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CXCL2 attenuates osteoblast differentiation by inhibiting
the ERK1/2 signaling pathway
Yang Yang, Xinying Zhou, Yuejun Li, Ajuan Chen, Wenquan Liang, Guojun Liang, Bin Huang, Qingchu Li*
and Dadi Jin*

ABSTRACT
The C-X-C motif chemokine ligand 2 (CXCL2), a member of the CXC
receptor ligand family, is involved in various immuneand inflammatory
processes, but its effect(s) on bone formation have not yet been
reported. We report here that CXCL2 is enriched in bone marrow and
show abundant expression of CXCL2 in osteoblasts of osteoporotic
mice. CXCL2 neutralization within the bonemarrow by using antibody
alleviated bone loss in mice, indicating a negative role of CXCL2 in
bone formation. In line with this, CXCL2 overexpression attenuated
proliferation, as well as differentiation, of osteoblasts in vitro. By
contrast, CXCL2 downregulation promoted osteoblast expansion and
differentiation.Mechanistically, CXCL2 inhibits the ERK1/2 (MAPK3/1)
signaling pathway in osteoblasts. Activation of ERK1/2 abolishes
the inhibitory effect of CXCL2 in osteoblasts, whereas inactivation of
ERK1/2 reverses the osteogenic role of CXCL2 inhibition. These
results show that CXCL2 attenuates osteoblast differentiation through
inhibition of the ERK1/2 signaling pathway. We demonstrate here that
CXCL2 is a negative regulator of bone formation and clarify the
responsible mechanisms. Therefore, pharmaceutical coordination of
CXCL2 andof the pathways throughwhich it is regulated in osteoblasts
might be beneficial regarding bone formation.
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INTRODUCTION
Osteoporosis is one of the most common diseases of bone
metabolism and is characterized by decreased density of
mineralized bone. It leads to induced mechanical strength and
increased susceptibility to fractures, pain and disability (Glaser and
Kaplan, 1997; Marini et al., 2016; National Clinical Guideline,
2012; Kanis et al., 2001). As the population is aging globally,
incidence rates of osteoporosis and secondary fractures are rising
rapidly (Lizneva et al., 2018; Abrahamsen et al., 2018; Ha,
2016; McNamara, 2010). The cellular pathology of osteoporosis
mainly includes reduced activity of osteoblasts and increased
activity of osteoclasts. The imbalance between bone formation
and resorption leads to loss of bone mass (Manolagas, 2000).
Moreover, the relationship between immune system and bone
has long been speculated, as bone loss is a common condition

in autoimmune and inflammatory disorders (Arron and Choi, 2000;
D’Amelio et al., 2008).

During osteogenesis imperfecta (brittle bone disease), various
factors participate in the process of the disease through complex
biochemical reactions and cellular communication (Long, 2012).
Runt-related transcription factor 2 (RUNX2) is an osteogenesis-
related transcription factor, playing an important role in promoting
the differentiation of bone marrow stem cells (BMSCs) into
preosteoblasts and mature osteoblasts (Cargnello and Roux,
2011). Previous research has indicated that the mitogen-activated
protein kinase (MAPK) signaling pathway plays crucial functions in
regulating cellular physiology and pathology processes, such as cell
expansion, differentiation, stress response and immune reactions
(Cargnello and Roux, 2011; Boutros et al., 2008; Liu et al., 2007).
Some studies have also shown that activation of the MAPK family
members ERK1 and ERK2 (ERK1/2, officially known as MAPK3
and MAPK1, respectively) promotes expression of the downstream
transcription factor RUNX2 (Greenblatt et al., 2013; Franceschi
et al., 2007), which is expressed during differentiation of osteoblasts
(i.e. osteogenic differentiation).

