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ARTICLE INFO ABSTRACT

Keywords: G protein-coupled receptor kinase 2 interacting protein-1 (GIT1) is a scaffold protein that plays a vital role in
GIT1 bone modeling and remodeling during osteogenesis coupled with angiogenesis. Recent studies have shown that a
Endomucin ) specialized subset of vascular endothelium strongly positive for CD31 and Endomucin (CD31"Emen™) is coupled
Bone f”rr.natw“ with anabolic bone formation. Based on our previous finding that GIT1 knockout (GIT1 KO) mice have impaired
ﬁg‘é‘:}g‘al cells angiogenesis and bone formation, we hypothesized that GIT1 affects formation of the CD31"Emcn®™ vessel
Preosteoclasts subtype. In the current ;tudy, GIT1 knockout (GIT1 KO) mice displayed a significant decrease in trabecular bone
mass and CD31MEmen®™ vessel number, compared to their wild-type counterparts. In the fracture healing mouse
model, GIT1 KO mice contained a lower number of CD31MEmen™ vessels in fracture callus at days 7 and 14.
However, no significant differences in the number of preosteoclasts in bone marrow, trabecular bone and callus
in GIT1 KO mice were observed, compared with wild-type mice. Notably, concentrations of serum platelet-
derived growth factor-BB(PDGF-BB) secreted by preosteoclasts associated with CD31MEmen™ vessel formation
were lower in GIT1 KO mice. In addition, PDGF-BB-associated expression of phosphorylated extracellular signal-
regulated kinase- 1/2 (ERK1/2) and specificity protein 1 (SP1) was significantly decreased in preosteoclasts of
GIT1 KO mice. These results collectively suggest that GIT1 is a critical participant in formation of the
CD31MEmen™ vessel subtype, highlighting a novel biologic function of this scaffold protein in preosteoclasts.

1. Introduction

Bone modeling and remodeling are essential to ensure normal
structure and integrity of the skeleton [1,2]. Several primary mod-
ulatory factors of these processes have been characterized to date [3,4].
Among these, angiogenesis is known to play a vital role in metabolism
of bone [5,6]. During bone modeling and remodeling, endothelial cells
invade cartilage at the growth plate region for nutrient supply and act
as a scaffold for new bone formation [6,7]. Capillaries additionally play
an important role in bone resorption and formation [7,8]. Migration
and proliferation of endothelial cells, capillary formation and me-
senchymal stem cells (MSCs) stabilization are involved in angiogenesis
[9,10]. Recent studies have identified a specific vascular endothelium
type during angiogenesis, CD31MEmcn™, that actively directs
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osteogenesis [11,12]. Platelet-derived growth factor-BB (PDGF-BB) is
believed to induce migration and angiogenesis of endothelial pro-
genitor cells (EPC) [13,14]. CD31MEmen™ endothelium levels are as-
sociated with concentrations of platelet-derived growth factor-BB
(PDGF-BB) secreted by preosteoclasts (tartrate resistant acid phospha-
tase positive mononuclear cells) [15,16]. However, the mechanisms
underlying cellular and molecular regulation of PDGF-BB secretion by
preosteoclasts associated with CD31MEmen™ endothelium levels re-
main unclear at present.

G protein-coupled receptor kinase 2 interacting protein-1 (GIT1), a
scaffold protein binding to GPCR kinase 2, is involved in adrenergic
receptor endocytosis [17,18]. Previously, our group demonstrated that
GIT1 is composed of five distinct structures, including an ADP-ribosy-
lation factor GTPase-activating protein (ARF-GAP) domain, a Spa
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homology domain, three ankyrin repeats, a synaptic localization do-
main and a conserved paxillin-binding site [19]. Through these do-
mains, GIT1 interacts with multiple signal molecules to exert a wide
range of biological effects [20]. GIT1 participates in pulmonary vas-
cular development through modulation of VEGF-induced PLCy and
ERK1/2 activation [21]. GIT1 is additionally known to regulate en-
dothelial cell (EC) and VSMC migration [22]. In terms of bone home-
ostasis and the skeletal system, GIT1 plays a physiological role in
maintenance of bone mass by OC [23]. GIT1 additionally affects frac-
ture healing and vascular formation in a fracture healing mouse model
[24]. Given its critical role in angiogenesis and osteoclast functions,
both of which are related to CD31™Emen™ endothelium, we hypothe-
size that GIT1 influences osteogenesis through effects on the formation
of CD31™Emen™ endothelium.

In the current study, we have demonstrated that knockdown of GIT1
induces loss of bone mass accompanied by a decrease in CD31"Emcn™
skeletal vessels. Abundant CD31™Emcn™ endothelium was observed in
bone callus during the fracture healing process, which was decreased
upon deletion of GIT1. We observed no significant differences in the
number of preosteoclasts in bone marrow and in vitro culture between
GIT1 KO and GIT1 WT mice although a decrease in serum PDGF-BB
secretion by preosteoclasts of GIT1 KO mice was evident. Additionally,
GIT1 was identified as an endogenous regulator of ERK1/2 phosphor-
ylation, leading to activation of nuclear SP1, which is essential for ex-
pression of PDGF-BB that induces formation of the CD31"Emen™ vessel
subtype for coupling osteogenesis with angiogenesis.

