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A B S T R A C T

Our previous studies showed that in a mouse model in which PI3K-AKT activation was increased (YF mice),
osteoclast numbers and levels of SDF-1, a chemokine, were augmented. The purpose of this study was to de-
lineate the role of PI3K activation in regulating SDF-1 production and examine whether SDF-1 can stimulate
differentiation and/or migration of osteoclast precursors. Using flow cytometric analysis, we demonstrated that
compared to wild type mice, bone marrow of YF mice had increased numbers of CXCL12 abundant reticular
(CAR) cells, that are a major cell type responsible for producing SDF-1. At the molecular level, transcription
factor specificity protein 1 (Sp1) induced an increased transcription of SDF-1 that was dependent on PI3K/AKT
activation. YF mice also contained an increased number of osteoclast precursors, in which expression of CXCR4,
a major receptor for SDF-1, was increased. SDF-1 did not induce differentiation of osteoclast precursors into
mature osteoclasts; compared to cells derived from WT mice, cells obtained from YF mice were more responsive
to SDF-1. In conclusion, we demonstrate that PI3K activation resulted in increased SDF-1, increased the number
of osteoclast precursors, and enhanced osteoclast precursor migration in response to SDF-1.

1. Introduction

Stromal cell Derived Factor-1 (SDF-1) also known as CXC Ligand 12,
(CXCL12) belongs to C-X-C family of chemokines, with the seven
transmembrane G-protein coupled receptor, CXCR4 as its major re-
ceptor (Nagasawa, 2014; Nagasawa et al., 1996a). SDF-1 plays a critical
role in the initiation and maintenance of bone marrow hematopoietic
niche in mice (Greenbaum et al., 2013; Omatsu et al., 2010; Sugiyama
et al., 2006). Mice deficient in SDF-1 or CXCR4 die in utero and have
very few hematopoietic precursors and their progenitors in the bone
marrow (Ma et al., 1999; Nagasawa et al., 1996b). SDF-1 is critical for
cell migration. Hematopoietic stem cells, endothelial progenitor cells
and lymphocytes depend on SDF-1 for their homing ability (Wang and
Knaut, 2014). The SDF-1/CXCR4 pathway is implicated in osteoclast
precursor migration, osteoclast differentiation and bone resorption
(Grassi et al., 2004; Gronthos and Zannettino, 2007; Wright et al., 2005;
Zhang et al., 2008).

Phosphatidylinositol‑3 Kinase (PI3K), a prominent lipid kinase,
phosphorylates the 3′‑hydroxyl group on the inositol ring of phos-
phoinositdylinositol. While class II and III PI3Ks are constitutively

activated, Class I PI3K are activated in response to extracellular stimuli.
Class I PI3K is a heterodimer of p110 catalytic and p85 regulatory
subunits. The p110 catalytic subunit binds to the p85 regulatory sub-
unit with high affinity and this interaction prevents inadvertent acti-
vation of PI3K (Cantley, 2002; Engelman et al., 2006). Upon engage-
ment of the SH2 domain of the p85 subunit through binding to
phosphorylated tyrosines of receptors or signaling proteins, the in-
hibitory effect of p85 on p110 is released, resulting in increased lipid
kinase activity (Foukas and Okkenhaug, 2003).

Cbl (Casitas B-lineage Lymphoma) protein is an E3 ubiquitin ligase
and an adaptor, which regulates bone remodeling through its interac-
tion PI3K (Adapala et al., 2010a; Brennan et al., 2011). Cbl directly
binds to the p85 regulatory subunit of PI3K, via the tyrosine 737 in the
YEAM motif, which is phosphorylated by tyrosine kinase c-Src
(Miyazaki et al., 2004). A substitution of tyrosine to phenylalanine in
the YEAM motif prevents phosphorylation of Cbl at Y737 position and
abrogates Cbl-p85 interaction (Feshchenko et al., 1998, 1999).

Our previous studies have shown that knock-in mice harboring the
Y737F mutation (YF mice) have increased PI3K-AKT activation
(Adapala et al., 2010a, 2010b, 2014a; Scanlon et al., 2017). YF mice
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increased bone volume due to a combination of increased non-re-
sorptive osteoclasts and increased bone formation by osteoblasts
(Adapala et al., 2010a; Brennan et al., 2011). SDF-1 has been shown to
promote the proliferation of osteoblast precursors (Kortesidis et al.,
2005; Zhu et al., 2011). We previously reported that proliferation of
osteoblast precursors and levels of SDF-1 in the bone marrow were
significantly increased in YF mice (Brennan et al., 2011).

