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Abstract

Racl and Rac? are thought to have important roles in osteoclasts. Therefore, mice with deletion of
both Rac1 and Rac2 in mature osteoclasts (DKO) were generated by crossing Rac1flox/flox mice
with mice expressing Cre in the cathepsin K locus and then mating these animals with Rac2~/~
mice. DKO mice had markedly impaired tooth eruption. Bone mineral density (BMD) was
increased 21% to 33% in 4- to 6-week-old DKO mice at all sites when measured by dual-energy
X-ray absorptiometry (DXA) and serum cross-linked C-telopeptide (CTx) was reduced by 52%.
The amount of metaphyseal trabecular bone was markedly increased in DKO mice, but the
cortices were very thin. Spinal trabecular bone mass was increased. Histomorphometry revealed
significant reductions in both osteoclast and osteoblast number and function in 4- to 6-week-old
DKO animals. In 14- to 16-week-old animals, osteoclast number was increased, although bone
density was further increased. DKO osteoclasts had severely impaired actin ring formation, an
impaired ability to generate acid, and reduced resorptive activity in vitro. In addition, their life
span ex vivo was reduced. DKO osteoblasts expressed normal differentiation markers except for
the expression of osterix, which was reduced. The DKO osteoblasts mineralized normally in vitro,
indicating that the in vivo defect in osteoblast function was not cell autonomous. Confocal
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imaging demonstrated focal disruption of the osteocytic dendritic network in DKO cortical bone.
Despite these changes, DKO animals had a normal response to treatment with once-daily
parathyroid hormone (PTH). We conclude that Rac1 and Rac2 have critical roles in skeletal
metabolism.
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Introduction

Rac has a central role in regulating cytoskeletal remodeling.(t) Osteoclasts are highly motile,
and the role of Rac in these cells has been extensively studied in vitro.(2**)Rac GTPases are
activated by guanine nucleotide exchange factors (GEFs) and in osteoclasts, DOCK5 and
Vav3 both serve as GEFs for Rac1.(>-")Vav3 is activated downstream of c-fms, the receptor
for CSF1, a growth factor with important roles in osteoclasts.("-9C-fms is highly expressed
on mature osteoclasts, and CSF1 induces motility in osteoclasts and activates Racl in these
cells.("-9n addition, Rac2~/~ osteoclasts are unable to migrate toward a point source of
CSF1.®interestingly, CSF1 is the principal colony-stimulating activity released by
osteoblasts in response to parathyroid hormone (PTH).(10)

The roles of Racl and Rac2 in osteoclasts have also been studied in vivo. The global Racl
knock-out mouse is embryonic lethal, so targeted deletion of this molecule is required to
study its biology in vivo.(11Sixteen-week-old mice in which Rac1 has been deleted in cells
of the granulocyte and monocyte/macrophage lineages, which include osteoclast precursors,
have a 30% increase in bone mass.(!2)Rac2~/~ mice have an increase in cortical thickness, a
reduction in cortical porosity, and an increase in trabecular bone mass in male but not in
female mice.(®These latter changes were observed despite increased numbers of osteoclasts
in vivo. Authentic osteoclasts isolated from Rac2~/~ mice had impaired actin ring formation
and reduced basal rates of bone resorption.(®)The genetic absence of Rac2 in osteoclasts is
associated with a more than two-fold increase in the expression of Racl protein in these
cells, suggesting functional compensation between these two isoforms.(®)

PTH is the only approved anabolic therapy. Interestingly, Rac2~~ mice have an augmented
anabolic response to PTH.(3)To determine if there was redundancy in the actions of Racl
and Rac2 in mature osteoclasts and to study the response to PTH in their absence, we
deleted Racl and Rac2 in mature osteoclasts. We characterized their skeletal and cellular
phenotype and determined their response to an anabolic PTH treatment regimen.

Materials and Methods

Materials

Human CSF1 was from Genetics Institute (Cambridge, MA, USA). PTH was from
BACHEM (Torrance, CA, USA). Alexa Fluor 488 phalloidin was from Molecular Probes
(Eugene, OR, USA). OsteoAssay Human Bone Plates were from Lonza (Walkersville, MD,
USA). Acridine orange staining solution was from Immunochemistry (Bloomington, MN,
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USA). TUNEL assays were performed using a commercially available kit (Click-iT TUNEL
assay, Life Technologies, Grand Island, NY, USA).