2. Materials and methods
2.1. Animals

Homozygous GIT1 knockout mice (C57BL/6 background) were ob-
tained from Bradford C. Berk (University of Rochester, Cardiovascular
Research Institute) and GIT1 KO mice generated in the laboratory (Aab
Cardiovascular Research Institute and Department of Medicine,
University of Rochester, Rochester, NY, USA) as described previously
[21]. Wild-type littermates (GIT1 WT) were used as the control group.
Genotypes of mice were determined via RT-PCR analysis of genomic
DNA samples isolated from mouse tails. All animals were maintained in
the Animal Facility of the First Affiliated Hospital of Nanjing Medical
University. The experimental protocol was reviewed and approved by
the Animal Committee at the First Affiliated Hospital of Nanjing Med-
ical University (Nanjing, China).

2.2. MicroCT analysis

Femora were dissected from mice, fixed overnight in 70% ethanol
and analyzed via high-resolution microcomputed tomography imaging
(MicroCT) (Skyscan 1172, Skyscan) [25-27]. Image reconstruction
(NRecon v1.6), data analysis (CTAn v1.9) and three-dimensional model
visualization (uUCTVol v2.0) software were employed to analyze para-
meters of distal femoral metaphyseal trabecular bone and callus volume
[28-30]. The region of interest of trabecular bone and bone callus has
been described previously [15,23,24]. The parameters for assessment
include trabecular bone volume fraction (BV/TV), trabecular thickness
(Tb. Th), trabecular number (Tb. N), trabecular separation (Tb. Sp),
trabecular pattern factor (Tb. Pf) and bone mineral density (BMD) [15].

2.3. Mouse femur fracture model

A femoral fracture mouse model was generated according to pre-
vious reports [24,31]. All surgical procedures were performed under
isoflurane (1%-4%) anesthesia via nosecone. After anesthesia and
surgical site sterilization, skin and underlying tissues above the right
anterolateral femur were incised. Femur and patella were exposed and a
25-gauge needle inserted through the patellar tendon and into the
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marrow cavity. A single cut was made in the middle of the femoral
diaphysis via three-point bending using an Einhorn device [24,32]. The
wound was stitched with absorbable lines. Following surgery, prophy-
lactic antibiotics and painkillers were used every 3 days.

2.4. Immunocytochemistry and immunofluorescence

For immunocytochemical staining, cultured preosteoclasts were
incubated with a primary antibody against PDGF-BB (Abcam) for 2 h at
37°C and immunoreactivity detected using a horseradish perox-
idase-streptavidin system (Dako).

After euthanasia, femora were dissected, fixed with intact perios-
teum in 10% buffered formalin for 48 h and decalcified in 10% EDTA
(pH 7.4) for 21 days. Next, samples were embedded in paraffin or op-
timal cutting temperature compound.

For immunofluorescence staining, bone slices and cultured cells
were obtained as described previously [27,33,34]. Briefly, after treat-
ment with Triton X-100 PBS solution (0.3%, w/v) for 10 min, samples
were blocked with goat serum PBS solution (10%, v/v) at room tem-
perature for 30 min and incubated overnight at 4 °C with the following
primary antibodies: CD31 (1:50, Abcam), Endomucin (1:50, Santa
Cruz) and SP1 (1:500, Abcam). Samples were subsequently incubated
with secondary antibodies at room temperature for 1 h in the absence of
light. Nuclei were stained with DAPI and fluorescent images acquired.
Quantitative analysis of fluorescent images was performed according to
earlier reports [15,31,33]. In brief, the numbers or areas of positively
stained cells in distal metaphysis or bone callus per femur in five se-
quential sections per mouse in each group were calculated using ImageJ
software.

A TRAP staining kit (Sigma Aldrich) was used on bone slices and
cultured cells as described previously [15,31,33].

2.5. Flow cytometry

For analysis or sorting of CD31"Emen™ endothelial cells, femora
and tibiae were collected from 4 week-old male mice. Epiphysis at the
end and muscle around the bone were removed and metaphysis and
diaphysis regions of bone crushed in ice-cold PBS. To obtain a single
cell suspension, whole bone marrow was digested with collagenase for
20 min at 37 °C. Equal numbers of cells were incubated for 45 min at
4 °C with Endomucin antibody (eBioscience, 50-5851-80), washed, and
further incubated with CD31 antibody (Miltenyi Biotec, 130102-608).

For analysis or sorting of preosteoclasts in bone, femora and tibiae
were processed as described above to obtain single cell suspensions,
which were subsequently labeled with antibodies against CD11b
(Miltenyi Biotec, 130109-363) and Gr-1 (Miltenyi Biotec, 130-112-307)
and sorted into CD11b + Gr-1low + med cells (the OCP subset) [35].

For analysis or sorting of bone marrow endothelial cells, the cell
extraction method was performed as described above. Cells were in-
cubated for 45 min at 4 °C with CD31 (Miltenyi Biotec, 130-102-608),
CD45 (Biolegend, 30-F11) and Ter119 (Biolegend, TER-119) and sorted
as CD31 + CD45 — Ter119— cells [15].

All samples were analyzed on a flow cytometer (BD Biosciences, San
Jose, CA, USA) and data evaluated using FlowJo software (Tree Star,
Ashland, OR, USA).