Given our previous observations, we hypothesized that increased
PI3K activation augmented SDF-1 production, stimulated SDF-1-medi-
ated osteoclast precursor migration and increased the number of os-
teoclast precursors in the bone marrow. Using YF mice, we examined
whether PI3K activity regulates SDF-1 production by CAR cells, the
mechanism of increased SDF-1 production and the effect of SDF-1 on
osteoclast precursors differentiation and migration.

2. Materials and methods

2.1. Mice

Generation of CblY737F/Y737F (YF) mice with a point mutation on the
p85 regulatory subunit-binding site of Cbl were previously described
(Molero et al., 2006). Mice were genotyped for WT and YF alleles as
previously reported (Adapala et al., 2010a). All mice used in the study
were in a mixed C57BL/6JX129SvJ background. For all experiments
6–8week old male mice were used. All animal procedures were con-
ducted according to protocols approved by the University of Con-
necticut Health Center Institution Animal Care and Use Committee.

2.2. Reagents

Minimum essential medium-α modification (α-MEM) and fetal bo-
vine serum (FBS) were purchased from Sigma (St. Louis, MO),
Penicillin/ Streptomycin from CellGro (Mediatech, Manassas, VA),
RANK ligand (RANKL) and MCSF were purchased from R&D Systems
(Minneapolis, MN). Leukocyte acid phosphatase kit for tartrate-re-
sistant acid phosphatase (TRAP) staining of osteoclasts, Calcein,
LY294002, AMD3100, AKT inhibitor and Mithramycin were purchased
from Sigma (St. Louis, MO). Transwell chambers for migration assay
were purchased from Corning (Tewksbury, MA). For western blotting
analysis, anti-phospho-AKT (Thr308), anti-AKT, anti-phospho GSKα/β
Ser21/9, anti-GSK-beta, anti-Actin, anti-Tubulin antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA) and anti-Sp1
antibody, IgG secondary antibody from Millipore (Temecula, CA).
HBSS, HEPES and fetal calf serum were purchased from Gibco,
Invitrogen (Carlsbad, CA). Rhodamine phalloidin actin stain was pur-
chased from Invitrogen (Carlsbad, CA). Immunofluorescence images
were captured using a Leica fluorescent microscope (Buffalo Grove, IL).

2.3. Antibodies

Monoclonal antibodies were used for phenotyping the cell surface
markers for identification of specific populations, sorting of CAR cells,
non-hematopoietic, and non-endothelial bone marrow reticular cells.
All antibodies, conjugated to fluorochrome or biotinylated, were pur-
chased from e-Biosciences (San Diego, CA), Biolegend (San Diego, CA),

Fig. 1. Number of CXCL12 abundant reticular cells and SDF-1 production in YF bone marrow. Flow analysis of CAR cells and SDF-1 production. A. Total bone marrow
cells were gated for a population negative for CD45, Ter119, CD31, and Sca1 and positive for VCAM and Pdgfr, the phenotype of CAR cells. B. Number of CAR cells in
bone marrow of 8 week-old WT and YF male mice. Percentage of CAR cells in bone marrow was calculated as the number in YF bone marrow relative to WT bone
marrow. Data is pooled from five independent experiments (WT, n= 25; YF n= 27). C. Intracellular level of SDF-1 was determined by the mean fluorescence
intensity (factor of mean SDF-1 staining and SDF-1 positive cell count). Histogram in grey shade represents mouse IgG FITC isotype control. Bold black line represents
SDF-1 FITC stain in YF cells and thin grey line represents in WT cells. D. SDF-1 intracellular level is shown as amount of protein in CAR cells in YF bone marrow
relative to CAR cells in WT bone marrow (n=9 mice/genotype). E. qRT-PCR analysis of SDF-1 mRNA levels in FACS sorted CAR cells from bone marrow (n=9
mice/genotype). *P value of< 0.05 vs. WT.
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Pharmingen/BD Bioscience (San Diego, CA), or R&D Systems
(Minneapolis, MN) unless specified otherwise. For CAR cells: anti-
CD45/Ly-5 (clone 30-F11), anti-Ter119/Ly-76 (TER-119), anti CD31/
PECAM-1 (clone 390), anti- Sca-1/Ly-6A/E (clone D7), anti-CD140b/
PDGF receptor b (clone APB-5) and anti-CD106/VCAM-1 (clone 429).
For SDF-1 production and CXCR4 expression: anti-mouse IgG1 FITC
isotype, anti-human/mouse CXCL12/SDF-1 (aa 20–89), Anti-CD184/
CXCR4 (clone 2B11). For osteoclast precursors: anti-c-Fms/CD115
(clone AFS98) was used. For magnetic sorting of CD45- Ter119- CD31-
Sca-1- population anti-PE micro beads (Miltenyi, Auburn, CA) were
used and desired population was isolated using manufacturer's pro-
tocol. Propidium Iodide used for the exclusion of dead cells was pur-
chased from Sigma (St. Louis, MO).

