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ABSTRACT
Bone strength is determined by the structure and composition of its thickened outer shell (cortical bone), yet the mechanisms con-
trolling cortical consolidation are poorly understood. Cortical bone maturation depends on SOCS3-mediated suppression of IL-6
cytokine-induced STAT3 phosphorylation in osteocytes, the cellular network embedded in bone matrix. Because SOCS3 also sup-
presses granulocyte-colony-stimulating factor receptor (G-CSFR) signaling, we here tested whether global G-CSFR (Csf3r) ablation
altereed bone structure in male and female mice lacking SOCS3 in osteocytes, (Dmp1Cre:Socs3f/f mice). Dmp1Cre:Socs3f/f:Csf3r�/� mice
were generated by crossing Dmp1Cre:Socs3f/f mice with Csf3r�/�mice. Although G-CSFR is not expressed in osteocytes, Csf3r deletion
further delayed cortical consolidation in Dmp1Cre:Socs3f/f mice. Micro-CT images revealed extensive, highly porous low-density bone,
with little true cortex in the diaphysis, even at 26 weeks of age; including more low-density bone and less high-density bone in
Dmp1Cre:Socs3f/f:Csf3r�/� mice than controls. By histology, the area where cortical bone would normally be found contained imma-
ture compressed trabecular bone in Dmp1Cre:Socs3f/f:Csf3r�/� mice and greater than normal levels of intracortical osteoclasts, exten-
sive new woven bone formation, and the presence of more intracortical blood vessels than the already high levels observed in
Dmp1Cre:Socs3f/f controls. qRT-PCR of cortical bone from Dmp1Cre:Socs3f/f:Csf3r�/� mice also showed more than a doubling of mRNA
levels for osteoclasts, osteoblasts, RANKL, and angiogenesis markers. The further delay in cortical bone maturation was associated
with significantly more phospho-STAT1 and phospho-STAT3-positive osteocytes, and a threefold increase in STAT1 and STAT3 target
gene mRNA levels, suggesting G-CSFR deletion further increases STAT signaling beyond that of Dmp1Cre:Socs3f/f bone. G-CSFR defi-
ciency therefore promotes STAT1/3 signaling in osteocytes, and when SOCS3 negative feedback is absent, elevated local angiogen-
esis, bone resorption, and bone formation delays cortical bone consolidation. This points to a critical role of G-CSF in replacing
condensed trabecular bone with lamellar bone during cortical bone formation. © 2022 American Society for Bone and Mineral
Research (ASBMR).
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Introduction

Cortical structure is a crucial determinant of bone strength.
Cortical bone arises during embryonic osteogenesis initially

as the diaphyseal bone collar and continues to form during
growth by coalescence and compaction of trabecular bone aris-
ing from the growth plate, with entrapment of blood vessels.(1,2)

This compact, disordered bone is gradually replaced with a
stronger lamellar bone structure through endosteal remodeling
and deposition of new bone by modeling on the periosteal

surface.(3,4) Cortical bone formation therefore includes consoli-
dation of structural elements resulting from pore closure, a tran-
sition from less organized and less mineralized bone to mature
lamellar structure, and an accumulation of high-density bone.(1,4)

The underlying mechanisms controlling cortical bone matura-
tion remain poorly understood. We previously reported delayed
cortical bone consolidation inmice with a prolonged and amplified
Signal Transducer and Activator of Transcription 3 (STAT3) phos-
phorylation response in osteocytes.(5) In these mice (Dmp1Cre:
Socs3f/f mice), STAT3 phosphorylation was amplified by targeted
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genetic deletion of the intracellular STAT3 signaling inhibitor
SOCS3 (Suppressor of Cytokine Signaling 3) in Dmp1Cre-expressing
cells (including osteocytes and late osteoblasts). This hyperactiva-
tion of STAT3 led to continued formation of osteoclasts within
the developing cortical bone, which prevented its consolidation.(5)

When these mice were exercised on a treadmill, cortical consolida-
tion was delayed still further.(6) A similar phenotype of delayed cor-
tical bone formation was also observed in a second model when
SOCS3 was deleted earlier in the osteo-chondral lineage using
Col2-Cre.(7) This indicated that STAT3-activating cytokines requiring
SOCS3 for intracellular negative feedback must be suppressed for
normal cortical bone formation.

STAT3 is a ubiquitous intracellular signaling molecule
phosphorylated by multiple JAK/STAT cytokine receptors,(8)

and SOCS3 provides negative feedback for their STAT3-phos-
phorylation.(9) One of these receptors is gp130 (glycoprotein
130), the common signal transducer used by the IL-6 family of
cytokines. By targeted deletion of gp130 in Dmp1Cre:Socs3f/f

mice, we showed that this family of cytokines is responsible, at
least in part, for the cortical bone phenotype and the high level
of STAT3 phosphorylation in Dmp1Cre:Socs3f/f osteocytes.(10)

However, IL-6 itself was not the major contributor,(5) suggesting
other members of the gp130-signaling cytokine family, such as
IL-11, leukemia inhibitory factor (LIF), oncostatin M (OSM), and
cardiotrophin, are involved, also since they all stimulate both
bone formation and resorption.(11-16)

We needed to consider that SOCS3 also inhibits STAT3 phos-
phorylation downstream of the granulocyte-colony-stimulating
factor receptor (G-CSFR).(9) In our previous work, when we
crossed the Dmp1Cre:Socs3f/f mice with a gp130 (Il6st)-deficient
mouse to resolve the phenotype,(10) we also set up experiments
to cross Dmp1Cre:Socs3f/f mice with Csf3r null mice on the
assumption that no effect would be observed, given the lack
of G-CSFR in osteoblasts and osteocytes.(17,18) To our surprise,
the phenotype became more marked. In the present work, we
define the unexpected phenotype found and identify possible
causes.

Although there is no clear physiological role of G-CSF in regu-
lating bone structure, it has pharmacological effects on the skel-
eton in vivo. Administration of G-CSF to mobilize hemopoietic
stem and progenitor cells from marrow to the circulation
depletes bone surface osteoblasts within days,(17) resulting in
suppressed bone formation on both endocortical and trabecular
surfaces.(19,20) G-CSF administration also reduces mRNA levels of
osteocyte markers and changes osteocyte morphology.(21) G-
CSF administration also stimulates osteoclast formation.(22) The
mechanisms by which pharmacological G-CSF acts on the osteo-
blast lineage or on osteoclasts have not been fully resolved,
although there is evidence for at least two pathways: (1) loss of
supporting signals from resident macrophages within the bone
marrow,(19) and (2) suppression of bone formation via the sym-
pathetic (adrenergic) nervous system.(18,21) What is clear is that
pharmacological effects of G-CSF on the skeleton result from
indirect action on the osteoblast lineage, since G-CSF receptor
is not expressed by osteoblasts or osteocytes.(17,18)

We show here that, although G-CSFR null mice have no basal
phenotype, G-CSFR deletion in the absence of SOCS3 in osteo-
cytes exaggerates the profound defect in cortical bone consoli-
dation caused by osteocyte deletion of SOCS3. This is
characterized by a very high level of cortical resorption and vas-
cularization, and associated with excessive STAT3 and STAT1
phosphorylation in osteocytes. This points to a new influence
of G-CSF in bone as a physiological suppressor of bone

formation, bone resorption, and bone vascularization, and as a
stimulus of cortical bone consolidation.

