.
They resorb bone through the secretion of H" ions and matrix-
degrading enzymes through a specialized portion of the basal
plasma membrane known as the ruffled border (2). To limit
bone resorption to a defined area, osteoclasts must tightly
adhere to the bone surface via formation of actin ring structures
creating resorption lacunae. Disruptions in osteoclast polarity
suppress bone resorption (3).

Phlpp1 (Phlpp, Scop, Plekhel, Ppm3a) was identified in 2005
by searching the NCBI database for pleckstrin homology (PH)
domain containing proteins. It is a member of the underex-
plored type 2C protein phosphatase family that is insensitive to

2 The abbreviations used are: M-CSF, macrophage colony-stimulating factor;
RANKL, receptor activator of nuclear factor «B; PH, pleckstrin homology;
BV/TV, bone volume per total volume; AdGFP, adenoviral GFP; AdCre,
adenoviral Cre recombinase; a-MEM, a-minimal essential medium; C,,
quantitation cycle; TRAP, tartrate-resistant acid phosphatase; DAPI, 4',6-
diamidino-2-phenylindole; PKC, protein kinase C; BMM, bone marrow
macrophages; qPCR, quantitative PCR; PHLPP1, PH domain and leucine-
rich repeat protein phosphatase 1; CTHRC1, collagen triple helix repeat-
containing 1.
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Figure 1. Generation of a Phlpp1-floxed allele. A, LoxP sites were added to the intronic sequence surrounding Exon 4 of the Phlpp1 gene via a TALEN-
mediated approach. Cre-mediated recombination of the floxed allele generates a premature stop codon. Sequencing confirmed the presence of both LoxP
sites and that no mutations were generated within Exon 4. Genotyping primer locations are noted (FP, forward primer; RP, reverse primer). B, genomic DNA was
isolated from mature (day 4) osteoclasts derived from Phlpp1%*: Cre ™, Phlpp1™™: Cre™ and Cre™ mice and assessed by PCR.

traditional phosphatase inhibitors (4). Although Phlppl is
broadly expressed, its levels are controlled by numerous cellular
mechanisms including transcription and proteolysis (5).
Phlpp1 is poised to be a critical regulator of bone mass because
it dephosphorylates and inactivates numerous pathways that
promote bone cell function. These substrates include Akt, Rafl,
Histone 3, Mstl, p70 S6K, and both the typical (e.g «/B) and
atypical (e.g ¢/¢) PKC isoforms (4—9). Germline knockout mice
of this gene are viable, but show enhanced growth factor
responsiveness, cellular proliferation, and survival (4). Our
group has shown that Phlpp1l deficiency decreases body size,
long bone length, and bone volume (10); however, the cell-type
specific functions of Phlppl could not be elucidated with this
model. Here we define the osteoclast-specific functions of
Phlppl and demonstrate that deletion of Phlppl in mature
bone resorbing osteoclasts enhances bone volume and mineral
density.

Results

Conditional deletion of Phipp1 in Ctsk-expressing cells
increases bone volume and bone mineral density

Germline deletion of Phlppl causes reduction in body size,
limb length, and bone mass (10, 11). Although changes in chon-
drocyte proliferation were noted, the effects of Phlpp1 deletion
in other skeletal cell types on the gross phenotype were not
determined. To examine the cell type-specific effects of Phlpp1,
we generated a novel mouse model that allows for its condi-
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tional deletion. LoxP sequences were inserted in introns flank-
ing exon 4 with TALEN technology (Fig. 14). Sequencing dem-
onstrated successful insertion of the loxP sites. To determine
the function of Phlppl in mature, bone resorbing osteoclasts,
we crossed Phlpp1™"? mice with mice expressing Cre recombi-
nase under the control of the Ctsk promoter (Ctsk—Cre) (12).
To visualize recombination at the Phlppl locus, we isolated
DNA from bone marrow macrophage-derived osteoclasts of
Cre™ control, Phlpp1™ *:Cre™ and Phlpp1 cHet,.,,, mice. Suc-
cessful recombination of the allele was observed in mature
Phlppl cHet,, osteoclasts (Fig. 1B). Reduction in Phlpp1 lev-
els via qPCR and Western blotting were also noted (Fig. 9, E
and G).