2.4. Flow cytometric analysis

Bone marrow was flushed from femora and tibiae using a 25-gauge
needle. RBCs were lysed using ACK (0.15M ammonium chloride, 1M
potassium bicarbonate, 0.1 M EDTA) lysis buffer. Cells were washed
and filtered through 100 μm Nytex mesh to remove cell clumps. The

labeling for flow cytometric analysis or cell sorting was performed by
standard staining procedures. Antibody staining was performed with
optimal dilutions of directly conjugated or biotinylated monoclonal
antibodies and secondary antibodies in sequential steps. Cell staining
was performed on ice using staining medium containing 1 HBSS, 0.01M
HEPES (pH 7.4) and 2% fetal calf serum. Cells were treated with pro-
pidium iodide (10 μg/ml) to identify and exclude dead cells. Flow cy-
tometric Flow analysis and sorting was performed in a BD-FACS Aria
(BD Biosciences, San Jose, CA, USA) equipped with five lasers and 18
fluorescence detectors. All the data was analyzed using FlowJo software
from Tree Star Inc. (Ashland, OR, USA).

2.5. Cell culture

For generation of osteoclast (OC), bone marrow was isolated from
long bones of 4–6-week-old mice. Following overnight incubation on
tissue culture plastic, non-adherent cells were plated at 2.5× 105/cm2

in α-MEM, 10% FBS, penicillin/streptomycin containing 20 ng/mlM-
CSF. Subsequently, cells were treated with M-CSF (20 ng/ml) and
RANKL (50 ng/ml) in the presence or absence of SDF-1 (100 ng/ml) or

Fig. 2. Increased PI3K activity and
increased transcription of SDF-1 in
the absence of Cbl-PI3K interaction.
A. qRT-PCR analysis of SDF-1 mRNA
levels in magnetically sorted CD45
Ter119 CD31 Sca1 negative popula-
tion of bone marrow cells, cultured
and treated with PI3K inhibitor
LY294002 at indicated concentrations
for 3 h. SDF-1 mRNA levels were
normalized to GAPDH, and values
shown are relative to the SDF-1
mRNA levels in untreated WT cells. B.
Western blotting analysis of AKT
phosphorylation, indicative of PI3K
activity. Bands were quantified by
LICOR odyssey software and the ratio
of pAKT to total AKT at indicated
concentrations of PI3K inhibitor,
LY294002 is shown below the blots
with values relative to untreated WT
cells. C. qRT-PCR analysis of SDF-1
mRNA levels following treatment
with an AKT inhibitor at the indicated
concentrations D. Western blotting
analysis of GSK phosphorylation, in-
dicative of AKT activity. A re-
presentative of 3 independent experi-
ments is shown and P value of< 0.05
vs. WT; *compared to untreated WT
cells, # compared to untreated YF
cells.