Materials and Methods

Mice

Dmp1Cre:Socs3f/f mice were generated as previously described(5)

by crossing Dmp1-Cre (Tg(Dmp1-cre)1Jqfe) mice (containing the
Dmp1 10-kb promoter region) provided by Lynda Bonewald
(University of Kansas, Kansas City, MO, USA),(23) with Socs3 floxed
(Socs3tm1Wsa) mice, provided by Warren Alexander (Walter
and Eliza Hall Institute of Medical Research, Melbourne,
Australia).(24) Csf3r null mice(19) were obtained from Ian Wicks
(Walter and Eliza Hall Institute of Medical Research). All had been
previously backcrossed to a C57BL/6 background. To compare
Dmp1Cre:Socs3f/f:Csf3r�/� and Dmp1Cre:Socs3f/f mice, littermate
controls were obtained by crossing Dmp1Cre:Socs3f/f mice with
Csf3r�/� mice, then breeding from Dmp1Cre:Socs3f/f Csf3r+/�

pairs. Samples collected to assess the basal phenotype of
Csf3r�/�mice compared with their own littermate wild-type con-
trols were obtained directly from the colony of Ian Wicks (Walter
and Eliza Hall Institute of Medical Research).

Bone samples were collected at 6, 12, 16, or 26 weeks of age
(as indicated in figure legends) after injection with calcein
(20 mg/kg) at 3 and 10 days before collection.(11) When samples
from 12-week-old mice were collected, one femur was flushed of
marrow and the bone shaft was collected for extracting RNA.(25)

Sample size (n= 10) was based on previous studies using micro-
CT and histomorphometry. No explicit power analysis was per-
formed. All were fasted overnight before tissue collection. All
analyses below were conducted with the observer being blinded
to the genotype of the samples. Mice were group housed and
supplied with water and standard mouse cubes (1.14% calcium,
2 IU vitamin D3/kg, 20% protein: 133 Barastoc, Ridley AgriPro-
ducts, Melbourne, Australia) ad libitum; no fighting was observed
in any of the cages. All animal procedures were conducted with
approval of the St. Vincent’s Health Melbourne Animal Ethics
Committee.

Micro-CT

Femora of Dmp1Cre:Socs3f/f and Dmp1Cre:Socs3f/f:Csf3r�/� mice
were scanned using a Skyscan 1076 (6 and 12 weeks of age)
or 1276 (26 weeks of age, Csf3r�/� mice and their controls)
micro-CT system (Bruker, Aartselaar, Belgium) to access their
basal phenotypes as described previously(26,27) with the follow-
ing modifications. Projections were acquired over 180� (step of
0.4–0.7�) with the following settings: 44 kV and 220 mA, 9 μm
voxel resolution, 0.5 mm aluminum filter, 2300 ms exposure
time (481 ms for 26-week-old samples), and frame averag-
ing = 1. Images were reconstructed and analyzed using NRe-
con (Bruker, versions 1.6.9.8 [6- and 12-week-old samples] or
1.7.1.0 [26-week-olds]), Dataviewer (Bruker, version 1.5.4.0),
and CT Analyzer (Bruker, version 1.17.7.2+). 3D-tomographic
volume images of bone were created using CTVox (Bruker, ver-
sion 3.2.0). Femoral length was measured in all collected sam-
ples. For metaphyseal and diaphyseal analyses, the regions of
interest were 15% of the total femur length, commencing at a
distance equal to 7.5% or 30%, respectively of femur bone
length from the distal femoral growth plate, as indicated in fig-
ure legends; the cortical region includes the midpoint of the
diaphysis. Cortical porosity measurements were determined
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using a global threshold minimum of 0.632 g/cm3 CaHA (cal-
cium hydroxyapatite) for bone.

Because this model does not form normal trabecular or corti-
cal bone structures, to quantifymorphological and tissuemineral
content changes during growth objectively, we used a new
method to measure bone areas of low-, medium-, and high-den-
sity bone.(10,28) This method uses an unbiased thresholding algo-
rithm, which segments the pixels into different classes set based
on the gray level intensities within the control image set.(29) This
overcomes the requirement to subjectively segment bone into
“trabecular” and “cortical” components. We therefore deter-
mined nonparametric unsupervised four-level Otsu thresholding
with CT Analyzer (Bruker, version 1.17.7.2+) according to our
previously published methods.(6,10,28) The threshold ranges for
the three density levels of bone measured were as follows: low
density (0.661–1.0174 g/cm3 CaHA); mid-density (1.0174–
1.3639 g/cm3 CaHA), and high density (>1.3639 g/cm3 CaHA).
The lowest-density quartile was discarded because it contained
non-bone material. Bone volumes at each of the three densities
were measured and are expressed relative to the total cross-
sectional volume. In addition, data were extracted for each
9 μm slice within the region of interest, and these areas at each
density are reported as bone area as a percentage of total
cross-sectional area for each slice, as previously described.(6,10,28)

Histology, immunohistochemistry, histomorphometry,
and flow cytometry

Left tibias from 12-week-old mice were infiltrated and embed-
ded in methylmethacrylate and sectioned at 5 μm thickness for
histomorphometric analysis as previously described.(30) Sections
were stained with Toluidine blue or Xylenol orange as previously
described.(11) Right tibias were fixed in 4% paraformaldehyde in
0.05 M phosphate buffered saline (PBS) for 24 hours, decalcified
in ethylene diamine tetraacetic acid (EDTA), and embedded in
paraffin.(12,31) Four μm paraffin sections were used for Ploton sil-
ver staining and tartrate-resistant acid phosphatase (TRAP) stain-
ing, as previously described.(12,32,33) Immunohistochemistry was
also carried out for phospho-STAT1, phospho-STAT3, total
STAT3, and endomucin, as previously described(12) with the fol-
lowing modifications. Endogenous peroxidase was blocked for
20 minutes in 3% H2O2 in 100% methanol. Sections were per-
meabilized for 15 minutes in 0.5% trypsin in PBS. After rinsing
with 0.05 M PBS, they were blocked with 10% swine serum in
PBS with 0.01% Tween 20 (TBS) for 60 minutes or TNB
(Renaissance TSA indirect [Tyramide Signal Amplification, Perki-
nElmer Life Sciences, Waltham, MA, USA; #NEL700]) for
30 minutes before primary antibody was applied. They were
incubated with antibodies to phospho-STAT1 (Tyr701) (Cell Sig-
naling, Danvers, MA, USA; #7649 1:50), phospho-STAT3 (Tyr705)
(Cell Signaling #9131, 1:100), total STAT3 (Cell Signaling #9139,
1:50), endomucin (Invitrogen, Carlsbad, CA, USA; #14–5851-81,
1:200) or IgG control (rabbit IgG, Dako, Glostrup, Denmark) in a
humidified chamber at room temperature overnight. A second-
ary antibody (swine anti-rabbit, Dako) was applied for
45 minutes in TBS at 1:250, followed by streptavidin horseradish
peroxidase (Dako) at 1:500 in the same blocking solution (TBS)
for 45 minutes, then biotin tyramine at 1:50 in amplification dilu-
ent for 7 minutes (TSA Biotin System Kit, PerkinElmer). This was
followed by streptavidin horseradish peroxidase (Dako) at
1:500 in the same blocking solution (TBS) for 45 minutes. They
were rinsed in TBS containing Triton 1000 between each step.
Antibody binding was visualized using a diaminobenzidine

colorimetric kit (Dako), following which, sections were counter-
stained with Mayer’s hematoxylin solution for 90 seconds, rinsed
in Scott’s tap water, then dehydrated with graded ethanols (70%,
90%, 100%, 100%) and mounted with DePex.