2.6. Preosteoclasts and osteoclast (OC) cultures

Monocytes/macrophages were harvested from bone marrow of
4 week-old male mice by flushing femur and tibia. Flushed bone
marrow cells were cultured overnight on petridishes in a-MEM con-
taining 10% FBS, 100Uml~" penicillin, 100pgml~! streptomycin
sulfate and 30 ng ml~! M-CSF (R&D Systems). Nonadherent cells were
incubated with M-CSF (30 ngml ™) to obtain pure monocytes/macro-
phages. Upon incubation of monocytes/macrophages in 24-well plates
(1 x 10° cells per well) with 30 ng ml~! M-CSF and 60 ng ml~* RANKL
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(R&D Systems), all cells became preosteoclasts after 3—4 days of culture.
Alternatively, fully mature multinucleated osteoclasts were formed
after incubation with 30 ng ml~! M-CSF and 60 ng ml~! RANKL (R&D
Systems) for 8 days. TRAP activities of the cultured preosteoclasts and
OCs were assessed via staining using a commercial kit (Sigma-Aldrich).
During induction, conditioned medium was harvested from pre-
osteoclasts and mature osteoclasts. Serum-free conditioned medium
was harvested after one-day culture with serum-free medium con-
taining the same concentrations of M-CSF and RANKL. After cen-
trifugation (2500 xg for 10 min at 4°C), conditioned medium was
stored at —80 °C.

2.7. ELISA

PDGF-BB analysis of conditioned medium was performed using a
mouse PDGF-BB Quantikine ELISA kit (R&D Systems). All assays were
conducted according to the manufacturer's instructions.

2.8. Real-time PCR

Cultured preosteoclasts at different time-points were treated with
TRIzol (Invitrogen) and mRNA purified according to the TRIzol System
protocol. Reverse transcriptase reactions were performed using an
iScript™ cDNA Synthesis kit (Bio-Rad). All primers are listed in Table 1.
c¢DNA was amplified using the IQ™ SYBR® Green Supermix (Bio-Rad) on
an Applied Biosystems 7900 Real-Time PCR system. Each sample was
analyzed in triplicate. Target genes were normalized to the reference
housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and relative expression levels determined based on normal-
ized CT values.

2.9. EPC culture

Late-stage endothelial progenitor cells (EPC) isolated from bone
marrow of 8 week-old C57BL/6 mice were obtained from BioChain
(7030031) as described previously [13,31]. These cells display spindle
morphology and express a variety of endothelial cell markers such as
CD31, CD105, vascular endothelial growth factor receptor 1 and neu-
ropilin-1 but are negative for CD133.

2.10. Migration assay

Cell migration was assessed in Transwell-96 well plates (Corning)
with 8 um pore filters. In brief, EPCs were seeded at a concentration of
1 x 10%/well in the upper chambers, then incubated them with con-
ditioned medium from preosteoclasts and osteoclasts in the lower
chambers for 4 h. At the same time, vehicle or neutralizing antibody for
PDGF-BB (Abcam) were also added to the lower chamber.
Subsequently, cells were fixed with 10% formaldehyde for 30 min and
cells of each filter on the surface of upper chambers removed with
cotton swabs. Cell that migrated through the pores to the lower surface

Table 1

Primer sequence.
Name Sequence
mus-GIT1-1F CCTGGGACGACACATCTCC
mus-GIT1-1R GATGGGGTGGACTTTATCTTGG
mus-PDGF-B -F CATCCGCTCCTTTGATGATCTT
mus-PDGF-B-R GTGCTCGGGTCATGTTCAAGT
mus-GAPDH-F GGTGAAGGTCGGTGTGAACG
mus-GAPDH-R CTCGCTCCTGGAAGATGGTG

Mouse G protein-coupled receptor kinase 2 interacting protein-1(mus-
GIT1) primer sequences, mouse Platelet-derived growth factor-B chain
(mus-PDGF-B) primer sequences, mouse glyceraldehyde-3-phosphate de-
hydrogenase (mus-GAPDH) primer sequences.
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were stained with crystal violet (Sigma-Aldrich) and quantified by
counting three random fields per well using an optical microscope.

To assess migration ability, the scratch wound assay was performed
as described previously [36]. Briefly, EPCs were seeded into six-well
plates at a density of 2 x 10° cells/well and grown to 80% confluence.
Next, confluent layers of cells were scratched using a sterile pipette tip.
After washing, conditioned medium was added as described above.
Images were recorded at 0 h and12h after scratching.

2.11. Tube formation assay

Matrigel (BD Biosciences) was plated on 96-well culture plates and
incubated for 45min at 37 °C to allow polymerization. EPCs were
seeded at a density of 2.0 x 10* cells/well in Matrigel-coated plates and
cultured with serum-free conditioned medium collected from pre-
osteoclasts cell culture systems. After incubation for 4 h at 37 °C, tube
formation was observed via microscopy and measured based on cu-
mulative tube length. In specific experiments, the neutralizing antibody
for PDGF-BB was added to preosteoclasts conditioned medium.