We next assessed the bone phenotype of 12-week-old Phlppl
cKO¢ mice. Radiographic analyses showed no overall reduc-
tions in hind limb length or gross abnormalities of male or female
mice (Fig. 24). No cancellous bone changes were noted in male
mice; however, micro-CT analyses of the distal femur trabeculae
revealed a 55% increase the BV/TV of female Phlpp1cKO,, mice
as compared with their Cre™ control littermates (Fig. 2D). Like-
wise, bone mineral density was elevated by 29% in female Phlpp1
cKO¢q mice compared with their Cre™ control littermates (Fig.
2E). This was accompanied by an increase in trabecular number
and a corresponding decrease in trabecular spacing (Fig. 2, F-H).
Trabecular thickness was modestly increased (Fig. 2I). Recon-
structions of female Phlpp1 cKO,.,,,. and Cre™ control littermates
are shown in Fig. 2, Band C.
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Figure 2. Conditional deletion of Phlpp1 using Ctsk-Cre increases distal femur bone volume and bone mineral density. Female Phlpp1 cKO, mice
(n = 3) and Cre™ control littermates (n = 3) were aged to 12 weeks. A, representative radiographs of Cre™ control and Phlpp1 cKOc hind limbs were
generated. Micro-CT analyses were performed at the distal femur. Shown are (B) reconstructions from Cre™ control and (C) Phlpp1 cKOc. distal femurs, (D)
bone volume per total volume, (E) bone mineral density, (F) bone volume, (G) trabecular number, (H) trabecular spacing, and (/) trabecular thickness. ***, p <

0.005; **, p < 0.01;*, p < 0.05.

Other groups have documented activity of Ctsk—Cre drivers
within mesenchymal lineage cells including perichondrial cells,
hypertrophic chondrocytes, within the groove of Ranvier and
potentially by cells within the ovaries and testes (12-17).
Phlppl was expressed within the growth plate of Phlppl
KO, mice and was present within osteoblasts and osteo-
cytes of trabecular and cortical bone (Fig. S1). Recombination
of the Phlpp1 allele was not observed within the ovaries, testes,
or liver. No changes in Phlppl expression within the ovaries,
testes, and bone shaft, which is primarily populated by osteo-
cytes, were observed (Fig. S1). No changes in cortical bone were
noted in male or female mice. Osteoblasts obtained from
Phlppl cKOg,q mice mineralized normally (Fig. S2).

Bone histomorphometric analyses were conducted and con-
firmed that female Phlppl cKO, mice have a 2-fold increase
in BV/TV as compared with Cre™ control littermate controls
(Fig. 3, A—C). TRAP staining demonstrated increased oste-
oclast number and osteoclasts per bone surface (Fig. 3, A, B, D,
and E). No alteration of osteoclasts per osteoclast perimeter was
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observed, indicating that osteoclast size was not altered in vivo
(Fig. 3F).

We also evaluated the effect of Phlppl osteoclast-specific
deletion on vertebral bone. Connective density (19%) and tra-
becular number (14%) were increased within the cranial region
of L5 vertebral bodies of female mice (Fig. 4, A and B). Trabec-
ular spacing was suppressed by 17% (Fig. 4C). Modest to negli-
gible changes were observed in trabecular thickness, structure
model index, and BV/TV (Fig. 4, D—F).

Deletion of Phipp 1 enhances osteoclast numbers and M-CSF
responsiveness

To evaluate possible mechanisms for enhanced osteoclast
number in Phlppl cKOc,. mice, we collected bone marrow
macrophages from Phlpp1?® mice. Cells were transduced with
AdGFP or AdCre on day 0 and osteoclastogenesis assays were
performed. Genomic DNA was collected from multinucleated
cells on day 4 and the recombined Phlpp1 allele in the presence
of AdCre transduction was validated (Fig. 54). AdCre-infected
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Figure 3. Osteoclast-specific deletion of Phlpp1 increases femoral osteoclast number. Female Phlpp1 cKOc, mice (n = 3) and Cre™* control littermates
(n = 3) were aged to 12 weeks. A and B, TRAP staining was performed; and C, BV/TV; D, the number of osteoclasts; E, osteoclasts per bone perimeter; and F,
osteoclasts per osteoclast perimeter within the distal femur were evaluated by histomorphometry. **, p < 0.01; *, p < 0.05.

cells expressed less Phlpp1 (Fig. 5, Band C) and increased phos-
phorylation (p) of Phlpp1 targets, including, pSer-660 PKC and
pSer-10 histone 3 (Fig. 5C).

Phlpp1 deficiency increases receptor tyrosine kinase expres-
sion, such as epidermal growth factor receptor, by mouse
embryonic fibroblasts (18). To test the hypothesis that Phlppl
suppression in osteoclasts enhances the receptor tyrosine
kinase c-fms expression, we performed M-CSF dose-response
assays on Phlpp1"® BMM:s transduced with AAGFP or AdCre.
M-CSF dose-dependently increased TRAP™ osteoclast num-
bers and area in AdGFP-transduced cells on day 4 of culture
(Fig. 5, D—F). Cells transduced with AdCre were more sensitive
to M-CSF at all concentrations tested above 0 and showed an
~2.7-fold increase in osteoclast number and 1.5-fold increase
in osteoclast size compared with AdGFP-transduced cells (Fig.
5, D-F).