Histomorphometric measurements of phospho-STAT1,
phospho-STAT3, and total STAT3-positive osteocytes, osteoclast
surface and numbers, vessel areas and numbers, and pore areas
were all carried out in cortical bone of the lateral tibial metaphy-
sis, commencing 1110 μm below the distal end of the lateral
growth plate and extending for 1480 μm (8 fields at 40�magni-
tude), using the OsteoMeasure system (Osteometrics Inc., Deca-
tur, GA, USA). This equates to a region approximately 10% of
the length of the bone, commencing at a distance below the
growth plate equal to approximately 7.5% of the length of the
bone. To measure the region of cortex actively undergoing con-
solidation, the lateral side of the tibia was chosen because imma-
ture cortical bone is readily detected in this region; wemeasured
a 100-μm-wide region of interest commencing 50 μm from the
periosteal edge. All histomorphometric measurements were
conducted with the observer being blinded. Images of the bone
were captured using a Leica (Buffalo Grove, IL, USA) DM2000
microscope with an Olympus (Tokyo, Japan) DP72 microscope
camera, connected to a computer.

For flow cytometry, bonemarrow from femurs and tibias of 12
week old mice were collected into cold 2% fetal bovine serum in
PBS, stained on ice for 30 minutes with antibodies to CD11b
APC/Cy7 and Gr-1 FITC (both BioLegend, San Diego, CA, USA),
and washed in PBS. Cell populations were assessed on an LSR
Fortessa flow cytometer (BD Biosciences, Macquarie Park,
Australia). Flow cytometric analysis was performed on FlowJo
v10 (Ashland, OR, USA) with dead cells and doublets excluded.
Neutrophils were defined by Gr1+/CD11b+ expression.

Three-point bending test

Mechanical properties of femora were derived from three-point
bending tests using a Bose ElectroForce Biodynamic 5500 Test
Instrument (Eden Prairie, MN, USA), as described previously.(34)

Once whole-bone properties were determined, tissue-level
mechanical properties were calculated using micro-CT derived
data from the midshaft.(35)

Real-time quantitative PCR (RT-qPCR)

RNA was isolated from homogenized marrow flushed-out fem-
ora from 12-week-old mice as previously described.(36) Briefly,
flushed femora were homogenized with a LS-10-35 Polytron
homogenizer in Qiazol for 4 � 5-second bursts. Extracted RNA
was treated with DNase (Ambion TURBO DNA-Free Kit; Ambion
Inc., Waltham, MA, USA) and measured on a NanoDrop ND1000
Spectophotometer (Thermo Fisher Scientific, Wilmington, DE,
USA), then stored at �80�C. cDNA was generated using a Tetro
cDNA synthesis kit (Bioline, Meridian, Memphis, TN; #BIO-
65043) according to the manufacturer’s instruction. RT-qPCR
was performed on a Stratagene Mx3000P QPCR system (Agilent
Technologies, Santa Clara, CA, USA) with two-step cycling condi-
tions (95�C for 10 minutes followed by 95�C for 30 seconds and
60�C for 1 minute) for 40 cycles followed by a dissociation
step (95�C for 1 minute, 55�C for 30 seconds, and 95�C for
30 seconds) using Sybr Select (Thermo Fisher Scientific
#4472908) as previously described.(37) Primers for Bglap1 (osteo-
calcin, bone gamma-carboxyglutamate protein),(38) Alpl (alkaline
phosphatase),(39) Col1a1 (collagen type I alpha 1),(39) Dcstamp
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(dendritic cell-specific transmembrane protein),(39) Acp5 (tar-
trate-resistant acid phosphatase type 5)(73), Tnfsf11 (tumor
necrosis factor ligand superfamily member 11),(40) Tnfrsf11b
(tumor necrosis factor receptor superfamily member 11b),(41)

Socs1 (suppressor of cytokine signaling 1),(25) Bcl3 (B-cell lym-
phoma 3 protein homolog),(25) Vegfa (vascular endothelial
growth factor A),(12) Hprt1 (hypoxanthine-guanine phosphoribo-
syltranspherase 1),(42) B2m (beta-2 microglobulin)(43) were
described previously. Primers for Emcn (Endomucin) (forward
50-AGTGAGGACGGCAAAGAT-30, reverse 50-GGGACCTT-
CAGTTGTTGTTC-30) and Tie-1 (tyrosine-protein kinase with
immunoglobulin-like and EGF-like domains 1) (forward 50-
GATTTGGTAGGCGTCTTCTC-30, reverse 50-CTTGCCAGTCTAGGG-
TATTG-30) were designed using PrimerQuest. Post-run samples
were analyzed using Stratagene software MxPro and data were
normalized to geometric mean of two housekeeping genes (ie,
Hprt1 and B2m). Relative expression was quantified using the
comparative threshold cycle (Ct) method (2-(Gene Ct- Normalizer Ct)).

Statistical analysis

In most instances, two-way ANOVA with mixed-effects analysis
was used, with repeated measures for slice-by-slice comparisons
because these data are from multiple measurements on the
same dependent variable taken of the same samples. Sidak or
Tukey post hoc tests were used to identify significant differences,
as indicated in figure legends. Student’s t test was used where
only one comparison was being made. No outliers were
excluded from any analyses. A p < 0.05 was considered signifi-
cant. All statistical analyses were performed by GraphPad
(La Jolla, CA, USA) Prism 9. The p values for all ANOVAs are
reported in Supplemental Fig. S5.

Results

Dmp1Cre:Socs3f/f.Csf3r�/� mice show more severely
disrupted skeletal structure than Dmp1Cre:Socs3f/f mice

Micro-CT analysis of femora detected no significant differences
in cortical bonemass or trabecular structure in 16-week-old male
or female Csf3r�/� mice compared with age- and sex wild-type
controls (Supplemental Fig. SS1A–F).