PTH treatment protocols

Twelve wild-type (WT) mice and 10 mice with deletion of both Racl and Rac2 in mature
osteoclasts (DKO) were assigned to single daily injections of either vehicle or 80 ng/g BW
of (1-34) hPTH for 29 days as previously reported.(13)The four treatment groups were
vehicle/DKO, PTH/DKO, vehicle/WT, and PTH/WT. Bone density was measured by DXA
before and after 29 days of treatment.

Bone density measurements

In vivo bone density measurements using a PIXImus densitometer and ex vivo micro—
computed tomography were performed as previously reported.(14)

Bone histomorphometry

Histomorphometry was performed as previously reported5-17)in a ~2.5 mm? area of distal
femoral cancellous bone containing only secondary spongiosa and located 0.5 to 2.5 mm
proximal to the epiphyseal growth cartilage. Accepted nomenclature was used to report
results.(18.19)

Phalloidin staining of osteoclasts

Mature osteoclasts were freshly isolated from DKO and CTRL mice and the actin
cytoskeleton visualized using Alexa Fluor 488 as previously reported.(7:9.20)

Bone resorption assay

The osteoclast resorption assay was performed using the OsteoAssay Human Bone plate.
These plates are coated with human bone chips, and resorption is quantified by measuring
cross-linked C-telopeptide (CTx) released into the media. Osteoclast-like cells (OCLs) were
cultured on the human bone plate for 6 days. The CTx concentration in the media from days
3 to 6 of culture was quantified.

Phalloidin staining and confocal imaging of osteocyte morphology

Femurs and humeri from 10-17-week-old CTRL and DKO mice were fixed in
paraformaldehyde, decalcified in 14% EDTA, equilibrated in 15% and then 30% sucrose in
PBS, and embedded in OCT. Cryosections (50 um) were cut from the midshaft of the bones.
The sections were incubated overnight at 4°C in PBS + 1% donkey serum + 0.05% NaN3,
then stained en bloc with 0.165 uM Alexa Fluor 488 phalloidin overnight at 4°C. The
sections were washed with PBS, counterstained in 4 ug/mL DAPI for 30 minutes at room
temperature, washed in PBS, and mounted. Z series confocal images were acquired on a
Leica (Buffalo Grove, IL, USA) TCS Sp5 Il confocal microscope.

Additional Methods are provided in the Supplemental Materials.
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Statistical analyses

Results

Statistical analyses were performed using GraphPad Prism version 5.0c (GraphPad Software
Inc., San Diego, CA, USA). Two-tailed ¢tests or Fisher’s exact test were used where
appropriate. A pvalue <0.05 was considered significant.

Rac1-OC™~ mice have normal bone mass at 9 weeks of age

When LysM-Cre is used to delete Racl in vivo in cells of the granulocyte and monocyte/
macrophage lineages, Wang and colleagues reported an increase in bone mass at 16 weeks
of age.(121n the current study, in which cathepsin-Cre was used to delete Rac1 in mature
osteoclasts, there was no change in bone mass in 9-week-old Rac1-OC™~ mice
(Supplemental Fig. S1). The Rac1-OC~/~ mice were not studied at older ages. Sex-specific
bone density data are provided in Supplemental Fig. S2).

DKO mice have impaired tooth development

Mice with deletion of both Racl and Rac2 only in osteoclasts (DKO mice) were engineered
as described in the Supplemental Methods and Supplemental Fig. S3. To quantify expression
of the two Rac isoforms in DKO mice, osteoclast-like cells were generated from CTRL and
DKO animals and RNA isolated from these cultures to use as a template for gPCR. DKO
mice should only have Racl deleted in mature osteoclasts; however, one cannot isolate
authentic mature osteoclasts in sufficient numbers to perform gPCR, so, as just noted,
marrow cultures were used. In these cultures, approximately 80% of the cells are mature
osteoclasts. As shown in Supplemental Fig. S4, by qPCR there was a 50% reduction in
expression of Racl and, as expected, no expression of Rac2.Weuseda PBD pull-down assay
to assess the amount of activated Racl present in the DKO osteoclasts. As shown in
Supplemental Fig. S5, there was virtually no activated Racl present in the DKO osteoclast
cultures. As shown in Fig. 1A, at 3 weeks of age, all DKO mice were toothless. By 4 weeks
of age, a few DKO mice evidenced eruption of their upper incisors. However, no DKO mice
ever developed lower incisors. At ages 14 to 16 weeks, DKO and CTRL mice had identical
body weights (22 + 1 versus 22 + 1 g;n= 10 versus 12; DKO versus CTRL).