Fig. 3. Sp1 mediated transcription of
SDF-1. A. Nuclear protein from cells
treated with LY294002 for 3 h at dif-
ferent concentrations was subjected to
Western blotting. Blot was probed with
antibody for SP1. The blot was stripped
and reprobed for actin (in cytoplasm)
and tubulin (in nucleus) to show the
relative absence of cytoplasmic proteins
in the nuclear lysate. Sp1/tubulin ratio
is shown below the Western blot. B.
Cells were treated with Mithramycin
(inhibits Sp1 binding to GC-rich DNA) at

indicated concentrations for 3 h and SDF-1 mRNA levels were determined by qRT-PCR analysis. Values are shown as relative to untreated WT cells. * A representative
of 3 independent experiments is shown and P value of< 0.05 from student's t-test compared to untreated WT cells, # compared to untreated YF cells.
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AMD3100 (10 ng/ml) for an additional 5–6 days. Following TRAP
staining, osteoclasts were identified as TRAP stained cells with> 3
nuclei per cell.

2.6. RT PCR analysis

In some experiments non-hematopoietic, non-endothelial cells were
obtained from bone marrow by magnetic sorting of CD45− Ter119−

CD31− Sca1− cells using anti-PE micro-beads (Miltenyi Inc. Auburn,
CA) following manufacturer's protocol. Cells were cultured in Minimum
essential medium-α modification (α-MEM) containing 10% fetal bovine
serum (FBS) and 1% Penicillin/Streptomycin and harvested for RNA
isolation as previously reported (Wang and Knaut, 2014). In some ex-
periments, cells were treated with Mithramycin, for 3 h and RNA iso-
lation was performed using TRIzol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer's protocol. A Super Script II reverse
transcriptase kit (Invitrogen) was used according to manufacturer's
instructions. Oligo (dT) and dNTPs were purchased from Promega
(Madison, WI). Quantitative real-time PCR was performed using SYBR
Green PCR master mix (Applied Biosystems, Foster City, CA) on an
Applied Biosystems 7500 real-time PCR system. Gene expression levels
were normalized to GAPDH and calculated using the DDCt method.
Primers were designed using mRNA sequences obtained from Mouse
Genomics Informatics and the Primer3 program. Following primers
were used: SDF-1, AGTAGTGGCTCCCCAGGTTT (sense) and GAGACA
GTCTTGCGGACACA(antisense); GAPDH, AACTTTGGCATTGTGGAAGG
(sense) and ACACATTGGGGGTAGGAACA (antisense).

2.7. Migration assay

Total bone marrow cells were plated on petri dishes in the presence

of MCSF (20 ng/ml) and cultured for 3 days to generate bone marrow
macrophages (BMMS). BMMs were cultured with MCSF (20 ng/ml) and
50 ng/ml of RANKL to generate osteoclast precursors (OCPs). OCPs
detached were detached with Accutase (Sigma, St. Louis, MO) and
placed in the upper chamber of transwell plate with or without
AMD3100 (10 μg/ml). SDF-1 was added to the lower chamber at
100 ng/ml. Following migration for 3 h, cells were in the lower
chamber were incubated with calcein and the number of cells migrated
to lower chamber as a percentage of total number of cells added to
upper chamber was determined by fluorometric reading using BioTek
Synergy HT (Winooski, Vermont).

2.8. Evaluation of biochemical activities

Cells were cultured in medium devoid of serum and growth factors
for 60min and then stimulated with SDF-1 (100 ng/ml). In some ex-
periments, prior to the addition of the SDF-1, cells were treated with
AMD3100 or LY294002 for 30min. Total cell lysate was subjected to
SDS-PAGE electrophoresis and transferred to Whatman PROTRAN ni-
trocellulose membrane (Whatman GmbH, Dassel, Germany). Nuclear/
cytoplasmic lysates were prepared using Active Motif nuclear extract kit
(Active Motif, Carlsbad, CA). Blots were probed for phosphorylation of
AKT or GSK stripped and reprobed for total AKT or GSK-beta using
specific antibodies. Blots were probed using Infrared conjugated LICOR
secondary antibodies. The amounts of total proteins in individual bands
were quantified by using Odyssey Infrared Imaging Systems software
2.1 (LICOR Biosciences, Lincoln, Nebraska).