Since our earlier work showed bone corticalization was
delayed in male and female Dmp1Cre:Socs3f/f mice at 12 weeks
of age and gradually recovered by 26 weeks of age,(5) we evalu-
ated cortical maturation of Dmp1Cre:Socs3f/f and Dmp1Cre:Socs3f/f:
Csf3r�/� mice at 6, 12, and 26 weeks of age. In initial raw images
of femoral scans, both male and female Dmp1Cre:Socs3f/f mice
showed the same phenotype we observed previously at these
ages(5): high bone mass in the metaphysis at 6 weeks of age
and porous cortical bone at 6, 12, and 26 weeks of age (males
in Fig. 1A; females in Fig. 1B). When G-CSFR was deleted
(in male and female Dmp1Cre:Socs3f/f:Csf3r�/� mice), their femo-
ral morphology was similar to Dmp1Cre:Socs3f/f at 6 weeks of
age, but at 12 weeks of age they had much more metaphyseal
trabecular bone than Dmp1Cre:Socs3f/f mice and contained only
a small amount of high-density consolidated cortical bone, and
this was further from the growth plate than in Dmp1Cre:Socs3f/f

mice, suggesting a greater delay in cortical bone consolidation
(Fig. 1A, B). This exaggeration was more substantial in male fem-
ora collected at 26 weeks of age (Fig. 1A). FemaleDmp1Cre:Socs3f/
f:Csf3r�/� mice had a survival defect of unknown cause

(Supplemental Fig. S1G, H); this precluded analysis of female
Dmp1Cre:Socs3f/f:Csf3r�/� mice at 26 weeks of age.

To quantify the bone phenotype in Dmp1Cre:Socs3f/f:Csf3r�/�

femora, standard manual or algorithm-based methods to distin-
guish trabecular and cortical bone mass(44,45) were not suitable
because the distinction between cortical and trabecular bone
was often ambiguous. Therefore, we used our newly developed
unbiased multiple-threshold micro-CT method, which objec-
tively measures bone at high-, mid-, and low-density thresholds,
without subjectively designating bone as trabecular or corti-
cal.(10,28) In male and female mice at 6 weeks of age, both
Dmp1Cre:Socs3f/f and Dmp1Cre:Socs3f/f:Csf3r�/� mice had the
same amount of total metaphyseal bone, which comprised
mainly low-density bone (Fig. 1C), consistent with our previous
observations in Dmp1Cre:Socs3f/f mice.(10) In both male and
female Dmp1Cre:Socs3f/f:Csf3r�/� mice, a significantly higher pro-
portion of the metaphyseal bone was low density compared
with Dmp1Cre:Socs3f/f mice (male 10.2% greater, p < 0.0001;
female 5.8% greater, p = 0.035). With skeletal maturation
between 6 and 12 weeks of age in male and female Dmp1Cre:
Socs3f/f femoral metaphyses, total bone volume did not change
as a proportion of metaphyseal volume, but the proportion of
low-density bone decreased and the proportion of high-density
bone increased, consistent with our reports of gradual, albeit
delayed, maturation of Dmp1Cre:Socs3f/f cortical bone.(5,6) When
G-CSFR was deleted, the proportion of low-density bone
remained higher in male Dmp1Cre:Socs3f/f femora at all ages
(by two-way ANOVA, genotype p value <0.0001; age p value
<0.0001; interaction p value = 0.2399) (Fig. 1C). Furthermore,
unlike male Dmp1Cre:Socs3f/f femora, male Dmp1Cre:Socs3f/f:
Csf3r�/� femora showed no increase in the proportion of high-
density bone with age (by two-way ANOVA, genotype p value
<0.0001; age p value <0.0001; interaction p value <0.0001). In
female mice between 6 and 12 weeks of age, both Dmp1Cre:
Socs3f/f and Dmp1Cre:Socs3f/f:Csf3r�/� femora showed a signifi-
cant reduction in the proportion of low-density bone (by two-
way ANOVA, genotype p value <0.0164; age p value <0.0001;
interaction p value = 0.2848), but only Dmp1Cre:Socs3f/f femora
accrued high-density bone (by two-way ANOVA, genotype
p value <0.0001; age p value <0.0001; interaction p value
<0.0001), and total bone volume was significantly reduced at
12 weeks of age (Fig. 1C). This lack of transition from low- to
high-density bone indicates a further delay in cortical bone
development in both male and female Dmp1Cre:Socs3f/f:Csf3r�/�

femora compared with the already significant delay previously
described in male and female Dmp1Cre:Socs3f/f mice.

Differences in femur length and shape were minor between
these two mouse lines at 12 weeks of age. Femurs from female
Dmp1Cre:Socs3f/f:Csf3r�/�mice were <5% shorter than Dmp1Cre:
Socs3f/f mice, and periosteal circumference of male Dmp1Cre:
Socs3f/f:Csf3r�/� femurs was greater by around 10% (Table 1).

Because we previously observed greater cortical resorption in
the skulls of Dmp1Cre:Socs3f/f mice,(10) we also assessed calvariae
of 12-week-old male and female Dmp1Cre:Socs3f/f:Csf3r�/� mice
and observed high cortical porosity at this location also (Fig. 1D).

As theDmp1Cre:Socs3f/f:Csf3r�/�femora showed a further delay
in cortical bone development compared with Dmp1Cre:Socs3f/f

femora, and since there is a gradient of bone maturation with
increasing distance from the growth plate,(2) we assessed this
by analyzing the change in proportions of low-, mid- and high-
density bone in 9 μm slices from the distal to the proximal end
of the femoral metaphysis, using our previously published
methods.(6,10,28) At 6 weeks of age, male and female Dmp1Cre:
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Fig. 1. The distinctive bone structure of Dmp1Cre:Socs3f/f:Csf3r�/� mice at 6, 12 and 26 weeks of age detected by micro-CT analyses of the metaphysis.
(A, B) Representative raw micro-CT images showing a single femoral coronal slice at 6, 12, and 26 weeks of age in male (A) and female (B) Dmp1Cre:
Socs3f/f (left) and Dmp1Cre:Socs3f/f:Csf3r�/� (right) mice; scale bar= 500 μm; arrows indicate the proximal-most point at which cortical bone was high den-
sity and consolidated, albeit porous. (C) Bone volume as a percentage of total metaphyseal volumemeasured at low-, mid- and high-density thresholds at
6, 12, and 26 weeks in male and female Dmp1Cre:Socs3f/f (left) and Dmp1Cre:Socs3f/f:Csf3r�/� (right) mice. Sidak post hoc test, n shown at bottom of graph;
colors used for p values match the density level of bone analyzed; data are median + interquartile range). (D) Representative images of skulls from
12-week-old male and female Dmp1Cre:Socs3f/f and Dmp1Cre:Socs3f/f:Csf3r�/� mice. Scale on left indicates raw tissue density.
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Socs3f/f mice exhibited a gradual reduction in the proportion of
low-density bone and an increase in the proportion of mid-
density bone in the metaphysis with increasing distance from
the growth plate (Fig. 2A; Supplemental Fig. 2A), indicating a
gradient of bone maturation with increasing bone age. In con-
trast, neither male nor female 6-week-old Dmp1Cre:Socs3f/f:
Csf3r�/� mice exhibited a reduction in the proportion of low-
density bone along the metaphysis (Fig. 2B; Supplemental
Fig. 2B). As previously described, 12-week-old male and female
Dmp1Cre:Socs3f/f mice(6,10) showed a significant reduction in the
proportion of low-density bone along the metaphysis and a
gradual increase in high-density bone with increasing distance
from the growth plate, indicating further maturation (males in
Fig. 2C; females in Supplemental Fig. S2B). This was also
observed in Dmp1Cre:Socs3f/f mice at 26 weeks of age. In con-
trast, 12-week-old male and female Dmp1Cre:Socs3f/f:Csf3r�/�

mice showed no significant change in the proportion of high-
or low-density bone along the metaphysis at these time points
(Fig. 2D, F; Supplemental Fig. S2D) indicating that the normal
gradient of bone maturation was lost in these mice. Direct
comparisons between Dmp1Cre:Socs3f/f and Dmp1Cre:Socs3f/f:
Csf3r�/� femora from male mice are shown at each age in Sup-
plemental Fig. SS3. From these results, cortical maturation in
Dmp1Cre:Socs3f/f:Csf3r�/� bone was much further delayed than
Dmp1Cre:Socs3f/f bone. Because we did not detect a striking
sex difference in Dmp1Cre:Socs3f/f:Csf3r�/� bone in these ana-
lyses, we focused on the males for further detailed analyses.