The chemokine ligand C-X-C motif chemokine ligand 2
(CXCL2), also known as macrophage inflammation protein 2
alpha (MIP-2a), affects neutrophil recruitment and activation
through MAPK signaling by binding and activating its specific
receptors, CXCR1 and CXCR2 (Wolpe et al., 1989; Rittner et al.,
2007). By activating these receptors, the level of phosphorylation of
the downstream CXCR pathway members ERK1/2, is increased
(Scala, 2015). CXCL2 is synthesized in several of cell types,
including macrophages and monocytes, and acts as a mediator of
inflammation (Rittner et al., 2007). In the human body, the highest
levels of CXCL2 are found in liver and bone (Fagerberg et al.,
2014). Studies have revealed that CXCL2 promotes the
development of osteoclasts (osteoclastogenesis) (Ha et al., 2010;
Valerio et al., 2015) but whether CXCL2 influences other cell types
in the bone is unknown. Since ERK1/2 signaling is downstream of
CXCRs (Ha et al., 2010) and osteogenesis regulators, such as
fibroblast growth factor (FGF; Cargnello and Roux, 2011), it is
reasonable to investigate whether a correlation exists between
osteoblastogenesis and CXCL2 through the ERK1/2 pathway.

In this study, we first identified high CXCL2 levels in human
osteoporotic bone tissues. CXCL2 was also enriched in bone
marrow.We next found that osteoblastic CXCL2 was overexpressed
in a mouse model of osteoporosis, and that the process of
osteoporosis was alleviated when CXCL2-induced chemotaxis
was neutralized in the bone in response to anti-CXCL2 antibody
injection (see Materials and Methods). Further, the results of in vitro
experiments identified effects of CXCL2 on regulation of proliferation
and differentiation in preosteoblasts. Mechanistically, CXCL2
suppresses the phosphorylation of ERK1/2 and leads to inhibition
of differentiation in preosteoblasts. Overall, our study indicates thatReceived 29 January 2019; Accepted 4 July 2019
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CXCL2 regulates bone formation via the ERK1/2 signaling pathway,
and supports the finding that of CXCL2 being a novel target to
stimulate osteogenesis in bone.

RESULTS
CXCL2 is increased in human osteoporotic bone
Previous studies have indicated that CXCL2 promotes
osteoclastogenesis in vitro (Ha et al., 2010; Valerio et al., 2015).
As bone resorption and osteoporosis are tightly coupled through
bone metabolism, we analyzed whether a correlation exists between
CXCL2 and osteoporosis. Analysis of CXCL2 levels in the human
body required the use of clinical samples and to carry out ELISAs. To
achieve this, we collected 42 blood samples from patients who
underwent lumbar surgery inour department.Of these, 23were samples
of peripheral blood and 19 were samples of blood extracted from
cancellousbone (alsoknowas the trabeculae area inbone)of the lumbar
vertebrae (hereafter referred to as cancellous blood). We also measured
the clinical bone marrow density (BMD) of healthy individuals and
osteoporosis patients for further analysis. Gender and age within each
group were statistically not significant (Tables S1 and S2).
First, a comparison between CXCL2 concentrations in peripheral

and cancellous blood was made. The result indicated that cancellous
blood had a higher level of CXCL2 than peripheral blood (Fig. 1A).
Results showed an enrichment tendency in bonemarrow, which is in
accord with results of earlier studies (Fagerberg et al., 2014; Trošt
et al., 2010). Moreover, combined with clinical BMD data, the
concentration of CXCL2 in bone marrow had a positive correlation
with BMD (Fig. 1B), and cancellous blood of osteoporosis patients
had significantly higher CXCL2 levels than blood of non-
osteoporosis patients (Fig. 1C). However, the concentration of
CXCL2 in peripheral blood had a correlated negatively with the
BMD (Fig. 1D), and CXCL2 levels in the osteoporosis group were
lower than in the control group (Fig. 1E). These findings suggest
that human bone marrow contains higher levels of CXCL2 and that
CXCL2 plays a role in osteoporosis.

Secretion of CXCL2 is increased in the bone of osteoporotic
mice
The results described above suggest that CXCL2 is active in
osteoporotic bone marrow, but the source of this chemokine is still
unclear. The CXC family has previously been reported to target cell

types other than immune-related cell lines (Strieter et al., 2007;
Huang et al., 2016). Therefore, it seemed reasonable to investigate
whether increased CXCL2 has an effect on osteogenesis.