We next sought to determine whether Phlppl deficiency
enhanced M-CSF signaling during osteoclastogenesis. BMMs
from female WT or Phlppl '~ mice were cultured for 3 days
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with RANKL and M-CSF to select for pre-osteoclast cultures.
These cells were then cultured in serum-free medium for 1 h
and exposed to M-CSF for the indicated times (Fig. 6A4). Phos-
phorylation of Akt2, Mek1/2, and Erk1/2 was higher following
exposure to M-CSF in Phlppl /~ pre-osteoclasts (Fig. 64).
c-fms expression was higher in Phlppl '~ BMMs (Fig. 6B), as
well as in mature osteoclasts from Phlppl /"~ (Fig. 6C).

Phlpp 1 promotes osteoclast polarization, bone resorption,
and represses PKC{ activity

Enhanced responsiveness to M-CSF could in part account for
the increase in osteoclast number exhibited by Phlppl cKO
mice, but this does not explain increased BV/TV and bone min-
eral density also observed. Phlpp1 dephosphorylates and desta-
bilizes multiple PKC isoforms. Among those, Phlppl inacti-
vates the atypical isoform PKC{ to control cell polarity (19).
Establishment of cell polarity is crucial in actin ring formation,
development of resorption lacunae, and secretion of bone
resorbing enzymes and H" ions required for osteoclast-medi-

J. Biol. Chem. (2019) 294(31) 11772-11784 11775
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Figure 4. Osteoclast-specific deletion of Phlpp1 increases vertebral body bone volume. Female Phlpp1 cKOc,, mice (n = 3) and Cre™ control littermates
(n = 3) were aged to 12 weeks and nCT analyses of the L5 cranial region of the vertebrae were performed. Shown are: (A) connective density, (B) trabecular
number, (C) trabecular spacing, (D) trabecular thickness, (E) bone volume and (F) SMI. ***, p < 0.005; *, p < 0.05. SMI, structure model index.

ated bone resorption (20, 21). Osteoclasts derived from Phlpp1
cKO¢, bone marrow macrophages exhibited disrupted actin
rings of lesser thickness as visualized by phalloidin binding (Fig.
7A). This was accompanied by a 37% decreased formation of
resorption pits when Phlppl cKOc,,, osteoclasts were cultured
on bovine bone slices (Fig. 7C). Elevated osteoclast numbers in
vivo were confirmed by increased circulating serum TRAP lev-
els (Fig. 7E), but serum CTX-1 levels were not changed in
12-week-old Phlppl cKO, female mice (Fig. 7F). In contrast,
serum PINP was elevated by 36%, indicating increased bone
formation of the Phlppl cKO(,, female mice (Fig. 7G). Oste-
oclasts generated from 12-week-old female Phlppl cKOq
mice also had increased phosphorylation of PKC{ at the activa-
tion loop (Ser-410) and Ser-560 within the turn motif as com-
pared with Cre™ control osteoclasts (Fig. 7D).

We next determined if the effects of Phlppl deficiency on
osteoclastogenesis and bone resorption were due to increased
PKC{ activity. Bone marrow macrophages were collected from

11776 J Biol. Chem. (2019) 294(31) 11772-11784

WT or Phlppl cKO, mice and cultured with M-CSF and
RANKL. On day 3 of differentiation, cells were exposed to a
PKC{ pseudosubstrate (1 um) for 24 h. On day 4, actin ring
formation was visualized by phalloidin Alexa 488 binding. The
PKC{ pseudosubstrate partially restored actin ring formation
in Phlppl cKO,, osteoclasts (Fig. 84). The increase in oste-
oclast number induced by Phlpp1 deficiency was attenuated by
the PKC{ pseudosubstrate (Fig. 8, B and D). We then deter-
mined if blocking PKC{ activity likewise restored bone resorp-
tion of Phlpp1 cKO(, osteoclasts. Blocking PKC{ activity also
restored the number and size of pits formed by Phlppl-defi-
cient osteoclasts (Fig. 8, C, E, and F).