Dmp1Cre:Socs3f/f:Csf3r�/� bones show a further delay in
cortical maturation

Since Dmp1Cre:Socs3f/f bone exhibited reduced bone strength,(10)

we next testedwhether the further delay in cortical maturation in
Dmp1Cre:Socs3f/f:Csf3r�/� femora increased bone fragility. How-
ever, three-point bending tests revealed no further impairment

in strength between the two mice lines; ultimate force reached
before breaking was unchanged (Fig. 3A), and stiffness and
deformation were also unchanged (Table 1). Consistent with
their greater “cortical” thickness (which included porous bone)
(Table 1), significantly lower ultimate stress and yield stress were
observed in Dmp1Cre:Socs3f/f:Csf3r�/� femora compared with
Dmp1Cre:Socs3f/f (Table 1), but this parameter assumes normal
material quality and distribution of load across a nonporous cor-
tical structure, which is clearly not the case in these samples.

Since three-point bending tests evaluate bone strength at the
diaphysis, we determined whether immature cortex was also
present there. Indeed, cortical porosity of Dmp1Cre:Socs3f/f:
Csf3r�/� bone was approximately sevenfold greater than
Dmp1Cre:Socs3f/f bone (Fig. 3B), but total bone volume including
at all density levels was not different (Fig. 3C), indicating dis-
persed distribution of the bone material in Dmp1Cre:Socs3f/f:
Csf3r�/� bone. The Dmp1Cre:Socs3f/f:Csf3r�/� diaphysis, like the
metaphysis (Fig. 1B), also had a higher proportion of low-density
bone and a lower proportion of high-density bone than the
Dmp1Cre:Socs3f/f diaphysis (Fig. 3C).

To better understand why the bone was of low density and
porous, Ploton silver staining was performed to assess the orien-
tation of the osteocyte network in cortical bone and the pres-
ence of three of the four stages of cortical bone maturation
described by Enlow in 1962: calcified cartilage, woven bone,
compact whorls, and mature lamellar bone.(1) This revealed a
unique structure within the lateral cortex of Dmp1Cre:Socs3f/f:
Csf3r�/� tibias. Their cortical bone contained mostly compact
whorls, with lamellar bone being found on the endocortical sur-
face but separated from the compact whorl region by a channel
of highly porous non-lamellar bone containing blood vessels and
marrow (Fig. 3D). This “double shell” of cortical bone suggests an
interruption in the normal process of cortical maturation by
intracortical vascularization and resorption in Dmp1Cre:Socs3f/f:
Csf3r�/� bone.

Table 1. Femoral Dimensions, Serum Biochemistry, and Three-Point-Bending Test Results From 12-Week-Old Dmp1Cre:Socs3f/f and
Dmp1Cre:Socs3f/f:Csf3r�/� Mice

Male Female

Parameter Dmp1Cre:Socs3f/f Dmp1Cre:Socs3f/f:Csf3r�/� Dmp1Cre:Socs3f/f Dmp1Cre:Socs3f/f:Csf3r�/�

No. of samples 10 9 10 7
Femur length (mm) 13.76 � 0.08 13.69 � 0.12 13.56 � 0.11 13.17 � 0.08*
Periosteal circumference (mm) 4.89 � 0.41 5.41 � 0.46** 4.58 � 0.24 4.78 � 0.27
Craniocaudal width (mm) 1.24 � 0.030 1.33 � 0.044 1.17 � 0.020 1.17 � 0.034
Mediolateral width (mm) 1.70 � 0.044 1.92 � 0.050*** 1.62 � 0.033 1.69 � 0.035
Cortical thickness (mm) 0.27 � 0.016 0.46 � 0.027*** 0.24 � 0.013 0.37 � 0.031**
Serum calcium (mmol/L) 2.40 � 0.05 2.52 � 0.10 2.30 � 0.05 2.30 � 0.10
Serum phosphate (mmol/L) 1.25 � 0.07 1.33 � 0.05 1.19 � 0.06 1.25 � 0.09
Ultimate deformation (mm) 0.442 � 0.036 0.391 � 0.034 0.405 � 0.021 0.329 � 0.027
Yield force (N) 14.03 � 0.95 15.03 � 1.67 11.34 � 0.63 9.25 � 0.44
Yield deformation (mm) 0.358 � 0.037 0.324 � 0.032 0.263 � 0.023 0.250 � 0.012
Post-yield deformation (mm) 0.128 � 0.023 0.081 � 0.017 0.185 � 0.027 0.124 � 0.021
Energy to failure (mJ) 4.12 � 0.32 3.75 � 0.62 3.70 � 0.39 2.43 � 0.23
Stiffness (N/mm) 53.3 � 18.9 53.2 � 17.5 54.2 � 13.4 43.1 � 3.2
Ultimate stress (MPa) 34.25 � 2.69 20.35 � 1.92*** 37.83 � 2.53 26.99 � 3.30**
Ultimate strain (%) 0.092 � 0.008 0.087 � 0.010 0.079 � 0.004 0.064 � 0.006
Yield stress (MPa) 30.87 � 2.24 18.62 � 1.72*** 32.91 � 2.08 22.19 � 2.37**
Yield strain (%) 0.074 � 0.008 0.072 � 0.008 0.051 � 0.005 0.049 � 0.003
Post-yield strain (%) 0.026 � 0.004 0.018 � 0.004 0.037 � 0.006 0.024 � 0.004

Values are mean � SD.
*p < 0.05; **p < 0.01; ***p < 0.0001 versus age- and sex-matched Dmp1Cre:Socs3f/f.
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The Dmp1Cre:Socs3f/f:Csf3r�/� mice exhibit increased
intracortical bone resorption and formation

Since the Dmp1Cre:Socs3f/f phenotype was caused, at least in part,
by gp130-dependent osteoclast formation within the cortical
bone,(10) we next determined whether the greater porosity in
Dmp1Cre:Socs3f/f:Csf3r�/� bone was caused by a further increase in

osteoclast formation. TRAP staining showed many more osteo-
clasts within Dmp1Cre:Socs3f/f:Csf3r�/� bone than Dmp1Cre:Socs3f/f

control (Fig. 4A). When quantified, the pore area as a percentage
of the cortical area inDmp1Cre:Socs3f/f:Csf3r�/�metaphyseal cortical
bone was 13.8% greater, and the number of osteoclasts within this
area 6.3-fold greater than the already high number of osteoclasts in
Dmp1Cre:Socs3f/f bone (Fig. 4B). Pore size was also significantly
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Fig. 2. A further delay in accrual of high-density bone in Dmp1Cre:Socs3f/f:Csf3r�/� femora. Data shown is bone area as a proportion of cross-sectional area
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greater inDmp1Cre:Socs3f/f:Csf3r�/� bone thanDmp1Cre:Socs3f/f con-
trol (meanμm2 � SEM,Dmp1Cre.Socs3f/f: 1053 � 473,n= 5 (2 sam-
ples had no visible pores in the sectionsmeasured),Dmp1Cre:Socs3f/
f:Csf3r�/�: 5227 � 3189, n = 6; p = 0.0431).