2.9. Statistical analysis

Based on our previous studies we calculated a sample size of at least

Fig. 4. Absence of Cbl-PI3K interaction results in increased number of osteoclast precursors expressing SDF-1 receptor, CXCR4 in the bone marrow of mice. Flow
analysis of osteoclast precursors in the bone marrow. A. Total bone marrow from 8week old male mice was gated for CD3- CD45R- NK1.1- cells, which express low or
no CD11b and high levels of CD115 (c-Fms) were considered osteoclast precursors. B. Percentage of cells was calculated as the number in YF tissues relative to WT,
and data pooled from independent experiments is shown (WT, n= 25; YF, n= 28). C. CD3- CD45R- NK1.1- CD11b lo/- CD115 hi cells were further gated for the
expression of SDF-1 receptor CXCR4. D. CXCR4 positive osteoclast precursor population is shown (WT, n=13; YF, n= 14). Percentage of cells was calculated as the
number in YF tissues relative to WT, and data pooled from independent experiments is shown. * P value of< 0.05 vs. WT.
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10 mice per group (effect size =1.5, α=0.05, β=0.1, power=90%).
Experiments conducted in this study were repeated at least three times.
Statistical significance between 2 groups were determined using
Student's t-test, whereas for> 2 groups, Analysis of variance (ANOVA)
with Tukey's multiple comparison tests was performed using Graph Pad
Prism (La Jolla, CA). Data are presented as means ± SEM. p-va-
lues< 0.05 vs. control were considered statistically significant.

3. Results

3.1. In YF mice number of CAR cells and SDF-1 expression in bone marrow
is increased

CXCL12 abundant reticular (CAR) cells are a major source of SDF-1
production. (Greenbaum et al., 2013; Omatsu et al., 2010; Sugiyama
et al., 2006). CAR cells express vascular cell adhesion molecule-1
VCAM-1/CD103, CD44+ and platelet-derived growth factor β and are
identified as CD45−CD31−SCa−1- CD103+ and CD140β+ (Sugiyama
et al., 2006; Nagasawa et al., 2011). They do not express endothelial
marker PECAM-1/CD31 or smooth muscle cell marker smooth muscle
α-actin (SMA), which indicate that they are different from endothelial
and smooth muscle cells (Tokoyoda et al., 2004). Here we phenotypi-
cally characterized as CD45−Ter119−CD31−Sca1−VCAM-
1+PDGFbR+ (Fig. 1A). We performed flow analysis to identify CAR
cells from bone marrow of WT and YF mice. In YF mice there was a 50%
increase in the number of CAR cells in bone marrow (Fig. 1B) and there

was 120% increase in the intracellular levels of SDF-1 protein as de-
termined by mean fluorescence intensity (Fig. 1C and D). Increased
SDF-1 level was also confirmed by determining SDF-1 mRNA expression
in sorted CAR cells. Compared to the WT, there was a 20% increase in
mRNA levels of SDF-1 in YF cells (Fig. 1E). In contrast the level of SDF-1
was not altered between the two genotypes in endothelial cells (CD31+

cells), which are also a major source of SDF-1 (Suppl. Fig. 1A and B).

3.2. PI3K/AKT/Sp1 axis mediate SDF-1 transcription

We performed a series of experiments to understand whether the
increased SDF-1 expression is a result of increased PI3K activity. Sorted
bone marrow cells were treated with LY294002 to inhibit PI3K activity.
Our results showed that the basal level of SDF-1 gene expression was 2-
fold higher in YF cells compared to WT cells (Fig. 2A). Inhibition of
PI3K activity resulted in a decrease in SDF-1 gene expression in both
WT and YF cells. However, inhibition of SDF expression in YF cells was
observed only at higher dose of the inhibitor. The requirement of higher
concentration of LY294002 to inhibit of SDF-1 gene expression corre-
sponded to our finding that a higher dose of inhibitor was needed to
attenuate pAKT levels in YF cells. Increased PI3K-AKT activity in YF
cells compared to WT cells was confirmed by increased phosphorylation
AKT (Fig. 2B). Similar results to the effects of LY294002 were obtained
with an AKT inhibitor (Fig. 2C) and, the inhibition of AKT activity was
confirmed by decreased phosphorylation of GSK (Fig. 2D), which is a
substrate of AKT.