We explored CXCL2 levels in osteoblasts derived from the bone
marrow of osteoporotic mice. To create the osteoporosis mouse
model, ovariectomy (OVX) was performed on female mice,
resulting in mice suitable to study postmenopausal osteoporosis
(hereafter referred to as postmenopausal OVX mice). To verify the
validity of the model, we observed the appearance of uteri (Fig. 2A),
photographed bone details by using micro-CT scanning (Fig. 2B)
and compared the BMD results (Table 1) of OVXmicewith those of
female controls (untreated mice, aged for 8 weeks and undergoing a
sham operation, then maintained 3 months). Then, we marked the
mature osteoblastic biomarker osteocalcin (OCN) as well as CXCL2
by performing double-labeling immunofluorescence. Results
showed that osteoblasts in the bone marrow of osteoporotic mice
secreted CXCL2 at higher levels, and that the ratio of CXCL2-
positive osteoblasts to the numbers of total osteoblasts in the
area comprising trabeculae, within osteoporotic OVX mice was
significantly higher than that in control mice (sham) (Fig. 2C). On
this basis, we concluded that secretion of CXCL2 in osteoblasts of
osteoporotic is increased and that CXCL2 might influence bone
formation through its effect on osteoblasts.

Neutralization of CXCL2 in bone marrow of osteoporotic
mice alleviates osteoporosis
The results above indicated that osteoblastic CXCL2 in bone
marrow is related to osteoporosis. We, therefore, performed a
‘reverse’ experiment to identify the effect of neutralizing CXCL2 in
osteoporotic bone marrow. For this, we used 1.2 year-old male mice
(hereafter referred to as old mice) in addition to the postmenopausal
OVX mice to simulate the osteoporotic bone marrow micro-
environment in vivo. To inhibit CXCL2-induced chemotaxis of
osteoblasts, CXCL2 neutralizing antibody (see Materials and
Methods) was injected into the bone marrow cavity of femora.
Antibody injection (AbI) was used for the experimental group and
injection with normal, i.e. isotonic, saline solution (0.7%NaCl) was
used as negative control. Western blotting for CXCL2 levels in the
femora showed that the neutralization was effective (Fig. 3A).

Results of immunohistochemistry staining (IHC) depicted in
Fig. 3B showed that OCN-positive cell numbers on the bone surface

Fig. 1. Human bone marrow (peripheral blood) contains higher levels of CXCL2 than peripheral blood, and CXCL2 plays a role in the osteoporotic
process. ELISA was used to detect OD values of clinical serum samples. BMD data were collected from bone densitometry examinations after hospitalization.
(A) Comparison of CXCL2 concentrations in cancellous blood and peripheral blood. (B) Linear analysis of BMD and CXCL2 concentrations in cancellous blood,
n=19. (C) Comparison of CXCL2 levels in blood from healthy humans (Control) and osteoporosis patients. n=11 for control and n=8 for osteoporosis. (D) Linear
analysis of BMD and CXCL2 concentrations in peripheral blood, n=23. (E) Comparison of peripheral CXCL2 levels in blood from healthy humans (Control) and
osteoporosis patients. n=16 for control and n=7 for osteoporosis. The data are the mean±s.d. *P<0.05; **P<0.005; ***P<0.0005.
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were significantly increased in the AbI group (Fig. 3B). The micro-
CT scanning photos also confirmed that both the number and area of
trabecula in the AbI group were conspicuously bigger compared
with those in the negative control group (Fig. 3C). BMD analysis
showed significant improvement of the cancellous bone, trabecula
number, trabecula separation, cortical BMD and cortical trabecular
bone volume fraction (BV/TV) (Fig. 3D) in the AbI-treated group.
From this, we concluded that to reduce CXCL2 levels in bone
marrow is an efficient way to alleviate osteoporosis in mice, and that
CXCL2 might play an essential role in osteogenic regulation.

CXCL2 attenuates expansion of MC3T3-E1 cell
Our results confirmed the manifestation of CXCL2 in osteoporosis,
and the reverse experiment also indicated that CXCL2 may regulate

the bone formation process in vivo. To further investigate this, we
performed osteoblast-related functional experiments by regulating
expression levels of CXCL2.