2.12. Western blot analysis

Proteins were extracted from cells using RIPA lysis and Extraction
buffer (KeyGen Biotechnology) and protein concentrations detected
using the Bradford method. Equal amounts of protein were separated
via sodium dodecyl sulfate polyacrylamide gel electrophoresis, trans-
ferred to polyvinylidene difluoride membranes (Millipore) and in-
cubated overnight at 4 °C with primary Abs, followed by blocking with
bovine serum albumin (5%, v/v). The primary antibodies used were
specific for GIT1 (1:1000, Abcam), SP1 (1:1000, Abcam), ERK1/2
(1:1000, Cell Signaling), p-ERK1/2 (1:1000, Cell Signaling), GAPDH
(1:1000, Abcam) and H3 (1:1000, Cell Signaling). Next, membranes
were incubated at room temperature for 120 min with the appropriate
secondary  antibody  (1:2000; Thermo  Fisher  Scientific).
Immunoreactive bands were visualized using enhanced chemilumines-
cence (ECL) reagents (Thermo Fisher Scientific) and the density of
protein bands semi-quantified using ImageJ (National Institutes of
Health, Bethesda, MD, USA).

2.13. Plasmid transfection and luciferase activity assays

SP1 is reported to bind to the PDGF-B promoter and activate its
transcription and translation [37,38]. Platelet Derived Growth Factor-B
promoter-luciferase reporter (PDGF-BLUC) and SP1 overexpression
plasmid were purchased from Obio Technology (Shanghai, China).
HEK293T cells were seeded at a concentration of 8000 cells each well in
96-well plates and plasmid transfection performed with Lipofecta-
mine®2000 reagent (Invitrogen). After 24-48 h, luciferase activity in
transfected cells was measured with a Dual Luciferase Reporter Assay
System (Promega, Madison, Wisconsin, USA). Normalized data were
calculated as the quotient of Renilla/firefly luciferase activities (Rluc/
FLuc). All assays were performed in triplicate and repeated three times.

2.14. Chromatin immunoprecipitation (CHIP) assay

Cells were treated with 1% formaldehyde to cross-link proteins to
DNA. Cells were incubated in lysis buffer (150 mM NaCl, 25 mM Tris
pH7.5, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholate) and treated
with protease inhibitors. DNA of cell lysates was sheared into
300-500 bp segments using a Bioruptor PICO sonicator (DIAGENODE).
Aliquots containing equal amounts of chromatin supernatants and
200 pg protein were used for immunoprecipitation reactions with anti-
SP1 (Abcam) or anti-IgG antibody. After reverse cross-linking of pro-
tein-DNA complexes to free DNA, RT-PCR was conducted using primer
sequences specific for the PDGF-B promoter (Forward:5-CCCGATGCC
TGTTTAGATGA-3’ and Reverse: 5-AACCTCTCGGGCCTCTTTAC-3").
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2.15. Statistical analyses

All data are presented as means + SD of at least three independent
experiments. Two-tailed Student's.

t-test was used for comparisons between two groups and One-Way
Analysis of Variance (ANOVA) with Bonferroni post hoc test for mul-
tiple comparisons. GraphPad PRISM software (v6.0a; GraphPad) was
employed for statistical analysis. P values < 0.05 were considered
statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).

3. Results
3.1. GIT1 KO mice have lower levels of CD31"Emcn™ endothelium

Previous research by our group disclosed a close association of Gitl
with bone formation [23,24]. To test our hypothesis that GIT1 causes
changes in bone mass by affecting CD31MEmcen™ endothelium forma-
tion , we harvested femora of 4 week-old male GIT1 WT and KO mice
for three-dimensional microstructural analyses using high-resolution
MicroCT, considering the influence of age on CD31™Emecn™ en-
dothelium [11,12,39]. MicroCT analyses revealed decreased trabecular
bone mass in GIT1 KO, compared to WT mice (Fig. 1A). Reduction of
the percentage (%) of bone volume BV/TV% and Tb.Th was significant
in GIT1 KO mice relative to their WT littermates. Tb.N and BMD were
not significantly reduced in GIT1 KO mice, but showed a decreasing
trend. Significant increase of Tb.Pf and Tb.Sp in GIT1 KO mice also
indicate decreased trabecular bone mass in GIT1 KO, compared to WT
mice (Fig. 1B). Previous studies have shown that angiogenesis, espe-
cially involving CD31™Emen®™ vessels, is closely related to formation of
bone mass. Moreover, GIT1 is an important influencing factor of an-
giogenesis [21,22,40]. CD31 and Endomucin double-positive en-
dothelium has been identified in marrow immediately beneath the
growth plate [11,15,31]. In the current study Co-immunostaining of
CD31 and Endomucin revealed significantly lower levels of
CD31MEmen™ vessels in marrow immediately beneath the growth plate
in GIT1 KO mice relative to their wild-type littermates (Fig. 1C D). Flow
cytometry analysis of CD31™Emen™ endothelium similarly disclosed
markedly lower levels of this subset of endothelial cells in GIT1 KO
mice, compared to WT littermate controls (Fig. 1E). Taken together, our
results suggest that GIT1 participates in fine-tuning the CD31"Emen™
endothelium level in bone.