Fig. 5. SDF-1 mediates increased migration but not differentiation of osteoclast precursors. Transmigration assay of osteoclast precursors in response to SDF-1. A.
Osteoclast precursors were placed in the upper chamber of the transwell with or without AMD3100. SDF-1 was added to the lower chamber. Percentage of cells,
which migrated to the lower chamber was quantified and data is expressed relative to WT cells without treatment in the absence of SDF-1 in the lower chamber. B.
Osteoclast precursors were differentiated in the presence of MCSF (20 ng/ml) and RANKL (50 ng/ml) in the presence or absence of SDF-1 (100 ng/ml) added at
indicated times. After 5 days of differentiation, cells were TRAP stained and TRAP positive cells with> 3 nuclei were considered as osteoclasts. C. Osteoclast
differentiation was performed in the presence or absence ofAMD3100 with SDF-1 treatment (100 ng/ml). Images of TRAP positive cells at 10× magnification are
shown. D. Bar graph shows the number of multinucleated (> 3 nuclei/cell) TRAP positive cells. In panel A, a: compared to untreated WT cells, b: compared to WT
cells exposed to SDF-1 in lower chamber, c: compared to YF cells exposed to SDF-1 in lower chamber. In B, D * compared to WT cells without SDF-1 or AMD3100
treatment. A representative of 3 independent experiments is shown. * P value of< 0.05 from ANOVA, Tukey's post hoc test was considered statistically significant.
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SDF-1 promoter harbors several Specificity protein-1 (Sp1) binding
sites, and the requirement of Sp1 activation for SDF1 transcription was
previously reported (Garcia-Moruja et al., 2005; Mendez-Ferrer et al.,
2008; Schajnovitz et al., 2011). PI3K activity is an important modulator
of Sp1 mediated transcription (Chu, 2012; Zhang et al., 2006). We
examined the protein expression of the transcription factor Sp1. Sorted
(CD45− Ter119− CD31− Sca1−) bone marrow cells were subjected to
nuclear fractionation. Western blotting showed higher Sp1 protein in
YF samples compared to WT nuclear lysates. Inhibition of PI3K lowered
Sp1 levels in nuclei however, significant decrease in Sp1 nuclear levels
was only observed at 10 μM LY294002 in YF cells (Fig. 3A). The en-
hanced nuclear translocation of Sp1 in YF cells was also confirmed by
immunohistochemistry. Qualitatively, higher Sp1 protein levels were
found in the nucleus of YF compared to WT cells. PI3K inhibition led to
a decreased Sp1 nuclear localization in the nucleus of WT cells, but a
decrease in staining intensity was not evident in YF cells (Suppl. Fig. 2).

To confirm that Sp1 mediates increased SDF-1 transcription, cells
were also treated with Mithramycin A, which blocks Sp1 binding to GC-
rich regions on the SDF-1 promoter (Mendez-Ferrer et al., 2008; Choi
et al., 2014). Mithramycin A treatment significantly blocked SDF-1
mRNA levels in WT and YF cells though the extent of inhibition was less
pronounced in YF samples (Fig. 3B).

3.3. Migration of osteoclast precursors in response to SDF-1 stimulation was
increased in YF mice

YF mice contain an increased number of osteoclasts, which are de-
fective in bone resorptive function (Adapala et al., 2010a; Scanlon
et al., 2015). We performed flow cytometric analysis to determine the
number of osteoclast precursors in the bone marrow. Osteoclast pre-
cursors were identified as CD3− B220− NK1.1− CD11blo/− CD115hi

cells (Jacquin et al., 2006), and percentage of osteoclast precursors was
increased in YF bone marrow by 2-fold (Fig. 4A and B). The expression
of SDF-1 receptor, CXCR4 was also increased in YF osteoclast precursors

by 2-fold (Fig. 4 C and D).
To understand if SDF-1 can influence osteoclast differentiation, the

ability of WT and YF osteoclast precursors to differentiate into mature
osteoclasts in response to SDF-1 was tested. Addition of SDF-1 to os-
teoclast differentiation medium either for all 5 days of culture or just
3–5 days did not alter the differentiation osteoclast precursors for either
genotype (Fig. 5A). However, YF osteoclast precursors showed en-
hanced differentiation into mature osteoclasts as previously reported
(Adapala et al., 2010a, 2014a). While inhibition of SDF-1 binding to
CXCR4 decreased osteoclast differentiation by 32% in WT cultures,
treatment of YF cultures with the inhibitor did not influence the en-
hanced osteoclast formation (Fig. 5B and C) suggesting increased dif-
ferentiation of YF osteoclasts is not mediated by SDF-1.