Phipp1 suppresses the coupling of bone resorption to bone
formation

Decreased osteoclast activity along with increases in bone
suggested that Phlppl deficiency also regulated coupling to
ossification. We therefore assessed osteoblast numbers within

SASBMB
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Figure 5. Phlpp1 deficiency increases ex vivo osteoclastogenesis. Bone marrow macrophages were collected from Phlpp1%f 6-week-old female mice and
infected with AAGFP or AdCre (m.o.i. = 300). A, genomic DNA was collected and PCR was performed to validate recombination of the Phlpp1-floxed allele. B,
expression of Phlpp1 was determined by qPCR. C, Western blotting was performed as indicated. D, bone marrow macrophages were cultured in the presence
of 60 ng/ml of RANKL and increasing amounts of M-CSF (0, 5, 15, 25, and 50 ng/ml) for 4 days. TRAP staining was performed and (E) the number of osteoclasts
per field and the (F) average osteoclast area was determined. The dotted line represents a logarithmic curve fit. **, p < 0.01

Cre™ control and Phlpp1 cKO,,, 12-week-old mice and found
that osteoblast number per total area was increased by 3.2-fold
and osteoblast numbers per bone surface were elevated by 2.4-
fold in Phlpp1-deficient females (Fig. 9, A—C). Although there
was a trend toward increased mineralizing surface per bone
surface (Fig. 9D), measures of dynamic histomorphometry (e.g.
MAR, BER/BS) were unchanged (Fig. S2). We surveyed a panel
of known osteoclast coupling factors (Bmp6, Cardiotrophinl,
Cthrcl, Ephrin B2, Semaphorin D, Sphk1/2, and Wnt10b) and
found that expression of Cthrcl was elevated by 3.5-fold in Phlpp1
cKO¢q 0steoclasts (Fig. 9, E-G). Expression of all other coupling
factors was unchanged by Phlppl deficiency. To determine
whether increased Cthrcl expression by Phlppl-deficient oste-
oclasts was responsible for enhanced bone formation, we per-
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formed an ex vivo coupling experiment (Fig. 9H). Phlppl cKO
osteoclast-conditioned medium enhanced Alizarin Red staining of
female calvarial osteoblasts. Knockdown of Cthrcl in Phlppl
cKOc,q 0steoclast cultures attenuated the effect of conditioned
medium on Alizarin Red staining (Fig. 9,  and /). No increase in
Alizarin Red staining was observed in male calvarial osteoblasts
cultured in Phlppl cKOc,, osteoclast-derived conditioned
medium. These data demonstrate that enhanced osteoclast
Cthrcl secretion induced by Phlpp1 deficiency promotes ex vivo
osteoblast mineralization.

Discussion

We previously demonstrated that germline deletion of the
serine/threonine phosphatase Phlppl diminished bone vol-

J. Biol. Chem. (2019) 294(31) 11772-11784 11777
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of M-CSF for 4 days and c-fms immunofluorescence was performed.

ume, but the mechanism for this phenotype was unclear. To
define the cell-specific functions of Phlppl, we generated a
Phlppl-floxed allele. In this report, we show that deletion of
Phlpp1 in Ctsk—Cre-expressing cells causes increases in bone
volume and mineral density. Despite elevated osteoclast num-
bers, bone formation of Phlpp1 cKO(, mice is also enhanced.
We attribute these findings to decreased osteoclast-mediated
bone resorption due to disruption of osteoclast polarity with a
concomitant increase in coupling to ossification (see Fig. 10 for
amodel). The enhanced bone mass and coupling to ossification
phenotype is specific to female mice. Phlpp1 controls the activ-
ity of nongenomic estrogen signaling mediators (e.g. Akt, Erk1/
2); thus, future work will be aimed at determining if the sex-de-
pendent phenotype of Phlppl cKO,,, mice occurs via this

mechanism.

11778 J Biol. Chem. (2019) 294(31) 11772-11784

The Ctsk—Cre transgene is active in osteoclasts and we have
observed recombination of the Phlppl allele in osteoclasts
using this Cre driver (12). Prior reports demonstrate that Ctsk—
Cre drivers can be active within mesenchymal lineage cells
including perichondrial cells, hypertrophic chondrocytes, and
within the groove of Ranvier (13—15); however, the specific
mesenchymal cell populations expressing the Ctsk—Cre driver
were not consistent between these studies. We did not see a
cortical bone phenotype or change in limb length that was
observed with germline deletion of Phlppl (10). We therefore
attribute our findings to the effects of Phlpp1 deficiency within
osteoclasts.

Germline deletion of Phlpp1 results in decreased bone vol-
ume. Phlppl is widely expressed throughout the body and
could impact a number of cell types controlling bone volume

SASBMB
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Figure 7. Osteoclast cell polarity and bone resorption are diminished by Phlpp1 deficiency. Bone marrow macrophages were collected from female
12-week-old Phlpp1 cKOc, and Cre™ control littermates. Cells were cultured in the presence of 60 ng/ml of RANKL and 25 ng/ml of M-CSF for 4 days and (A)
phalloidin Alexa 488 and (B) DAPI staining was performed. C, cells were seeded onto bovine bone slices and cultured in the presence of 60 ng/ml of RANKL and
25 ng/ml of M-CSF for 10 days. Resorption pits were visualized by toluidine blue staining. D, Western blotting was performed as indicated. Serum was collected
from female 12-week-old Phlpp1 cKOc,, and WT:Cre™ mice and used in (E) TRAP, (F) CTX-1, and (G) PTNP ELISA. **, p < 0.01.