2. Association between GIT1 and CD31MEmcn™ vessels is essential
for fracture healing.

Given that fracture healing is closely related to new blood vessel
formation [41,42], we hypothesized that the connection between GIT1
and CD31MEmen™ vessels is vital for bone repair. To examine this
theory, an open femoral fracture model was established for analysis of
fracture healing in GIT1 KO and WT control mice and the healing
process evaluated via micro computed tomography (MicroCT) analysis
of mineralized callus volume. At 14 days and 21 days post-fracture,
healing appeared impaired in GIT1 KO mice according to quantification
of mineralized callus volume (Fig. 2A B). Furthermore, immuno-
fluorescence staining of CD31 and Endomucin at bone fracture callus
showed abundant formation of CD31™Emen™ endothelium in mice,
clearly indicating that bone fracture healing is associated with forma-
tion of CD31™Emcn™ endothelium. Notably, the number of
CD31MEmen™ vessels at the fracture callus in GIT1 KO mice was sig-
nificantly lower than that in wild-type littermates (Fig. 2,C,D). In view
of these findings, we conclude that associations between GIT1 and
CD31MEmcn™ vessels are essential for fracture healing.

3.2. GIT1 KO mice contain normal preosteoclasts levels
The decreased CD31MEmen™ vessel number in GIT1 KO mice could

be a consequence of either a decrease in the number of preosteoclasts or
impairment of preosteoclasts function [15]. To clarify the underlying
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reason for this phenomenon, cultured cells from GIT1 KO and WT mice
were stained at different time-points during osteoclastogenesis (OC
differentiation) using the tartrate-resistant acid phosphotase (TRAP)
assay [43] (Fig. 3A). Quantitative analysis of preosteoclasts and os-
teoclasts (OC) revealed comparable preosteoclasts and OC numbers
between GIT1 KO mice and WT littermates in vitro (Fig. 3B). Flow
cytometry analysis further confirmed similar amounts of preosteoclasts
in bones of GIT1 KO and WT littermate control mice (Fig. 3C) [35],
consistent with TRAP staining of femur sections (Fig. 3D). In addition,
no differences in the preosteoclasts number at bone fracture callus of
GIT1 KO and WT mice were evident (Fig. 4E). Our findings suggest that
impaired function of preosteoclasts underlies the decrease in
CD31MEmen™ vessel number in GIT1 KO mice.

3.3. PDGF-BB secreted by preosteoclasts is reduced in GIT1 KO mice

Previous studies have reported that PDGF-BB secreted by pre-
osteoclasts is crucial for CD31MEmen™ vessel formation [1 5,44].
Therefore, we explored the possibility that GIT1affects the secretory
function of preosteoclasts, which would lead to a decrease in
CD31MEmen™ vessel formation. To this end, we collected conditioned
media of monocytes/macrophages, preosteoclasts and osteoclasts from
GIT1 KO and WT mice for examining PDGF-BB secretion. ELISA ana-
lysis confirmed that preosteoclasts secrete high levels of PDGF-BB
whereas osteoclasts display significantly lower secretion of PDGF-BB in
both GIT1 KO and WT mice (Fig. 4A). Furthermore, at different time-
points during osteoclastogenesis, ELISA of conditioned media samples
of cultured cells showed significantly lower PDGF-BB secretion by GIT1
KO mice than WT littermate controls (Fig. 4B). PDGF- BB mRNA ex-
pression in cultured cells from GIT1 KO mice was reduced, compared
with cells from WT littermate controls at different time-points during
osteoclastogenesis (Fig. 4C). Consistently, immunohistochemical
staining of preosteoclasts demonstrated higher abundance of PDGF-BB-
positive cells in WT mice (Fig. 4D). Taken together, our data suggest
that GIT1 affects the secretion of PDGF-BB in preosteoclasts associated
with CD31MEmen™ vessels.

3.4. Suppression of PDGF-BB secretion from preosteoclasts in GIT1 KO mice
impairs migration and tube formation of EPC

PDGF-BB induces migration and angiogenesis of endothelial pro-
genitor cells (EPC) [13]. To investigate the effects of reduction of PDGF-
BB from preosteoclasts of GIT1 KO mice on EPC function, we collected
conditioned media of preosteoclasts cultured from both GIT1 KO and
WT mice. Interestingly, conditioned medium from GIT1 KO mice in-
duced significantly lower EPC migration relative to that from GIT1 WT
mice in a Transwell assay. Moreover, EPCs treated with recombinant
PDGF-BB displayed enhanced migration in the GIT1 KO group and the
PDGF-BB neutralizing antibody inhibited migration induced by condi-
tioned medium of GIT1 WT preosteoclasts (Fig. 5A). Data from scratch
wound assays confirmed the effect of reduced secretion of PDGF-BB
from preosteoclasts of GIT1 KO mice on EPC migration (Fig. 5B).

Co-culture with conditioned medium of GIT1 KO preosteoclasts
significantly attenuated EPC tube formation, compared with that in the
GIT1 WT group. In addition, recombinant PDGF-BB enhanced EPC tube
formation in the GIT1 KO group and a PDGF-BB neutralizing antibody
attenuated tube formation in the GIT1 WT group (Fig. 5C). These results
indicate that the decrease in PDGF-BB secretion from preosteoclasts of
GIT1 KO mice leads to impairment of migration and tube formation of
EPCs.