We also analyzed the effect of SDF-1 on the migration of osteoclast
precursors using transmigration assay. Both WT and YF osteoclast
precursors showed comparable ability to migrate under basal condi-
tions. In response to SDF-1, 11% of WT osteoclast precursors migrated
compared to 17% of YF osteoclast precursors (Fig. 5D). Treatment with
AMD3100 attenuated the migration response to SDF-1 for both geno-
types.

4. Discussion

The PI3K-AKT signaling node regulates cell proliferation, differ-
entiation, and migration of cells in the bone marrow environment. To
our knowledge there are no previous studies that interrogate the direct
impact of increased PI3K-AKT activity in regulating SDF1 production in
the bone marrow milieu. We used the YF mice to understand the impact
of PI3K activation on SDF-1 expression for several reasons. The majority
of the studies examining how PI3K signaling governs bone homeostasis
were done using knock out mice (Gyori et al., 2014; Shinohara et al.,
2012). However, the deletion of PI3K genes often alters expression of
non-targeted family members, precluding accurate phenotypic analysis
(Bi et al., 1999; Fruman et al., 2000; Vanhaesebroeck et al., 2005).

Fig. 6. Proposed model depicting the role of PI3K/
AKT/Sp1 axis on SDF-1 expression in CAR cells and the
effect of increased SDF-1 levels on osteoclast precursor
migration in response to increased PI3K activation. Loss
of Cbl-PI3K interaction results in increased PI3K ac-
tivity, which leads to increased phosphorylation of
AKT. Sp1, an important substrate of PI3K is activated,
translocated to the nucleus and binds to the SDF-1
promoter regions to activate SDF-1 transcription in CAR
cells. Sp1 binding to SDF-1 promoter regions is in-
hibited by Mithramycin treatment resulting in de-
creased SDF-1 transcription to a lesser extent in YF cells
compared to wild type cells due to increased Sp1 acti-
vation in YF cells. Increased SDF-1 gene expression
leads to increased SDF-1 protein levels, which stimulate
migration of osteoclast precursors expressing SDF-1
receptor, CXCR4. AMD3100 blocks CXCR4 activation
by SDF-1 and prevents osteoclast precursor migration,
to a lesser extent in YF cells compared to wild type cells.
Increased osteoclast precursor migration might lead to
increased recruitment to the bone marrow milieu fi-
nally contributing to increased number of osteoclasts in
YF mice lacking Cbl-PI3K interaction.
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Furthermore, complete gene abrogation or overexpression of regulatory
or catalytic subunits fails to take into account the spatio-temporal
protein-protein interactions between the regulatory and catalytic sub-
units that regulate PI3K enzymatic activity. Additionally, the approach
of generating point mutation(s) in the catalytic or the regulatory sub-
units results in malignant phenotypes (Burke and Williams, 2015;
Jaiswal et al., 2009) rendering them undesirable for the study of
homeostasis.

The primary function of the p85 regulatory subunit is to bind and
stabilize the p110 subunit thereby modulating PI3K activity (Cantley,
2002). While establishing the function of Cbl in bone resorption
(Adapala et al., 2014a; Chiusaroli et al., 2003; Nakajima et al., 2009),
we identified a unique function of Cbl through the requirement of a
tyrosine 737 for its interaction with the SH2 domain of the p85 reg-
ulatory subunit of PI3K (Songyang and Cantley, 1995). To study the
impact of this interaction, YF mice, a global knock-in mouse model in
which the tyrosine 737 was substituted to phenylalanine (Molero et al.,
2006) was used. Our characterization of YF mice revealed that lack of
Cbl-PI3K interaction results in increased PI3K-AKT signaling and in-
creased level of SDF-1. This in turn perturbs bone homeostasis, thereby
affecting both osteoclast and osteoblast differentiation and function
(Adapala et al., 2010a, 2010b, 2014a, 2014b; Brennan et al., 2011).