(e.g. osteoclast, osteoblasts, brain, and endocrine tissues). To
delineate the effects of Phlpp1 within these different cell types
we generated the floxed allele described here. The effects of
Phlppl deletion within other cell types will be explored in
future studies.

In this report we show that Phlppl represses the receptor
tyrosine kinase c-fms. Phlpp1 deficiency was previously shown
to decrease histone phosphorylation and acetylation leading to
changes in growth factor receptor and RTK expression (18). We
attribute increased osteoclastogenesis observed in our ex vivo
Phlpp1-deficient cultures to enhanced c-fms expression. Like-
wise, hyper-responsiveness to M-CSF and enhanced signaling
following exposure to M-CSF could be due to increased recep-
tor density. We did observe two Phlpp1 bands in Western blots
derived from D3 cells (Fig. 6A), whereas osteoclast precursors
or mature D4 cells exhibited a single band (Figs. 5C, 6B, and
7G). There are two Phlpp1 isoforms, so this observation could
be explained by a change in Phlpp1 isoform expression. Future
work will be aimed at understanding the specific role of each
Phlpp1 isoform and how each controls c-fms expression and
commitment of progenitor cells to the osteoclast lineage.
Increased osteoclast number with concomitant increase in
bone is a phenotype that has been observed previously, includ-
ing in mice with c-Src deficiency (22). Src is a nonreceptor
tyrosine kinase, as such it would be interesting to evaluate the
effects of Phlpp1 on c-Src expression and/or activity.

Here we show Phlppl deficiency leads to enhanced PKC{
activity within osteoclasts concomitant with disruptions in
actin ring formation and bone resorption that are restored by
the addition of a PKC{ pseudosubstrate. Osteoclast-mediated
bone resorption depends on cellular polarization, with the basal
cell membrane forming a tight seal against the bone via actin
ring formation. Osteoclasts also establish the ruffled cell border
along this membrane that promotes the secretion of matrix
degrading enzymes and H" ions. In other cell types, establish-
ment of cell polarity is controlled by PKC{ activity (19). Full
PKC¢ kinase activity requires phosphorylation of the activation
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loop and the turn motif at Ser-410 and Ser-560, respectively
(23-25). This is antagonized by Phlpp1-mediated dephosphor-
ylation of PKC{, leading to disruption of the Par complex that
facilitates cell polarity (19, 26, 27). Likewise, in macrophages
PKC{ regulates actin polymerization during phagocytosis (28).
The PKC{-Par complex has been observed in osteoclasts (20);
but determining the requirement of PKC{ activity and Par-
complex function has not been evaluated and is a subject for
future study.

Increased bone mass and mineral density that occurred along
with increased osteoclast numbers also suggested that Phlppl
deficiency within Ctsk-expressing cells enhanced coupling to
bone formation. We surveyed a panel of known ossification
coupling factors produced by osteoclasts, including Bmp6, Car-
diotrophinl, Cthrcl, Ephrin B2, Semaphorin D, Sphk1/2, and
Wntl0b. Of these, only Cthrcl expression was elevated by
Phlpp1-deficient osteoclasts. Cthrcl is a hormone produced by
bone cells and functions within the Wnt/PCP pathway (29 -31).
Germline deletion of Cthrcl diminishes bone mass and bone
formation; in contrast, forced Cthrcl expression by osteoblasts
increases bone mass (30). Cthrcl is also produced by oste-
oclasts, and expression markedly increases during differentia-
tion. Osteoclast-specific deletion of Cthrcl decreases bone
mass, whereas osteoblast-specific deletion does not (31). Our
results demonstrate that Phlppl suppresses expression of the
bone-coupling factor Cthrcl. The mechanism by which Phlpp1
controls Cthrcl transcript levels will be explored in future stud-
ies. Together our data demonstrate that Phlppl deficiency
enhances bone mass while preserving osteoclast numbers due
to loss of cell polarity and bone resorption concomitant with
increased bone formation coupling facilitated by Cthrcl.