First, we investigated the effect of CXCL2 on the expansion of
osteoblasts in vitro. MC3T3-E1 cells, the progenitors of osteoblasts,
were transfected with siRNA and plasmid vectors to down- or up-
regulate the expression levels of CXCL2. Effects of transfection
were measured using quantitative PCR (qPCR) and CXCL2 mRNA
expression was measured to verify the efficiency (Fig. 4A).
Immunofluorescence staining of the proliferation marker protein
Ki-67 showed that downregulation of CXCL2 causes MC3T3-E1
cells to proliferate faster than the control group, whereas
upregulation of CXCL2 resulted in a decrease in proliferation
of MC3T3-E1 cells (Fig. 4B). The CCK8 assay, used to assess cell

Fig. 2. The osteoporotic mouse model and increased levels of CXCL2 osteoblasts of osteoporotic mice. (A) Image of a sham-operated (SHAM) and OVX
mouse (overview) and their respective uterus. (B) Micro-CT scanning and 3D reconstruction images of the bone details of sham-operated and OVX mice.
(C) Representative photomicrographs of double-labelling immunofluorescence of CXCL2 (red) and osteocalcin (OCN, red) in bone marrow. Merged
images (OCN+CXCL2) are shown on the right. The graphs show the ratio of CXCL2+Ob numbers versus the area of trabeculae (top) and the ratio of CXCL2+ Ob
numbers versus the total number of osteoblasts (Total Ob number) (bottom) in sham-operated and OVX mice. Scale bars: 20 µm. n=6 per group. *P<0.05,
***P<0.0001.
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proliferation, also confirmed this result (Fig. 4C). We then
performed flow cytometry analysis to determine whether CXCL2
has an effect on apoptosis in MC3T3-E1 cells. However, no
significant difference was found (Fig. 4D) and, when compared
with the data above, we concluded that CXCL2 attenuated MC3T3-
E1 cell expansion by increasing proliferation.

CXCL2 suppresses differentiation of MC3T3-E1 cells
We further designed a series of experiments to evaluate the
effect of CXCL2 on osteoblast differentiation. We chose the mature
osteoblastic bio-marker osteocalcin (OCN) and the osteogenic-related
transcription factor RUNX2 as targets to evaluate differentiation
levels. Real-time PCR showed that mRNA expression of Ocn and
Runx2 in MC3T3-E1 cells is significantly increased, whereas that of
Cxcl2 was decreased; upregulation of Cxcl2 expression had the
opposite effect (Fig. 5A). We also confirmed similar trends in
osteoblasts primary cultures (Fig. S1A). Western blotting analysis
showed the same result at the protein level (Fig. 5B).Macroscopically,
both staining with alkaline phosphatase (ALP) and Alizarin Red
staining (ARS) suggested that overexpression of CXCL2 suppresses
the differentiation of MC3TE-E1 cells but that its knockdown
promotes the cell differentiation (Fig. 5C). These data indicate that
CXCL2 suppresses the differentiation of MC3T3-E1 cells through a
currently undefined mechanism.

CXCL2 inhibits ERK1/2 signaling upstream of RUNX2 in
MC3T3-E1 cells
The functional in vitro experiments described above suggest that
osteoblastic CXCL2 is crucial to regulate osteogenesis. Previous
studies have indicated that the ERK1/2 signaling pathway may be a
positive regulator of the osteogenic process (Cargnello and Roux,
2011; Murakami et al., 2017). Further, CXCL2 has been reported as
an upstream regulator of ERK1/2 signaling (Ha et al., 2010).
Therefore, we next tried to determine whether activation of the
ERK1/2 signaling pathway has a role in CXCL2-dependent bone
formation.
First, MC3T3-E1 cells were treated with siRNA targeting Cxcl2