Serum biochemistries are normal, but serum CTx is lower in DKO mice

Serum calcium and phosphorous were not statistically significantly different in DKO and
CTRL animals. Serum PTH tended to be higher in the DKO animals, but this change was
not statistically significant (Supplemental Table S1). In contrast, mean serum CTx was less
than half the value observed in CTRL animals (29.6 + 4.5 versus 62.3 = 10.4 ng/mL; DKO
versus CTRL). The sex-specific changes in serum CTx are summarized in Supplemental Fig.
S6.

DKO mice have higher bone density with increased trabecular bone but thin cortices

Compared with littermate CTRLS, 4- to 6-week-old DKO mice had significantly higher bone
density when measured by PI1XImus at all sites (Fig. 1C). Spine bone density was increased
by 33% (0.0643 = 0.0040 versus 0.0482 + 0.0019 g/cm?2; DKO versus CTRL). Femur bone
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density was 21% higher (0.0753 + 0.0047 versus 0.0623 + 0.0028 g/cm?; DKO versus
CTRL), and total body bone density was higher by 24% (0.0544 + 0.0024 versus 0.0440
+0.0017 g/cm?; DKO versus CTRL). The changes were even more pronounced in 14- to 16-
week-old animals (Fig. 1D). The sex-specific changes in bone mineral density (BMD) are
summarized in Supplemental Fig. S7.

There was a marked increase in the extent of trabecular bone in femurs from DKO mice
(Fig. 1B, left two panels), which was present throughout the entire medullary cavity and
well into the diaphysis. In contrast, the cortices were thin in the DKO animals (Fig. 1B, right
two panels). When quantified by micro-CT, cortical bone volume was reduced by 47% in the
DKO animals (46 + 1.2 versus 87 + 1.5%; DKO versus CTL). The periosteal and endosteal
diameters were significantly greater in the DKO animals (Supplemental Table S2). Micro-
CT analyses of the 3rd lumbar vertebrae showed a marked increase in trabecular bone
volume with an increase in trabecular number and a reduction in trabecular thickness
(Supplemental Table S3).

Femurs of DKO mice have altered biomechanics

The four-point bending tests revealed that the presence of trabecular bone in the femoral
diaphysis altered the biomechanics of the DKO femurs. The stiffness of DKO femurs was
33% greater than the littermate CTRL femurs. The most striking difference in whole bone
properties was a 104% increase in maximum load and a 188% increase in work to fracture
(total work) of the DKO femurs compared with littermate CTRLs (Supplemental Table S4).
These results indicated that despite thinner cortices, the presence of trabecular bone in the
femoral diaphysis increased the stiffness and strength of the DKO femurs. The sex-specific
changes in biomechanics are shown in Supplemental Table S5.

DKO mice have altered numbers and activity of osteoblasts and osteoclasts in bone

To further evaluate the cellular bases for the changes observed in bone mass,
histomorphometry was performed (Table 1). Four-week-old DKO mice showed significant
reductions in osteoid surface, osteoblast surface, as well as the number of osteoblasts per
osteoid perimeter. Osteoclast surface per bone surface as well as the number of osteoclasts
per bone perimeter were also significantly reduced in the DKO animals. Bone volume per
tissue volume (BV/TV) was not different in the two groups because trabecular bone density
in the femur was not different in the region just below the growth plate where
histomorphometric measurements are made, but the extent of trabecular bone mass was
obviously increased (Fig. 1B). However, as noted, in the spine trabecular bone volume was
significantly increased (Supplemental Table S3). Although the number of osteoclasts was
significantly reduced in the 4-week-old DKO animals, this finding was reversed in older
animals. Thus, at 14 to 16 weeks of age, osteoclast number was actually increased
(NOc/BPm 3.81 + 1.1 versus 1.27 £ 0.20, p =0.03; OcS/BS 13.38 + 3.5 versus 4.20 + 0.5, p
=0.02; NOC/TAR 63.46 + 11.9 versus 10.63 £ 1.7, p< 0.001; DKO versus CTRL; see
vehicle-treated groups in Table 2). The sex-specific differences in histomorphometry are
shown in Supplemental Table S6.
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DKO osteoclasts have a shortened life span in vitro