Experimental procedures
Generation of Phlpp1 conditional knockout mice

Phlpp1-floxed/floxed (Phlpp1™™) mice were generated by
insertion of loxP sites surrounding exon 4 using a TALEN-me-
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Figure 8. PKC{is adownstream target of Phlpp1 that controls osteoclastogenesis and bone resorption. Bone marrow macrophages were collected from
female Phlpp1 cKOc, and Cre™ control littermates. Cells were cultured in the presence of 60 ng/ml of RANKL and 25 ng/ml of M-CSF. On day 3, cells were
exposed to a PKC{ pseudosubstrate for 24 h and (A) phalloidin Alexa 488, DAPI, and phase-contrastimages were collected. TRAP staining was performed (B) and
the number of osteoclasts was determined (D). ¥, p < 0.05. C, cells were seeded onto bovine bone slices and cultured in the presence of 60 ng/ml of RANKL and
25 ng/ml of M-CSF for 14 days in the presence of the PKC{ pseudosubstrate or vehicle control (PBS). E and F, resorption pits were visualized by toluidine blue
staining and the number of pits (E) and percent of each bone slice resorbed (F) was evaluated using ImageJ software. *, p < 0.05.

diated approach (Fig. 1). Phlpp1™™" mice were crossed with
mice expressing Cre-recombinase under the control of the Ctsk
promoter to delete Phlppl within Ctsk-expressing cells (12).
Mice were genotyped for Cre as previously described (32) or the
Phlpp1-floxed allele using the following primers: forward: 5'-
CAGTGGATATCTGGATAATC-3', reverse: 5'-GATGAGT-
GTTTTCATGAGGA-3'. Conditional knockout animals from
these crossings are referred to as Phlppl cKO,, mice and are
on the C57Bl/6 background. Cre™* control littermates from
crossings were used as controls as appropriate. Phlppl ~/~ ani-
mals were genotyped as previously described (11). Animals
were housed in an accredited facility under a 12-h light/dark
cycle and provided water and food ad libitum. All animal
research was conducted according to guidelines provided by
the National Institute of Health and the Institute of Laboratory
Animal Resources, National Research Council. The Mayo
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Clinic Institutional Animal Care and Use Committee approved
all animal studies.

Radiographs and micro-computed tomography

Radiographs of the right hind limb of 12-week-old mice were
collected using a Faxitron X-ray imaging cabinet (Faxitron
Bioptics, Tucson, AZ). Femurs from 12-week-old male and
female Phlppl cKOg,, mice (# = 3) and their Cre™ control
littermates (n = 3) were isolated and fixed in 10% neutral buff-
ered formalin for 48 h. Femurs were then stored in 70% ethanol
prior to scanning at 70 kV, 221 ms with a 10.5-um voxel size
using a Scanco Viva40 micro-CT. For cortical bone analyses, a
region of interest was defined at 10% of total femur length
beginning at the femoral midpoint; defining the outer cortical
shell and running a midshaft analysis with 260-threshold air
filling correction analyzed samples. For trabecular measure-
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Figure 10. Model depicting how Ctsk-mediated Phlpp1 deletion may
affect osteoclastogenesis and bone mass.

ments, a region of interest was defined at 10% of total femur
length starting immediately proximal to the growth plate; sam-
ples were analyzed using a 220-threshold air filling correction.

Histology and static and dynamic bone histomorphometry

Following micro-CT analyses, femurs from 12-week-old
mice were decalcified in 15% EDTA for 14 days. Tissues were
paraffin embedded and 5-um sections were collected and
TRAP/Fast Green stained (Sigma, number 387A-1KT). Stan-
dardized histomorphometry was performed using Osteomea-
sure software (33). Calcein injections (10 mg/kg, i.p.) were also
administered to mice 4 days and 1 day prior to euthanasia at 12
weeks of age as previously described (32). Femurs from calcein-
labeled mice were fixed in 10% neutral buffered formalin for
48 h, transferred to 70% ethanol, and embedded in plastic. Cal-
cein labeling was evaluated using standard histomorphometric
techniques as previously described (32).

ELISAs for serum markers of bone formation and resorption

Serum was collected from 12-week-old Phlppl cKO (n =
3) female mice and their Cre™ control littermates (z = 3) and
stored at —80 °C. An enzyme-linked immunosorbent assays
(ELISA) for bone resorption (CTX-1) was performed in dupli-
cate using 20 ul of serum from each mouse according to the
manufacturer’s specifications (Ratlaps (CTX-1) number
AC-06F1, Immunodiagnostics Systems). Bone formation was
assessed using the ELISA for serum P1NP performed in dupli-
cate using 5 ul of serum from each mouse as described by the

manufacturer (Ratlaps (P1NP), number AC-33F1, Immunodi-
agnostics Systems).