3.5. GIT1 modulates PDGF-BB secreted by preosteoclasts via SP1
To examine the molecular mechanism by which GIT1 affects PDGF-

BB secreted by preosteoclasts, we prepared BM monocytes/macro-
phages and preosteoclasts induced on days 2 and 4 from GIT1 KO and
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Fig. 1. Gitl regulates CD31hiEmcnhi endothelium associated with osteogenesis.
A. Representative Micro CT images of the trabecular bone in the distal femur metaphysis of 4-week-old GIT1 KO and GIT1 WT male mice. Scale bar, 1 mm.
B. Relative trabecular bone volume fraction (BV/TV), trabecular thickness (Tb. Th), trabecular number (Tb. N), trabecular separation (Tb. Sp), Trabecular pattern

factor (Tb. Pf) and Bone Mineral Density (BMD) are shown (n = 3, *p < 0.05, Student's t-test).
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C. Fluorescent images of 4-week-old GIT1 KO and GIT1 WT male mice femurs stained with CD31 (green), Emcn (red) and DAPI (blue). Scale bars, 200 pm.

D. Quantification analysis of relative CD31hiEmcnhi(yellow) vessel area of the femur sections in 4-week-old GIT1 KO and GIT1 WT male mice (n = 4, ***P < 0.001,
Student's t-test).
E. Flow cytometry plots (left) and relative percentage (right) of CD31hiEmcnhi cells in total bone marrow cells (BMCs) from 4-week-old GIT1 KO and GIT1 WT male
mice (n = 4, **P < 0.01, Student's t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The effect of the association between GIT1
and CD31hiEmcnhi vessels on fracture healing

A. Representative Micro CT images of mouse femurs
14 and 21 days after femoral fracture. Scale bars,
1 mm.

B. Quantification of bone callus volume of the frac-
tured femora 14 and 21 days after fracture between
GIT1 KO and GIT1 WT male mice (n = 4, *p < 0.05,
Student's t-test).

C. Fluorescent images of CD31hiEmcnhi cells
(yellow) in callus sections of mouse femurs 21 days
after fracture. Scale bars, 50 pm.

D. Quantification analysis of the number of
CD31hiEmcnhi cells in callus sections of GIT1 KO
and GIT1 WT male mouse femurs 14 and 21 days
after fracture (n =4, **P < 0.01, ***P < 0.001,
Student's t-test). (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 3. Knocking out GIT1 has no effect on preosteoclasts levels in vitro or in vivo.

A. TRAP staining images of cells treated with M-CSF and RANKL for different days for the development of different stages of TRAP+ cells. Scale bars, 200 pm.
B. Quantitative analysis of the number of preosteoclasts on the fourth day and the number of osteoclasts on the eighth day (n = 5, No significant, Student's t-test).
C. Flow cytometry dot plots (left) and relative percentage (right) of CD11b + Gr-1low + med cells (the OCP subset) of the femur in 4-week-old GIT1 KO and GIT1 WT
male mice (n = 4, No significant, Student's t-test).

D. TRAP staining images (left) and quantitative analysis of the number of preosteoclasts (N. POCs) (right) at the trabecular bone in the distal femur metaphysis of 4-
week-old GIT1 KO and GIT1 WT male mice. Scale bars, 25 um (n = 4, No significant, Student's t-test).

E. TRAP staining images (left) and quantitative analysis of the number of preosteoclasts (right) in callus sections of GIT1 KO and GIT1 WT male mouse femurs 14 days
after fracture. Scale bars, 25 um (n = 4, No significant, Student's t-test).
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Fig. 4. Preosteoclasts have lower PDGF-BB expression levels in GIT1 KO mice.

A. ELISA analysis of concentrations of PDGF-BB in conditioned media (CM) of monocytes/macrophages (Mo/Mac), preosteoclasts(POC) and osteoclasts(OC) from
GIT1 KO and WT mice (n = 6, *p < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA).

B. ELISA analysis of concentrations of PDGF-BB of GIT1 KO and WT cells treated with M-CSF and RANKL for different days for the development of different stages of
TRAP + cells (n = 6, *p < 0.05, Student's t-test).

C. Quantification analysis of the mRNA expression of PDGF- BB in cultured cells of GIT1 KO and WT mice at different time points during osteoclastogenesis (n = 3,
**P < 0.01, ***P < 0.001, one-way ANOVA).

D. In vitro cultured preosteoclasts of GIT1 KO and WT mice were stained for PDGF-BB (brown) (left) and quantitative analysis of the number of PDGF-BB positive
cells (right). Scale bars, 25 um (n = 3, *p < 0.05, Student's t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

WT mice. GIT1 is closely related to phosphorylation of ERK1/2 [45]. import of SP1, resulting in increased PDGF-B gene expression. Data
ERK1/2 phosphorylation further enhances expression and nuclear from our western blot analysis showed that expression of GIT1,
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Fig. 5. Suppression of PDGF-BB in GIT1 KO preosteoclast conditioned medium impairs migration and tube formation of EPC.