Details of how mature osteoclasts were prepared for this experiment are included in the
Supplemental Methods. A total of 31 CTRL and 21 DKO authentic osteoclasts were directly
isolated from neonatal bone and studied in 3 separate experiments. Cells were isolated from
3 CTRL and 3 DKO animals in each experiment. When cultured, ex vivo mature osteoclasts
freshly isolated from DKO animals had a significantly higher proportion of TUNEL-positive
cells at 10 hours than did CTRL cells. Fifteen of 21 DKO osteoclasts stained positive
compared with 10 of 31 CTRL cells (p=0.01 by Fisher’s exact test; Supplemental Fig. S8).

DKO osteoclasts generate less acid, fail to form actin rings, and have markedly reduced
resorptive activity in vitro

To determine if a defect in osteoclast acidification was responsible for their impaired
resorptive activity, osteoclasts freshly isolated from DKO animals were stained with acridine
orange and the number of orange-stained cells compared with the number of orange-stained
CTRL osteoclasts. Acridine orange has been extensively used to evaluate acidification in
osteoclasts.(21-24)As shown in Fig. 2A, acridine orange staining in DKO osteoclasts was
diminished compared with CTRL cells. In addition, DKO osteoclasts had markedly impaired
actin ring formation (Fig. 2B). DKO osteoclasts also had impaired resorptive activity when
assayed on human bone particles (Fig. 2C).

Expression of differentiation markers and mineralizing capacity of DKO osteoblasts

The findings of reduced osteoblast number and function in vivo in the DKO animals is
surprising. Racl expression in osteoblasts should not be affected by deletion of this isoform
in osteoclasts. The global deletion of Rac2 should not affect osteoblasts because these cells
do not express Rac2 (Supplemental Fig. S9). Rac2 is only expressed in hematopoietic
tissue.(?>)Further, we have reported that osteoblast function is normal in vivo in Rac2™/~
mice.(®To determine if there was a cell-autonomous defect in DKO osteoblasts, CTRL and
DKO osteoblasts were isolated, cultured to confluence, and the level of expression of key
osteoblasts markers assessed by gPCR. As shown in Supplemental Fig. S10B, the levels of
expression of Runx2, collagen 1al, and osteocalcin were indistinguishable in the two cells
types, although osterix was lower in the DKO mice. In vitro mineralization occurred to the
same extent in osteoblasts cultured from DKO mice and osteoblasts prepared from CTRL
animals (Supplemental Fig. S11). The calcium and phosphate content in the mineralized cell
layers was not significantly different in DKO and CTRL cultures (calcium 3.4 + 0.6 versus
2.2 £ 0.6, DKO versus CTRL; phosphorous 2.3 + 0.4 versus 1.6 + 0.3, DKO versus CTRL).
Interestingly, although osteoblast function was similar to CTRLS in vitro, the amount of
collagen transcript expressed in the bone of DKO animals was significantly reduced
(Supplemental Fig. S10A), consistent with the finding of a reduced number of osteoblasts in
vivo.

DKO mice have a normal response to an anabolic PTH regimen

As shown in Fig. 3, bone density assessed by dual-energy X-ray absorptiometry (DXA)
increased to a comparable extent in DKO and WT animals after 29 days of treatment with 80
ng/kg/d of (1-34) hPTH. For example, in the femur, BMD increased by 18.2 + 3.5% in the

J Bone Miner Res. Author manuscript; available in PMC 2016 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 7

PTH-treated DKO animals and with vehicle treatment by 5.6 + 2.5% for a net difference of
+12.6%. In WT animals, PTH treatment led to a 20.8 + 2.3% increase in femur BMD,
whereas vehicle treatment caused an 11.7+1.7% increase for a net difference + 9.1%. At the
spine, the average difference in the percent increase in BMD between PTH-treated and
vehicle-treated DKO animals was + 8.5%, whereas in WT animals, it was + 2.3%. In the
total body, the values were 6.9% and 4.3%, DKO and WT, respectively. In absolute terms,
spinal BMD increased by 156 + 30 g/cm? x 1074 in the DKO animals and by 71 + 12g/cm?
x 1074 in WT after PTH treatment. In the femur, the mean values were 204 + 30 g/cm? x
107 in the DKO animals and 141 + 13g/cm? x 104 in WT animals. For the total body, the
values were 105 + 20g/cm? x 104 versus 61 + 5 g/cm? x 1074, respectively. There was no
difference based on genotype for the change in BMD in vehicle-treated DKO animals and
vehicle-treated WT animals (Supplemental Table S7). Supplemental Table S8 summarizes
the sex-specific changes in bone density in response to PTH.