Analysis by RT-qPCR of flushed femoral bone samples con-
firmed the elevation in osteoclasts. Cortical bone prepared from
Dmp1Cre.Socs3f/f mice and Dmp1Cre controls at 12 weeks of age
had significantly greater Dcstamp and Acp5 mRNA levels with
SOCS3 deletion compared with control mice (Supplemental
Table SS1), and Dmp1Cre:Socs3f/f:Csf3r�/� cortical bone showed
even higher mRNA levels of osteoclast markers (Dcstamp and
Acp5) (Fig. 4C). The increase in osteoclasts was associated with

a significant elevation in RANKL mRNA (Tnfsf11) (Fig. 4C). OPG
mRNA (Tnfrsf11b) was also significantly elevated (Fig. 4C).

In addition to the high number of osteoclasts, calcein labeling,
shown in the same region, indicated elevated bone formation in
Dmp1Cre:Socs3f/f:Csf3r�/� bone compared with Dmp1Cre:Socs3f/f

bone (Fig. 4D). Apart from the periosteum, where double calcein
labels were observed, most bone formed was non-lamellar (i.e.,
woven) bone, and the distance between labels could not be
quantified by histomorphometry. The increased bone formation,
albeit non-lamellar, was supported by higher levels of mRNA for
osteoblast markers (Alpl and Col1a1) (Fig. 4E) compared with
Dmp1Cre:Socs3f/f bone. This indicates increased bone formation
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Fig. 3. The delay in cortical maturation in Dmp1Cre:Socs3f/f:Csf3r�/� mice is associated with greater volume of cortical pores but no change in bone
strength. (A) Ultimate force derived from 3-point-bending tests of femora from 12-week-old male and female Dmp1Cre:Socs3f/f (black circles) and
Dmp1Cre:Socs3f/f:Csf3r�/� (grey circles) mice. Shown are individual values, median, interquartile range, minimum and maximum; n reported at base of
graph. (B) Femoral diaphyseal cortical porosity at 12 weeks of age of Dmp1Cre:Socs3f/f and Dmp1Cre:Socs3f/f:Csf3r�/� mice. Shown are individual values,
median, interquartile range, minimum and maximum; n shown in A. (C): bone volume as a percentage of total diaphyseal volume at low-, mid-, and
high-density thresholds at 12 weeks of age; p values determined by two-way ANOVA with Sidak post hoc test; color of p values reflects the bone density
level tested. (D, E) Ploton silver staining of tibias from 12-week-old Dmp1Cre:Socs3f/f (D) and Dmp1Cre:Socs3f/f:Csf3r�/� (E) mice. Scale bar from left to
right = 500 μm, 20 μm, 40 μm. Dashed lines show regions enlarged for each subsequent image. Green box indicates region of lamellar bone.
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and resorption in the Dmp1Cre:Socs3f/f:Csf3r�/� cortex; such a
high level of activity is the likely cause of the high level of imma-
ture low-density non-lamellar bone in the cortex. This higher
level of cortical bone turnover was not associated with any
change in serum calcium or phosphate (Table 1).

The extreme delay in cortical bone development in Dmp1Cre:
Socs3f/f:Csf3r�/� mice can therefore be explained by the
extremely high levels of osteoblast and osteoclast activity, which

further delays the already prolonged period required for cortical
bone consolidation in Dmp1Cre:Socs3f/f mice.

Increased cortical vascularization is observed in Dmp1Cre:
Socs3f/f:Csf3r�/� bone

Considering the many osteoclasts in Dmp1Cre:Socs3f/f:Csf3r�/�

bone, we sought to determine whether the osteoclast
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Fig. 4. Increased osteoclasts and bone formation within the cortex of Dmp1Cre:Socs3f/f:Csf3r�/� bone. (A) Representative images of TRAP staining of tibial
lateral metaphyses from 12-week-old Dmp1Cre:Socs3f/f and Dmp1Cre:Socs3f/f:Csf3r�/� mice. Scale bar=50 μm. (B) Pore area within cortical bone, and oste-
oclast numbers in themetaphyseal cortical bone of 12-week-oldDmp1Cre:Socs3f/f andDmp1Cre:Socs3f/f:Csf3r�/�mice. Shown are individual values, median,
interquartile range, minimum and maximum; (n = 7 mice/ group); p values determined by Student’s t test. (C) mRNA levels of osteoclast-related genes
Dcstamp, Acp5 (TRAP), Tnfs11 (RANKL), and Tnfrs11b (OPG) in flushed femora from 12-week-old Dmp1Cre:Socs3f/f (n = 8) and Dmp1Cre:Socs3f/f:Csf3r�/�

(n = 10) mice. Shown are individual values, median, interquartile range, minimum and maximum; p values determined by Student’s t test. (D) Represen-
tative images of calcein labeling of tibias from 12-week-old Dmp1Cre:Socs3f/f (left) and Dmp1Cre:Socs3f/f:Csf3r�/� (right) mice. Scale bar =50 μm. (E) mRNA
levels of osteoblast-related genes: Alpl (alkaline phosphatase) and Col1a1 (type I collagen) in flushed femora from 12-week-old Dmp1Cre:Socs3f/f and
Dmp1Cre:Socs3f/f:Csf3r�/�mice. Shown are individual values, median, interquartile range, minimum andmaximum; n as in (C); p values determined by Stu-
dent’s t test.
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progenitors were provided by increased vascularization within
the cortex. Immunohistochemistry for endomucin revealed
greater blood vessel area within the bone cortex, where vessels
are usually sparse (Fig. 5A, B). When quantified, there was a
2.9-fold greater blood vessel area in Dmp1Cre:Socs3f/f:Csf3r�/�

bone compared with Dmp1Cre:Socs3f/f control (Fig. 5C); this
increase was due to an increase in vessel number, rather than
any change in the size of the blood vessels (Fig. 5D).