A. Transwell assay images (left) and quantitative analysis of the migration of EPC after incubation using GIT1 KO and WT preosteoclast (POC) conditioned medium
(CM) with addition of neutralizing PDGF-BB antibody, recombinant PDGF-BB or IgG for 24h (right). Scar bar, 100 um (n = 4, ***P < 0.001, one-way ANOVA).
B. Scratch wound assay images (left) and quantitative analysis of the migration ability of EPC using GIT1 KO and WT preosteoclast (POC) conditioned medium (CM)
with addition of neutralizing PDGF-BB antibody, recombinant PDGF-BB or IgG at O h and 12 h (right). Scar bar, 100 pm (n = 4, ***P < 0.001, one-way ANOVA).
C. Tube formation assay images (left) and quantitative analysis of cumulative tube length with EPC using GIT1 KO and WT preosteoclast (POC) conditioned medium
(CM) with addition of neutralizing PDGF-BB antibody, recombinant PDGF-BB or IgG (right). Scale bar, 100 pm (n = 4, **P < 0.01, one-way ANOVA).

phosphorylation of ERK1/2 and SP1 increased with preosteoclasts in-
crease during the induction process, especially on day 4 when the
number of preosteoclasts was maximal. Phosphorylation of ERK1/2 and
SP1 in GIT1 knockout preosteoclasts was significantly decreased, in
particular, on days 2 and 4 (Fig. 6 A B). In addition, the induced pre-
osteoclasts contained higher levels of SP1 in the nucleus. The nuclear
SP1 level of GIT1 knockout preosteoclasts was significantly reduced,
compared to that of GIT1 wild-type preosteoclasts (Fig. 6 C D).

226

Immunofluorescence staining also confirmed significantly lower SP1 in
nuclei of GIT1 knockout preosteoclasts relative to GIT1 wild-type pre-
osteoclasts (Fig. 6 E) Importantly, less SP1 was recruited to the PDGF-B
promoter in GIT1 knockout preosteoclasts, as detected with the ChIP
assay. Relative luciferase activity was significantly increased in
HEK293T cells cotransfected with SP1 and PDGF-B. Both ChIP and lu-
ciferase assays showed that SP1 is recruited to the PDGF-B promoter
and activates PDGF-B transcription, and GIT1 influences SP1 activity
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Fig. 6. GIT1 modulates PDGF-BB secreted by preosteoclasts via ERK1/2/SP1 signaling pathway.

A. Western blot of GIT1, SP1, ERK1/2 and phosphorylation of ERK1/2 in cultured monocytes/macrophages(Mo/Mac) and preosteoclasts(POC) from GIT1 KO and WT
mice treated with M-CSF and RANKL for different days for the development of different stages of TRAP + cells.

B. Quantitative analysis of the relative protein levels of cultured monocytes/macrophages and preosteoclasts. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as loading control (n = 3, *p < 0.05, **P < 0.01, Student's t-test).

C. Western blot of SP1 translocation to the nucleus in cultured monocytes/macrophages (Mo/Mac) and preosteoclasts (POC) from GIT1 KO and WT mice inducted at
the second and fourth days

D. Quantitative analysis of the relative SP1 levels in the cytoplasm and nucleus of cultured cells. Histone 3(H3) was used as loading control (n = 3, *p < 0.05,
***P < 0.001, Student's t-test).

E. Fluorescent images of cultured preosteoclasts of GIT1 KO and WT mice were stained with SP1 (green) and DAPI (blue) in vitro. Scale bars, 50 pm.

F. Recruitment of SP1 to the PDGF-B promoter was assessed by ChIP assay with the indicated antibodies (n = 6, **P < 0.01, Student's t-test).

G. Transcriptional activation of PDGF-B by SP1 was assessed with the luciferase assay (n = 6, ***P < 0.001, Student's t-test). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 6 F G). Our data collectively illustrate that GIT1 modulates ERK1/ of CD31"Emen™ endothelium. Previously, we demonstrated that GIT1
2/SP1-dependent secretion of PDGF-BB in preosteoclasts. is critical for activation of PLC-y and ERK1/2 in endothelial cells and
osteoblasts, leading to adjustment of VEGF expression in osteoblasts via
the GIT1- ERK1/2 axis [49]. GIT1 additionally regulates osteoclast
function and bone mass. Accordingly, we put forward the hypothesis
that GIT1 is likely to regulate PDGF-BB secreted by preosteoclasts, ul-
timately affecting the distribution and quantity of CD31MEmcen®™ ves-
sels.

Flow cytometry analyses disclosed a normal number of pre-
osteoclasts in GIT1 KO mice bone marrow. ELISA experiments further
showed that knockout of GIT1 reduced PDGF-BB secretion by pre-
osteoclasts, resulting in decreased EPC recruitment. Based on these
findings, we suggest that GIT1 affects CD31™Emen™ vessel levels
through regulating the PDGF-BB secretory function of preosteoclasts.
Vascular-related factors, such as VEGF, do not affect CD31MEmen™
vessel formation [15]. However, the respective roles and associations of
GIT1 with VEGF-induced angiogenesis and effects of PDGF-BB on
CD31MEmen™ vessels throughout bone modeling and remodeling re-
quire further exploration.