Ex vivo osteoclastogenesis, transfection, and bovine bone
resorption assays

Bone marrow macrophages were collected from 4- to
6-week-old WT, Phlppl cKO,.,., or Phlpp1™" male or female
mice as previously described (34). Cells were cultured in phenol
red-free a-MEM overnight in the presence of 35 ng/ml of
rM-CSF (number 410-ML, R&D Systems, Minneapolis, MN).
Nonadherent cells were collected and cultured with 60 ng/ml of
rRANKL (number 315-11, PreproTech, Rocky Hill, NJ) and 35
ng/ml of M-CSF. For dose-response assays using Phlpp1™/®
cells, cells were exposed to increasing M-CSF concentrations
and infected with adenoviral (Ad) GFP or AdCre at an m.o.i. of
300 as previously described (35-37). The PKC{ pseudosub-
strate (number 1791, Tocris, Minneapolis, MN) was used at 1
uM and added at day 3 for counting assays. For bone resorption
assays, nonadherent cells were seeded onto bovine bone slices
(number NC1309388, Fisher Scientific) cultured with 60 ng/ml
of RANKL and 35 ng/ml of M-CSF in 96-well plates. Cells were
fed every 3 to 4 days with phenol red-free a-MEM supple-
mented with 35 ng/ml of M-CSF and 60 ng/ml of RANKL. For
PKC{ pseudosubstrate experiments, bone marrow macro-
phages from WT and Phlppl cKOc,, mice were cultured on
bovine bone slices in the presence of M-CSF and RANKL. On
day 3, the PKC{ pseudosubstrate was added to cultures. On day
14, cells were lysed with 10% domestic bleach and bone slices
were stained with 1% toluidine blue. For knockdown experi-
ments, ON-TARGET plus siRNA smart pools targeting Cthrcl
or nontargeting siRNAs were purchased from Dharmacon
(Cthrcl siRNA ON-TARGETplus SMARTpool, number
68588, ON-TARGETplus Nontargeting Pool, number
D-001810-10, Lafayette, CO). Osteoclast precursor cells
were transfected on day 1 with each siRNA using Lipo-
fectamine RNAiMax at a 1:1 ratio.

Osteoblast cell mineralization assays

Calvarial osteoblasts were collected from P7 male or female
WT mice as previously described (38). Osteoblasts were cul-
tured (0.65 X 10° cells/cm?) in conditioned medium derived
from Cthrcl or Control siRNA-transfected female Phlppl
KOy or WT littermate osteoclasts that was diluted 1:1 in
fresh a-MEM and supplemented with 20% FBS, 50 ug/ml of
ascorbate, 10 mm B-glycerolphosphate, 1 X 10”7 M dexametha-
sone. Cultures were fed every 3—4 days with respective condi-
tioned medium plus osteogenic supplements. Cells were fixed
and stained with Alizarin Red on day 14.

Figure 9. Deletion of Phlpp1 in Ctsk Cre-expressing cells promotes bone formation via production of Cthrc1. Female Phlpp1 cKOc,,, mice (n = 3) and
Cre™ control littermates (n = 3) were aged to 12 weeks. Femora were decalcified, embedded, and sectioned. Masons trichrome staining was performed (A) and
the number of osteoblasts per total area (B) and the number of osteoblasts per bone perimeter (C) was evaluated by histomorphometry. ¥, p < 0.05. D, female
Phlpp1 cKOcq mice (n = 3) and Cre™ control littermates (n = 3) were aged to 12 weeks and calcein was injected 4 days and 24 h prior to euthanasia. Femora
were plastic embedded, sectioned, and dynamic histomorphometry was performed to determine the mineralizing surface per bone surface (MS/BS). Bone
marrow macrophages were collected from 12-week-old female Phlpp1 cKOc and Cre™ control littermates. Cells were cultured in the presence of 60 ng/ml of
RANKL and 25 ng/ml of M-CSF for 4 days. Expression of (E) Phlpp1 and (F) Cthrc1 was determined by gPCR. **, p < 0.01. G, Western blotting was performed as
indicated. H, schematic depiction of experiment performed in / and J. |, bone marrow macrophages derived from WT or Phlpp1 cKOc,, female mice were
transfected with siRNAs targeting Cthrc1 or control siRNAs. Western blotting was performed to confirm Cthrc1 knockdown. J, WT calvarial osteoblasts were
cultured in conditioned medium derived from female Phlpp1 cKOc,, or WT littermate osteoclasts transfected with a siRNAs targeting Cthrc1 or control siRNAs

(PBS). Alizarin Red staining of male and female WT calvaria was performed.