With PTH treatment, osteoblast parameters tended to increase in both the DKO and WT
animals, although, because of the small numbers of animals studied, these trends were not
significant. However, there was a qualitative difference in the PTH-induced changes in
parameters of osteoclast function. In particular, OcS/BS and NOc/BPm tended to increase in
the WT animals and the NOc/TAR increased significantly. In contrast and surprisingly, these
same parameters did not change with PTH treatment in the DKO animals and, in fact, tended
to decrease (Table 2). The sex-specific histomorphometric changes in response to PTH are
summarized in Supplemental Table S9. One explanation for the failure of osteoclast number
to increase with PTH treatment in the DKO animals could be a change in the level of
expression of receptor activator of NF-xB ligand (RANKL). However, as shown in
Supplemental Fig. S12, tissue levels of RANKL were higher in both vehicle and PTH-
treated DKO mice. Dynamic histomorphometric data in vehicle and PTH-treated DKO and
WT animals are presented in Supplemental Table S10. Both groups of animals showed
increases in mineral apposition rate and bone formation rate per bone surface, although the
changes were only significant in the CRTLs. The sex-specific effects of PTH treatment on
dynamic histomorphometric measurements are shown in Supplemental Table S11.

Expression levels of sclerostin, LRP4, and SPHK1 are altered in DKO mice

Because osteoblast function was impaired in vivo but not in vitro in DKO mice, this
suggested that a paracrine or endocrine inhibitor of osteoblast activity was the basis for this
finding. Two paracrine signaling molecules that regulate osteoblast activity and for which
compelling supportive in vivo evidence exists are sclerostin and sphingosine-1-phosphate,
the former a potent inhibitor of bone formation and the latter an osteoclast-derived paracrine
anabolic signal for osteoblasts.(26-28)We initially examined serum levels of sclerostin in
DKO animals and found that they were significantly elevated (1727 + 137 versus 984 + 112
pg/mL, DKO versus CTRL, p =0.002, n= 6 for both groups). However, it has recently been
reported that LRP4 tethers sclerostin in bone.(29When LRP4 is deleted in vivo, circulating
levels of sclerostin rise, but bone formation is not suppressed, suggesting that local sclerostin
in bone and not circulating sclerostin is important in controlling bone formation. We,
therefore, examined SOST and LRP4 transcript expression and LRP4 protein levels in DKO
cortical bone and found that expression of both SOST and LRP4 were markedly lower than
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in CTRLs (Supplemental Fig. S13A). By Western blot, the level of LRP4 protein was also
found to be significantly lower in the DKO animals (Supplemental Fig. S13B). The reduced
expression of LRP4 likely explains the high levels of serum sclerostin in our animals but
may not explain the suppressed bone formation. Another paracrine signaling pathway that is
more directly related to osteoclasts is the sphingosine-1-phosphate (S1P) pathway recently
elucidated in two studies, both of which concluded that increased production of S1P by
osteoclasts controls bone formation in vivo.(28:30Two molecular mechanisms in osteoclasts
have been reported to regulate S1P production. In one, increased expression of the rate-
limiting enzyme for S1P synthesis, SPHKZ1, is responsible for the increase in S1P production
and in the other, increased expression of the cellular S1P exporter, SPNS2, is
increased.(?8:30\We examined expression of both of these in osteoclasts isolated from DKO
mice and found that SPHK1 expression was decreased, whereas expression of SPNS2 was
unaltered, suggesting that reduced production of S1P may in part explain the reduced rate of
bone formation in the DKO animals (Supplemental Fig. S14).

Serum levels of sclerostin did fall to a greater extent with PTH treatment in the DKO
animals than the WT animals (Supplemental Fig. S15), but for the reasons just noted, it is
not clear if this played a role in the response to an anabolic PTH regimen in the DKO
animals. The sex-specific changes in circulating sclerostin at day 29 of treatment are
summarized in Supplemental Fig. S16).