PDGF-BB secreted by preosteoclasts during bone formation provides
an effective means to treat bone defects and is widely utilized for
fracture healing and bone regeneration [50,51]. However, the mole-
cular mechanism underlying sts-induced secretion of PDGF-BB remains
unclear. The PDGF family of growth factors comprises five different
disulfide-linked dimers made up of four different polypeptide chains
encoded by different genes, including PDGF-BB consisting of two PDGF-
B polypeptide chains [52]. Transcription of PDGF-BB is regulated by the
transcription factor, specificity protein 1 (SP1) [38], which is activated
through upstream phosphorylation of ERK1/2 [53]. GIT1, a shuttle
protein, plays a critical role in the phosphorylation of ERK1/2 [45,49].
In this study, knockout of GIT1 in preosteoclasts induced suppression of
downstream ERK1/2 phosphorylation, in turn, triggering a decrease in
SP1 expression. ChIP and luciferase assays revealed that PDGF-B gene
transcription was also reduced in GIT1 KO mice with decreased SP1
levels.

In our study, experiments were performed using GIT1 KO mice,
whether the change of secretion of PDGF-BB in vivo was caused by the
indirect effect of other after GIT1KO could not be fully explained.
Previous studies have demonstrated that platetets, monocyte/macro-
phages, endothelial cells and vascular smooth muscle cells are the main
source of PDGF-BB secretion [54,55]. Among them, monocyte/macro-
phages-induced osteoclasts and endothelial cells may play a key role in
the formation of the CD31™Emen™ vessel subtype in coupling osteo-
genesis. In this article, we have demonstrated that preosteoclasts se-
crete high levels of PDGF-BB whereas osteoclasts show significantly
lower secretion of PDGF-BB in both GIT1 KO and WT mice (Fig. 4A,B).
In addition, we found a low level of PDGF-BB secretion in endothelial
cells and no significant difference in the amount of PDGF-BB secreted
between GIT1 KO and WT mice (Supplementary Fig. 2). The effect of
exact functions and mechanisms of GIT1 in preosteoclasts on the for-
mation of CD31MEmen™ vessel subtype requires further investigations
using higher specificity monocytes/macrophages-CKO mice.

4. Discussion

While early studies suggest that bone formation is mediated solely
by osteoblasts, accumulating evidence indicates that the physiological
function of osteogenesis is achieved by multiple tissue types in bone,
including osteoclasts, vascular endothelium or autonomic and sensory
nerves, which collectively contribute to a conducive milieu that facil-
itates bone formation [11,12,46,47]. In particular, TRAP+ cells (OCs
and preosteoclasts) are proposed to not only play a role in bone re-
sorption during bone formation but more importantly, function as
metabolic secretions that interact with other cell types in the bone
microenvironment [15,31,48]. However, this aspect of bone physiology
remains poorly understood at present.

Recent studies have identified a specific CD31MEmcn™ vessel sub-
type regulated by PDGF-BB secreted by preosteoclasts and shown an
association of abundance of this vessel subtype with bone formation
[11,15]. Here, we utilized GIT1 KO mice showing significantly de-
creased bone formation as a study model to determine the mechanisms
by which preosteoclasts regulate the CD31™Emcn™ vessel subtype in
bone. In GIT1 KO mice, the CD31MEmcen™ vessel number was sig-
nificantly decreased in bone marrow, accompanied by reduction of
osteogenesis. Such phenotypes are also observed during fracture
healing. PDGF-BB secretion by preosteoclasts was significantly de-
creased but no changes in the number of preosteoclasts were observed
during induction in GIT1 KO mice, resulting in reduced bone formation
and less CD31™Emen™ vessels. As a shuttle protein, GIT1 mediates in-
teractions with phosphorylated ERK1/2, in turn, leading to increased
levels of nuclear SP1 that is critical for transcription of the PDGF-B gene
in preosteoclasts [38]. Our findings highlight a novel biological func-
tion of GIT1 as an interacting partner with CD31MEmen™ vessels in
preosteoclasts.

Our group has documented important roles of GIT1 in pulmonary
vascular development [21] and blood vessel formation during bone
fracture healing [24]. In addition, previous research by our team
showed that GIT1 is closely related to osteogenic bone mass [23]. Given
the importance of GIT1 in angiogenesis, we were interested in ascer-
taining the relationship between GIT1 and CD31™Emcn™ vessels, a
specific blood vessel type associated with osteogenesis. Immuno-
fluorescence staining revealed lower levels of CD31™Emen™ vessels
under physiological conditions in GIT1 KO mice. In the fracture model,
fracture healing was accompanied by a large number of CD31"Emcn™
vessels in GIT1 WT mice, which was significantly reduced in GIT1 KO
mice. Here, we have demonstrated for the first time that GIT1 exerts a
regulatory effect on osteogenesis-related CD31™Emcen™ vessels. Our
novel findings explain how GIT1, a key regulatory protein of angio-
genesis, can affect osteogenesis.

PDGF-BB is reported to induce proliferation, migration and angio-
genesis of EPCs [13]. PDGF-BB secreted by preosteoclasts is considered
to play a key role in bone modeling and remodeling through regulation
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In sum, our collective findings demonstrate that GIT1 in pre-
osteoclasts is involved in regulation of PDGF-BB secretion by modifying
ERK1/2/SP1 signaling pathway. In addition, the influence of GIT1 on
PDGF-BB regulates CD31™Emcn" vessel and bone formation. GIT1 and
its signaling partner(s) could potentially serve as pharmacological tar-
gets to treat delayed fracture healing and bone metabolic diseases.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.03.006.
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