RT-qPCR of flushed femora in Dmp1Cre:Socs3f/f:Csf3r�/�

showed two- to fourfold greater mRNA levels of angiogenesis
markers (Emcn: 3.9-fold, Tie1: 2.2-fold, and Vegfa: 2.0-fold)
(Fig. 5E–G). These parameters were not significantly greater in
male Dmp1Cre.Socs3f/f mice compared with Dmp1Cre controls

but were all significantly higher in female Dmp1Cre.Socs3f/f mice,
which had the more severe phenotype in our earlier study (Sup-
plemental Table SS1). Deletion of G-CSFR in Dmp1Cre:Socs3f/f

bone therefore increased cortical porosity by increasing both
vascularization and osteoclast formation.

FACS analysis of bonemarrow confirmed that, consistent with
the neutropenia previously observed in Csf3r�/� mice,(46)

12-week-old female Dmp1Cre:Socs3f/f:Csf3r�/� mice had signifi-
cantly less neutrophil lineage cells (Gr1+CD11b+) in bone mar-
row than sex- and age-matched Dmp1Cre and Dmp1Cre:Socs3f/f

mice. Mean neutrophil numbers (% total cells) � SD: Dmp1Cre:
48.78 � 15.8; Dmp1Cre:Socs3f/f: 50.61 � 12.0; Dmp1Cre:Socs3f/f:
Csf3r�/�: 23.4 � 9.5; p = 0.025, one-way ANOVA.
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Fig. 5. Increased vascularization within the cortex in Dmp1Cre:Socs3f/f:Csf3r�/� bone. Endomucin immunohistochemistry images (A, B) and histomorpho-
metry (C, D) of tibial lateral metaphysis from 12-week-old Dmp1Cre:Socs3f/f (A) and Dmp1Cre:Socs3f/f:Csf3r�/� (B) tibias. Scale bar = 50 μm. Shown are indi-
vidual values, median, interquartile range, minimum and maximum; (n = 8 mice/ group); p values determined by Student’s t test. (E–G) mRNA levels of
vascular genes including Endomucin (Emcn), Tie1, and vascular endothelial growth factor A (Vegfa) in flushed femora from 12-week-old Dmp1Cre:
Socs3f/f (n = 8) and Dmp1Cre:Socs3f/f:Csf3r�/� (n = 10) mice. Shown are individual values, median, interquartile range, minimum and maximum; p values
determined by Student’s t test.
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G-CSFR deletion in Dmp1Cre:Socs3f/f mice increases STAT1
and STAT3 signaling in osteocytes

To understand the mechanisms leading to increased vasculariza-
tion, osteoclast formation, and bone formation, and since
Dmp1Cre:Socs3f/f mice exhibited increased STAT3 signaling in
osteocytes compared to controls,(10) we next determined
whether osteocytic STAT3 signaling was modified by G-CSFR
deletion. There was no significant change in total STAT3 staining
(mean STAT3-positive osteocytes [% total osteocytes] � SD,
Dmp1Cre:Socs3f/f: 31.5% � 8.9; Dmp1Cre:Socs3f/f:Csf3r�/�:
38.5% � 11.5, n = 6/group), but the proportion of osteocytes
stained positive for phospho-STAT3 phosphorylation was signif-
icantly elevated in Dmp1Cre:Socs3f/f:Csf3r�/�mice compared with
Dmp1Cre:Socs3f/f mice (Fig. 6A, B). This suggests G-CSFR deletion
provides additional signals to the osteocyte requiring
SOCS3-dependent feedback.

Furthermore, the proportion of osteocytes positive for STAT1
phosphorylation was also elevated (Fig. 6D, E), even though
STAT1 phosphorylation was not elevated in Dmp1Cre:Socs3f/f

mice (Supplemental Fig. SS4). In confirmation of both findings,
mRNA levels of STAT3 and STAT1 target genes (Bcl3 and Socs1,
respectively) were also elevated in femora from Dmp1Cre:Socs3f/
f:Csf3r�/� mice compared with Dmp1Cre:Socs3f/f mice (Fig. 6C, F).
G-CSFR deletion therefore further increases STAT signaling
beyond the already high levels of STAT3 phosphorylation
observed in Dmp1Cre:Socs3f/f mice.

Since G-CSFR has not been detected in cultured osteoblast lin-
eage cells,(18) we tested differentiated OCY454 osteocyte cells
and confirmed that they do not express G-CSFR transcript (data
not shown). This suggests G-CSFR deficiency in Dmp1Cre.Socs3f/
f mice promotes STAT signaling in osteocytes indirectly.

Discussion

This study shows that global deletion of G-CSFR, although it
causes no basal skeletal phenotype, profoundly prolongs the
delayed cortical bone consolidation of Dmp1Cre:Socs3f/f mice.(5,10)

This delay was caused by highly active turnover of the cortex,
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Fig. 6. Granulocyte-colony-stimulating factor receptor (G-CSFR) deletion in Dmp1Cre:Socs3f/f mice further increases STAT1 and STAT3 signaling in osteo-
cytes. (A, B) Phospho-STAT3 immunohistochemistry and quantitation (B) in osteocytes within the tibial lateral metaphysis from 12-week-old Dmp1Cre:
Socs3f/f and Dmp1Cre:Socs3f/f:Csf3r�/� mice. Scale bar = 50 μm. Values are mean � SEM (n = 8–9 mice/group). The p values determined by Student’s
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characterized by high numbers of osteoclasts, elevated bone for-
mation, and more cortical vascularization than controls, with
greater STAT1 and STAT3 phosphorylation in osteocytes of
cortical bone.

We previously reported that cortical consolidation requires a
lowering of the high levels of bone resorption and formation in
very young animals and suggested a threshold of lower activity
is necessary for consolidation to occur.(5) This threshold is
reached at a younger age in male mice than females since bone
formation and resorption levels decline earlier in males.(5) This
means cortical consolidation in Dmp1Cre:Socs3f/f mice, while
delayed, occurs earlier inmalemice(5) (Fig. 7A). With G-CSFR dele-
tion, still higher levels of both osteoclast formation and bone for-
mation occur in both sexes. This higher level of activity further
delays cortical consolidation beyond 12 weeks of age; in male
mice, the threshold for consolidation was still not reached by
26 weeks of age, meaning that the cortex was still not fully
formed (Fig. 7A). We cannot state whether this is also true for
female mice because they died before 26 weeks of age. The high
levels of bone resorption and formation are also associated with
deposition of woven, rather than lamellar bone, leading to an
immature cortical structure, both under normal conditions(5),
and in response to mechanical loading.(6)

This study provides evidence that both bone resorption and
bone formation can occur within the pores of murine cortical
bone if given sufficient stimulus. Rodent cortical bone, including
murine cortical bone, is highly vascularized,(47,48) and this vascu-
larization normally exhibits an ordered structure with vessels tra-
versing the cortex, recently termed “transcortical vessels.”(49)
Such blood vessels contain both osteoblast(50) and osteoclast(49)

precursors. Our data suggest STAT3 and possibly STAT1 activa-
tion in osteocytes can induce expansion of the transcortical vas-
cular network by angiogenesis. Whether endothelial cells or
osteoclasts are first to respond is not known.