Focal disruption of the osteocytic network in DKO mice

The findings in DKO animals of elevated serum sclerostin and reduced transcripts in bone of
SOST and LRP4 raised the possibility of an abnormality in osteocytes. Using phalloidin
staining of decalcified femoral and humeral cortical bone slices and confocal microscopy,
the osteocytes in DKO and CTRL animals were imaged (Fig. 4A, B). The DKO mice had
large areas of abnormal-appearing bone in the cortices (Figs. 4A, B, right third panelin each
upper row, red arrows, and third panel in each lower row, red arrows). The CTRL animals
showed little to no evidence of this (Fig. 4A, B, upper first panel in each top row). Under
higher magnification (Fig.4A, B, third panel in each upper and lower row), there appeared to
be areas of discontinuity in the DKO cortex with seams/interfaces separating areas of bone.
Imaging of the osteocytes in these areas revealed discontinuities in the osteocyte network
and isolated islands of osteocytes that did not connect across the interfaces (Fig. 4A, B,
upper and lower rows, last panel). In CTRL bone, osteocytes showed a highly regular
organization with extensive interconnectivity between osteocytes (Figs. 4A, B, upper and
lower rows, second panel). The anatomical region of each bone analyzed was precisely
defined (Supplemental Figs. S17 and S18), so the differences observed are not the result of
analyses conducted in different regions of the CTRL and DKO bone. In contrast to the
findings in the DKO mice, the osteocyte network was normal in the Rac2~/~ mice
(Supplemental Fig. S19).

To determine if this disrupted osteocytic network was associated with changes in the
organization of collagen in bone, collagen architecture was examined after decalcification
using polarized light microscopy. As shown in Supplemental Fig. S20, both DKO and CTRL
bones demonstrated lamellar collagen with no evidence of abnormal collagen organization.
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Discussion

The findings in the present study combined with earlier work by Itokawa and colleagues and
Wang and colleagues establish that there is significant functional overlap between Racl and
Rac2 in osteoclasts.(912)Selective deletion of each leads to relatively mild phenotypes in
vivo, whereas, as the current study demonstrates, the deletion of both in mature osteoclasts
leads to marked impairment in the function of these cells and a severe osteopetrotic
phenotype. In addition, the DKO animals evidenced a surprising reduction in the number of
osteoblasts in vivo. Despite increased trabecular bone mass, the cortices of the DKO animals
were thinned. Cortical histology similar to that found in the DKO animals appears to be
present in another osteopetrotic animal, the c-src knock-out mouse.(3DIn contrast, the cortex
appears relatively normal in two osteopetrotic mouse models in which osteoclasts are absent,
namely the op/op mouse and the c-fos knock-out mouse.(32:33)

DKO osteoclasts have severely impaired resorbing capacity and a shortened life span in
vitro. This latter finding is consistent with the relative paucity of osteoclasts found in vivo in
young animals, although as animals age, the number of osteoclasts present in bone actually
increased, which might reflect a compensatory response to the resorptive defect in these
cells. Despite this, the osteopetrotic phenotype worsened. The cellular basis for the
resorptive defect in the DKO osteoclasts is likely the result of a failure of actin ring
formation and a reduced life span. The defective actin dynamics in the DKO osteoclasts is
consistent with the known roles of Racl and Rac? in cytoskeletal remodeling and
chemotaxis.("9)Cellular acidification was also impaired in DKO osteoclasts, which likely
contributed to the defect in resorptive activity.