In this report we found that PI3K activity regulates SDF-1 produc-
tion in CAR cells by modulating the Sp1 transcription factor. A sche-
matic representation of the proposed mechanism is shown in Fig. 6.
Several cell types including, osteoprogenitors, CAR cells (Greenbaum
et al., 2013; Omatsu et al., 2010; Sugiyama et al., 2006), and CD31+

endothelial cells (Greenbaum et al., 2013; Sugiyama and Nagasawa,
2012; Mendez-Ferrer et al., 2010) produce SDF-1. We found that up-
regulation of PI3K-AKT activity led to increased SDF-1 expression by
CAR cells. Others have also shown that CAR cells are critical source of
SDF-1 and are responsible for maintaining hematopoietic niches
(Sugiyama et al., 2018). While we found that in CD31+ cells SDF-1
expression was similar between the WT and YF cells, we cannot rule out
that other cell sources, which produce SDF-1 and participate in hema-
topoiesis, may also contribute expression in YF mice. It is possible that
increased SDF-1 can promote the proliferation of bone marrow stromal
cells (Kortesidis et al., 2005), and enhanced SDF-1 levels might also be
responsible for the increase in the numbers of CAR cells in the bone
marrow of YF mice.

PI3K-AKT activity regulates activation of several transcription fac-
tors. We have previously reported that in YF mice enhanced AKT ac-
tivity is responsible for upregulation of Sp7 activation, resulting in in-
creased bone formation during fracture healing (Scanlon et al., 2017).
Sp1 transcriptional activity is also dependent on PI3K activation (Chu,
2012; Zhang et al., 2006). Here we found that expression of Sp1, a
transcription factor known to regulate SDF-1 transcription (Mendez-
Ferrer et al., 2008; Schajnovitz et al., 2011), is up regulated in YF mice
derived CAR cells. The SDF-1 promoter has several Sp1 binding sites
(Garcia-Moruja et al., 2005) and Sp1 is known to mediate SDF-1 tran-
scription (Markovic et al., 2015). Recent studies have shown that the
transcription factor Forkhead box c1 (Foxc1) is involved in the devel-
opment of CAR cells and the production of SDF-1 (Omatsu et al., 2014).
The activity of Foxc1 involves the PI3K/AKT pathway (Huang et al.,
2017), therefore it is likely that in addition to Sp1 other transcription
factors including Foxc1 may also regulate SDF1 expression in YF bone
marrow cells.

The basal levels of osteoclast precursor migration were similar in
WT and YF cells. However, the migration of YF cells was increased by
SDF-1 in a CXCR4 dependent manner. Since, Cbl-PI3K interaction is lost
in YF cells, a parallel pathway such as activation of Focal Adhesion
Kinase (FAK) via Protein Kinase C (PKC), which is known to be a
mediator of the SDF-1/CXCR4 pathway in cell migration (Glodek et al.,
2007; Wang et al., 2000), might mediate the increased migration of YF
cells. However, the precise molecular signaling mechanism responsible
for increased SDF-1 mediated migration in YF cells remains to be

elucidated.
Osteoclast precursors originate from the myeloid lineage of the

hematopoietic stem cells (Jacquin et al., 2006; Arai et al., 1999). The
proliferation of osteoclast precursors derived from YF bone marrow is
similar to WT cells (Adapala et al., 2010a). Hence a different me-
chanism is responsible for the increased number of osteoclast pre-
cursors in YF bone marrow. Previous studies have shown that SDF-1
stimulates osteoclast precursor migration (Wright et al., 2005; Yu et al.,
2003). Our results also indicate that in vitro SDF-1 stimulates increased
migration of YF osteoclast precursors when compared to WT cells. SDF-
1 did not alter osteoclast differentiation mediated by MCSF and RANKL
a finding similar to other studies (Wright et al., 2005). Interestingly,
differentiation of osteoclast precursors in the presence of MCSF and
RANKL was inhibited by AMD3100, most likely due to suppression of
motility needed for osteoclast precursor fusion. The lack of inhibitory
effect of AMD3100 in YF cells is likely due to excessive responsiveness
of YF osteoclast precursors to RANK signaling, as shown previously
(Adapala et al., 2010a).

In conclusion, our study increases understanding of molecular me-
chanism involved in the regulation of the number of osteoclast pre-
cursors in mouse bone marrow. The role of PI3K/AKT/Sp1 axis in the
regulation of SDF-1 production in CAR cells emphasizes the importance
of the regulation of PI3K activity by Cbl. Our study also raises the
possibility that CAR cells in the hematopoietic niche might not only
regulate the hematopoietic composition, but also cellular composition
by enhancing osteoclast precursor migration. Further studies are
needed to provide direct evidence for the role of CAR cells in mod-
ulating osteoclast precursor numbers and establish the role of PI3K
signaling in this process.
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