SOCS3 provides negative feedback for signaling frommultiple
cytokines acting through their cognate receptors, including G-
CSFR and gp130.(8) Dmp1Cre.Socs3f/f bone has a prolonged and
augmented STAT3 phosphorylation response to at least three
bone-active cytokines signaling through gp130 (IL-11, LIF and
OSM).(10) In addition, the high basal STAT3 phosphorylation in
Dmp1Cre.Socs3f/f osteocytes, presumably induced by unsup-
pressed local action of these cytokines, could be normalized by
deleting the gp130 receptor subunit in osteocytes.(10) Here we
tested the null hypothesis that unrestrained G-CSFR signaling
within osteocytes could also contribute to the Dmp1Cre.Socs3f/f

phenotype using a global null model. We had expected no effect

Dmp1Cre.Socs3f/f

Dmp1Cre.Socs3f/f.Csf3r-/-

male

female

male

female

6 12 26
Age (weeks)

consolidation

threshold

STAT3 P Tnfsf11
(RANKL)

Vegfa

osteoblasts

osteocytes

STAT1
STAT3

P

bone
formation

SOCS3

SOCS3 intra-cortical
resorption

angiogenesis

sympathetic
nervous system

G-CSFR

activating
cytokines produced in

absence of G-CSFR

P

G-CSF

bone marrow

STAT-

G-CSFR

G-CSF

L
e
v
e
l
o
f
b
o
n
e
c
e
ll
a
c
ti
v
it
y

A B

Fig. 7. Two models for the effects of granulocyte-colony-stimulating factor receptor (G-CSF) deletion in bone. (A) A threshold exists at which bone cell
activity is sufficiently low for cortical consolidation to occur. In Dmp1Cre.Socs3f/fmice, bone cell activity gradually reduces with age, with male mice reach-
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cell types produce a signal that, either directly or indirectly, stimulates STAT3 phosphorylation in osteoblasts and osteocytes. This signal is normally sup-
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mice), increased signaling stimulates osteoblast differentiation and bone formation. It also increases Tnfsf11 (RANKL) and Vegfa expression within bone,
leading to more angiogenesis within the cortical bone and more cortical bone resorption by osteoclasts. This latter effect prevents formation of a consol-
idated cortex.
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of G-CSFR deletion because G-CSFR is not expressed in osteo-
cytes and because no bone phenotype was observed in G-CSFR
null mice. However, we were surprised to observe a profound
bone phenotype, revealing that G-CSF inhibits cortical bone
resorption, bone formation, and vascularization in the context
of elevated STAT3 signaling in bone.

Since no effect of G-CSF deletion alone was observed on the
skeleton, this new role of G-CSF as an inhibitor of bone formation
and resorption is required only in conditions when osteocytic
STAT3 signaling is elevated. This could include states previously
reported to increase STAT3 signalling such as inflammation or
mechanical loading.(6,51) Indeed, we have recently observed for-
mation of more porous and woven bone in Dmp1Cre.Socs3f/f tib-
ias than control tibias subjected to the same mechanical load.(6)

It is also possible that elevated STAT3 signaling is a property of
woven bone, and the high level of STAT3 signaling observed in
G-CSFR deficiency when SOCS3 is removed is a result, rather than
a cause of the phenotype, but this is a speculation only.

The lack of any discernible basal phenotype in G-CSFR defi-
ciency implies that SOCS3 negative feedback in osteocytes is
normally sufficient to enable skeletal maturation in the absence
of G-CSFR even if the G-CSFR null mice produce signals that
induce STAT1 and STAT3 phosphorylation in osteocytes. How-
ever, when the STAT3 and STAT1 responses are not suppressed
by SOCS3 due to genetic deletion, they are then sufficient to
induce pro-vascularization and pro-osteoclast factors, such as
VEGFA and RANKL. This, at least in the case of RANKL, is an exag-
geration of the known effect of STAT3 signaling in osteoblast lin-
eage cells to initiate osteoclast formation via RANKL production
in response to a range of hormones and cytokines.(16,52) Bone
marrow cells reported to express the G-CSFR, such as macro-
phages(53) and neutrophils,(54) produce multiple cytokines that
activate STAT3 in osteoblasts and stimulate both their differenti-
ation and their production of RANKL (reviewed in (55)). Most nota-
ble is OSM, which is a mediator by which macrophages promote
bone formation;(56-59) other macrophage- and neutrophil-
derived STAT3-dependent cytokines, such as IL-6, could have a
similar role. Sympathetic neurons also express G-CSFR(60) and
produce STAT3-dependent cytokines such as ciliary neuro-
trophic factor, LIF, cardiotrophin 1, and IL-6.(61-63) These, too, reg-
ulate osteoblast differentiation and production of RANKL by the
osteoblast lineage.(12,15,64,65) Whether these cytokines influence
skeletal structure through the sympathetic nervous system is
not known, but other factors, including leptin, regulate both
bone formation and resorption through this pathway,(66,67) sug-
gesting this possibility. Much further work would be required
to identify the elevated cytokines responsible, and the cells pro-
ducing them, using a combination of proteomics and single-cell
RNA-sequencing; ultimate proof of causation will require tar-
geted genetic knockdown of the candidate cytokines.

The only known phenotype of G-CSFR null mice under basal
conditions is a profound neutropenia, including very low levels
of marrow-residing immature neutrophils (metamyelocytes, band
neutrophils, and segmented neutrophils).(46) We also detected
low levels of marrow neutrophil populations in the Dmp1Cre:
Socs3f/f:Csf3r�/�mice. Thismay contribute to the bone phenotype
of thesemice, although there is no current data linking neutrophil
progenitors in the marrow to bone structure. This would contrast
with the effect of mature, circulating neutrophils on bone, which
have been studied only in pathological conditions such as rheu-
matoid arthritis and periodontitis, where neutrophils express
RANKL(68,69) and neutrophil depletion reduces focal bone ero-
sion(69,70) by reducing local inflammation.(71)

Despite the greater diaphyseal cortical porosity in Dmp1Cre:
Socs3f/f:Csf3r�/� femurs, three-point bending test markers of
bone strength were not weakened compared with Dmp1Cre:
Socs3f/f controls. The distinct cortical bone structure in Dmp1Cre:
Socs3f/f:Csf3r�/� mice includes regions of normal lamellar bone
alongside a channel of highly porous woven bone; together, this
thickened, albeit porous, cortex clearly provides sufficient
strength. A similar “double shell” of bone with a porous channel
in the primordial cortex occurs when the cortex emerges during
the prenatal and early postnatal period,(72) suggesting deposi-
tion of lamellar cortical bone on an internal porous structure
could be a compensatory mechanism to maintain cortical
strength.

To summarize (Fig. 7B), G-CSFR deletion on its own has no
impact on bone structure, but in mice lacking SOCS3 in osteo-
cytes, G-CSFR deletion promotes STAT1 and STAT3 phosphoryla-
tion in osteocytes, leading to increased cortical angiogenesis and
bone resorption, ultimately leading to elevated remodeling of
cortical bone through to adulthood. We conclude that G-CSFR
signaling could indirectly limit bone resorption and angiogene-
sis and thereby has a critical role in replacing the condensed tra-
becular bone with lamellar bone during cortical bone structural
consolidation.
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