The reduction in osteoblast number in vivo in the DKO mice was not cell-autonomous
because DKO osteoblasts had a largely normal molecular profile, although levels of osterix
were reduced. Functionally, the DKO osteoblasts appeared unimpaired because they
mineralized normally ex vivo. It is unlikely that off-target deletion of Racl in osteocytes
explains this change because cathepsin K is not expressed in osteocytes except during
pregnancy/lactation.3¥1t is unlikely that impaired osteoclast resorptive activity explains the
reduction of osteoblast number because there are at least two osteopetrotic mouse models in
which osteoclast resorptive function is impaired but osteoblast activity is increased, the
cathepsin K knock-out mouse®9and c-src knock-out mouse.(3®We are uncertain what
explains the reduced numbers of osteoblasts in vivo, but as noted in Results, a reduction in
sphingosine-1-phosphate production by the DKO osteoclasts may be playing a role. We also
found evidence for a dysfunction of osteocytes with a disruption of the osteocyte network,
reduced expression of LRP4, and increased circulating levels of sclerostin. Although there
are no previous reports of circulating sclerostin levels in other osteopetrotic models, in the
Hyp mouse, another animal model where bone microarchitecture is disrupted, sclerostin
transcript expression in bone is elevated.(38)The basis for the disrupted osteocyte network in
the DKO mice is most likely secondary to a failure of normal bone modeling and
remodeling. This is, in turn, owing to the defect in osteoclast resorptive activity found in the
DKO osteoclasts. The failure of bone remodeling leads to an abnormal bone
microarchitecture as illustrated in Fig. 4 that leads to a disruption of the osteocyte network,
which may contribute to the dysregulated osteocyte function. Thus, it is the resorptive defect
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in the DKO osteoclasts that ultimately results in osteocyte dysfunction, not directly but
rather indirectly by affecting bone microarchitecture.

Wang and colleagues used LysM cre transgenic mice to delete Racl in cells of the
leukocyte-monocyte lineage and then bred those animals to Rac2~/~ mice.(12)These mice had
normal tooth eruption but increased bone density and the marrow of these animals evidenced
impaired osteoclastogenic capacity. Croke and colleagues also reported an osteopetrotic
phenotype in animals engineered in the same way, and, like Wang and colleagues, Croke and
colleagues reported normal tooth eruption in their animals.(3”)Croke and colleagues also
found impaired osteoclastogenic potential in the marrow of these mice. Osteoclast-like cells
generated in vitro did not form actin rings normally and evidenced poor resorptive
activity.(37)In these models, Racl is deleted early in the osteoclast lineage as well as in
macrophages and leukocytes. Consequently, studies with these animals do not address the
role of the two Rac isoforms just in differentiated osteoclasts. Further, the abnormalities
reported in these two previous studies could reflect effects on other cell lineages such as
neutrophils and mature macrophages. In contrast, in the present study by using the cathepsin
K cre mouse, Racl is only deleted in osteoclasts excluding a contribution of other cell
lineages to our findings. In their report, Croke and colleagues also describe animals
generated in a manner similar to ours, using the cathepsin K cre knock-in mouse to delete
Rac1 and observed an osteopetrotic phenotype and impaired tooth eruption.(3")The reason
that both Croke and colleagues and Wang and colleagues did not observe impaired tooth
eruption using the LysM cre to delete Racl, while this phenotype was observed when
cathepsin K cre was used to delete Racl, may be because cathepsin K cre more completely
deletes Rac 1.G37)Surprisingly, Croke and colleagues reported that in the double knock-out
mice generated using cathepsin K cre to delete Rac1, actin ring formation and resorption
were normal in osteoclast-like cells differentiated in vitro. This is difficult to reconcile with
the osteopetrotic phenotype of these animals. Our findings of a marked defect in actin ring
formation in authentic, freshly isolated mature osteoclasts is in keeping with our in vivo
osteopetrotic phenotype and the lower serum CTx values in the DKO animals. We found
markedly impaired resorptive activity of osteoclast-like cells differentiated in vitro, again
consistent with the in vivo phenotype. None of the prior reports have provided
histomorphometric data, so it is unclear if the defect we found in osteoblast function in vivo
is found in these other models. Biomechanical data were also not provided in any of the
prior studies. We also showed for the first time that DKO osteoclasts have a reduced ability
to generate acid.

It has recently been reported that in addition to its expression in osteoclasts, cathepsin K is
endogenously expressed in an ovary and testis.(38:39)We confirmed expression of our
transgene in testis, but unlike Winkeler and colleagues,38:3%we did not see expression in the
gametes (Supplemental Methods and Supplemental Fig. S21). Because global deletion of
Racl is embryonic lethal,(1Dif Rac1 was expressed in the gametes, it would lead to
embryonic lethality early in our breeding strategy, which we did not observe.