11782 J Biol Chem. (2019) 294(31) 11772-11784
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RNA extraction and semi-quantitative PCR

Total RNA was extracted from primary osteoclasts using
TRIzol (Invitrogen) and chloroform, and 2 g was reverse tran-
scribed using the SuperScript III first-strand synthesis system
(Invitrogen). The resulting cDNAs were used to assay gene
expression via real-time PCR using the following gene-specific
primers: Phlppl (5'-CTCCAAGGTTGCATCACAGC-3', 5'-
CGCAGGGCATTGCAAGATAC-3'); Cthrcl (5'-ATCCCA-
GGTCGGGATGGATT-3', 5'-CGTGAATGTACACTCCG-
CAA-3'); and Tubulin (5'-CTGCTCATCAGCAAGATCA-
GAG-3', 5-GCATTATAGGGCTCCACCACAG-3') (32).
Fold-changes in gene expression for each sample were calcu-
lated using the 2~ 2“7 method relative to control after normal-
ization of gene-specific C, values to tubulin C,_ values (32). Each
experiment was performed in triplicate and repeated at least
three times. Results from a representative experiment are
shown.

Western blotting

Cell lysates were collected in a buffered SDS solution (0.1%
glycerol, 0.01% SDS, 0.1 m Tris, pH 6.8) on ice. Total protein
concentrations were obtained with the Bio-Rad D assay (Bio-
Rad). Proteins (20 ug) were then resolved by SDS-PAGE and
transferred to a polyvinylidene difluoride membrane. Western
blotting was performed with antibodies (1:2000 dilution) for
phospho-Thr-202/Tyr-204-Erk1/2 (Cell Signaling Technology,
number 4370), Erk1/2 (Cell Signaling Technology, number
4695), phospho-Ser-217/221 Mek1/2 (Cell Signaling Technol-
ogy, number 9154), Mek1/2 (Cell Signaling Technology, num-
ber 4694), phospho-Ser-474-Akt2 (Cell Signaling Technology,
number 8599), Akt (Cell Signaling Technology, number 4691),
phosho-Ser-660-PKC (Cell Signaling Technology, number
9371), PKC{ (Cell Signaling Technology, number 9368), c-fms
(Cell Signaling Technology, number 3152), phospho-Ser-10
Histone 3 (Cell Signaling Technology, number 3377), phospho-
Ser-410 PKC¢ (Invitrogen, number MA5-15060), phospho-
Ser-560 PKC({ (Invitrogen, number PA5-38419), Cthrcl (Invit-
rogen, number PA5-38051), Phlppl (Millipore, number
07-1341), Histone 3 (Millipore, number 05-928), PKC« and
PKCPB (BD Biosciences), actin (Sigma, A2228), and tubulin
(Developmental Studies Hybridoma Bank, E7) and correspond-
ing secondary antibodies conjugated to horseradish peroxidase
(Cell Signaling Technology). Antibody binding was detected
with the Supersignal West Femto Chemiluminescent Substrate
(Pierce Biotechnology, Rockford, IL). Each experiment was
repeated at least three times, and data from a representative
experiment are shown.

TRAP and immunofluorescence staining

Cells were fixed in 10% neutral buffered formalin for 10 min
and then washed 3 times with phosphate-buffered saline (PBS).
Fixed cells were TRAP stained using the Acid Phosphatase,
Leukocyte (TRAP) Kit (number 387A-1KT, Sigma). For c-fms
immunofluorescence, cells were permeabilized with ice-cold
methanol for 10 min at —20 °C, blocked in PBS, 5% normal goat
serum, 0.3% Triton X-100, and then washed 3 times with PBS.
Cells were then incubated with an anti-c-fms antibody (diluted
1:50in PBS, 1% BSA, 0.3% Triton X-100) overnight at 4 °C. Cells
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were then washed 3 times with PBS, and incubated with an
Alexa 488-coupled goat anti-rabbit antibody (number 150077,
Abcam, Cambridge, MA) diluted 1:200 in PBS, 1% BSA, 0.3%
Triton X-100. For phalloidin staining, cells were incubated in
0.33 uM phallodin Alexa 488 (number 8878, Cell Signaling
Technology) for 15 min. Cells were washed once with PBS and
staining was visualized using wide-field fluorescence. Each
experiment was repeated at least three times, and data from a
representative experiment are shown.

Imaging and quantification

For osteoclastogenesis experiments, three images were col-
lected using a X 10 objective per cover glass. Three cover glasses
were used per experiment. The number and area of each image
were quantified using Image] software. The average osteoclast
area and average number of osteoclasts per field were deter-
mined. A logarithmic curve fit was applied to describe oste-
oclast number and area data resulting from increasing M-CSF
concentrations. Each experiment was repeated independently
three times.

Statistics

Data obtained are the mean = S.D. p values were determined
with the Student’s ¢ test when only one experimental compari-
son was made. For assessment of significance with greater than
two conditions, a one-way analysis of variance was performed.
p <0.05 was considered statistically significant. Statistical anal-
yses were performed using GraphPad Prism 7 software.
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