Despite the marked cellular abnormalities in the DKO animals, bone density increased to the
same if not greater extent than WT animals when given single daily injections of PTH. The
reasons for this surprising finding are not entirely clear. Unlike in WT animals, in DKO
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animals there was no increase in osteoclast number with PTH treatment. In fact, osteoclast
number declined slightly. Although these cells are dysfunctional, a decline in osteoclast
number could uncouple the anabolic response in favor of formation.

In summary, our data support important nonredundant roles for Racl and Rac2 in mature
osteoclasts, as well as significant functional overlap between these two. They also highlight
the cellular complexity of the anabolic response to PTH. Finally, they raise the possibility
that skeletal microarchitecture and impaired osteoclast activity impact normal osteocyte
function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Impaired tooth eruption and high bone density in DKO mice. (A) Upper panel: At age 3
weeks, DKO animals evidenced no tooth eruption. Lower panel: A few animals showed
partial eruption of the upper incisors, but no animals ever showed eruption of the lower
incisors. (B) Left upper two panels: Low-power photomicrograph of toluidine blue-stained
distal femurs from 4-week-old DKO and CTRL littermate mice demonstrating persistence of
trabecular bone in the femoral metaphysis and diaphysis in DKO mice. Left lower two
panels show the same but provide a more complete view of the persistent trabecular bone in
the diaphysis. Right four panels: 3-D reconstructions of micro-CT images of diaphyseal
bone in 4-week-old DKO mice and littermate CRTLs. Note the persistent trabecular bone in
the diaphysis and the marked thinning of the cortex in the DKO mice. (C) Bone density by
DXA in 4- to 6-week-old DKO and CTRL mice (7= for 29 DKO mice and 34 for CTRL
mice). (D) Bone density by DXA in 14- to 16-week-old mice (7= 10 for DKO mice and 12
for CTRL mice). *p < 0.05, *** p< 0.001.
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Fig. 2.
DKO osteoclasts had reduced acid generation, impaired sealing zone formation, and showed

little resorptive activity. (A) Acridine orange staining of freshly isolated mature osteoclasts
from CTRL (upper panel) and DKO animals (lower panel) plated on OsteoAssay plates.
Orange staining reflects acid pH. Nine of nine DKO osteoclasts showed slightly less intense
staining with acridine orange, whereas 23 of 23 CTRL cells stained normally. The white
scale bar = 50 pM. (B) Phalloidin staining of freshly isolated mature osteoclasts from CTRL
animals (upper panel) and DKO animals (lower panel) after culturing on FBS-coated glass
slides for 6 hours. Actin ring formation is evident in the CTRL cells but not in the DKO
cells. A total of 87% (20 of 23) of control cells had normal actin ring formation, whereas
only 29% (5 of 17) of DKO osteoclasts were able to form actin rings (o =0.0003 by Fisher’s
exact test). (C) Quantification of the resorptive activity of CTRL and DKO osteoclast-like
cells cultured with human bone particles using the OsteoAssay Human bone plate. CTx was
measured in the conditioned media from days 3 to 6 of culture (n7= 8 for each
determination). ** 0 < 0.001.
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Changes in BMD in DKO animals treated with an anabolic PTH regimen. Upper panel:

Percent change in spine, femur, and total BMD by DXA in WT (open bars) and DKO

animals (black bars). Lower panel: Absolute change in spine, femur, and total BMD by
DXA in WT (open bars) and DKO animals (black bars).The animals were 18 weeks old (7=
6 for WT-VEH and 6 for WT-PTH; n=5 for DKO-VEH and 5 for DKO-PTH). *p<0.05;

**<0.01.
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Digsruption of the osteocytic network in DKO mice. (A) Upper panels: 10x magnification of
femoral cortex in CTRL (left) and DKO (right) mice. The DAPI/phalloidin staining shows
the abnormal osteocytic network in the DKO bone. Lower panels: 100x magnification of
osteocytes in CTRL (left) and DKO (right) femoral cortex demonstrates discontinuities in
the osteocyte network across the seams in the DKO bone found in the bright-field images in
both the upper (red arrow) and lower panels. (B) Upper panels: 10x magnification of
humeral cortex in CTRL (left) and DKO (right) mice. Lower panels: 100x magnification of
osteocytes in CTRL (left) and DKO (right) humeral cortex demonstrates discontinuities in
the osteocyte network across the seams on the DKO bone observed in the bright-field images
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in both the upper third panel (red arrow) and lower third panels. The animals were 17 weeks
old.
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