(siRNA CXCL2) or control siRNA (siRNA NC), or with plasmids
overexpressing FLAG-tagged CXCL2 (pCMV-Flag-CXCL2) or
not (pCMV-Flag-NC) and performed western blot analysis to detect
the levels of phosphorylated ERK1/2 (pERK1/2). We found that

phosphorylation of ERK1/2 was induced when osteoblastic CXCL2
was knocked down using RNA interference (RNAi), whereas
overexpression of CXCL2 inhibited phosphorylation of ERK1/2
(Fig. 6A). This result indicated that high activity of ERK1/2
signaling is required during differentiation. Then, MC3T3-E1 cells
were transfected either with siRNACXCL2 and treated the ERK1/2
inhibitor SCH772984 (Fig. 6B) or were transfected with pCMV-
Flag-CXCL2 and treated with the ERK1/2 activator C6 ceramide
(Fig. 6C). The results showed that SCH772984 reversed the effect
siRNA CXCL2 has on RUNX2 and OCN expression, i.e. RUNX2
and OCN levels were reduced (Fig. 6B). C6 ceramide, however,
increased RUNX2 and OCN levels in MC3T3-E1 cells transfected
with pCMV-Flag-CXCL2 (Fig. 6C). Importantly, ALP staining and
ARS showed that inhibition of ERK1/2 in response to SCH772984
suppressed the differentiation process of MC3T3-E1 cells (Fig. 6D),
whereas activation of ERK1/2 in response to C6 ceramide increased
cell differentiation (Fig. 6E). Together, our in vitro studies lend
support for a central role of CXCL2 in the regulation of
differentiation in pre-osteoblasts through ERK1/2 signaling.

DISCUSSION
In this article, we defined the essential status of CXCL2 in the
regulation of osteoblastogenesis. We observed an increase in
CXCL2 expression in osteoporotic osteoblasts in vivo and a
reduction in osteoblastic differentiation when osteoblastic CXCL2
was overexpressed in vitro. By using a conditional CXCL2
knockdown and CXCL2 overexpression in cells, we further
determined that CXCL2 prevents preosteoblast differentiation
through inhibition of the ERK1/2 signaling pathway.

Traditionally, CXC-motif chemokines are widely expressed in a
variety cell types to mediate multiple immune and inflammatory
reactions (Rittner et al., 2007; Wong et al., 2016; Vandercappellen
et al., 2008; Ansel and Cyster, 2001). Effector cells, such as
mononuclear macrophages, granulocytes and lymphocytes, exhibit
a feed-back responsewhen CXC ligands (CXCLs) specifically bond
with their membrane receptors (CXCRs) (Baggiolini, 1998; Rollins,
1997). This way, cellular physiology and pathology processes, such
as cell growth (Van Sweringen et al., 2011), differentiation (Baird
et al., 1999; Lasagni et al., 2007), apoptosis (Hu and Colletti, 2010),
distribution (Lasagni et al., 2007), infection (Wasmuth et al., 2009),
injury (Van Sweringen et al., 2011; Clarke et al., 2011), neoplasia
(Ijichi et al., 2011) and tumor metastasis (Verbeke et al., 2011) are
regulated. However, some studies have identified functions of the
CXC family in other aspects, such as the regulation of angiogenesis
and vascular remodeling (Strieter et al., 2007). A recent study by us
revealed that CXC-motif chemokines can affect non-immune cells
through protein interactions and cellular communication. CXCL9, for
example, regulates angiogenesis and osteogenesis by binding to
vascular endothelial growth factor (VEGF) (Huang et al., 2016). These
findings indicated that the CXC family plays an essential role in
adjusting physiology and pathology in different tissues and organs.

Activation of CXCL2 expression has been reported in several
situations, such as stress (Maeda et al., 2015), malignancies,
rejection diseases (Kageyama et al., 2018) and acute injuries (Qin
et al., 2017). Liver and bone marrow are the two tissues in the
human body with the highest CXCL2 levels (Fagerberg et al.,
2014). During bone resorption, it has been confirmed that CXCL2
enhances osteoclastogenesis through ERK1/2 signaling (Ha et al.,
2010). However, there are not many studies that focus on the
relationship between CXCL2 and osteoblastogenesis. In one, Trošt
et al. found differences of Cxcl2 expression in cultured primary
osteoblasts derived from osteoporotic and non-osteoporotic patients

Table 1. Comparison of micro-CT scanning parameters of cancellous
and cortical bone in sham-operated and OVX mice

SHAM OVX
OVX/
SHAM P-value

Cancellous bone
BMD [mg/cm3] 314.475±17.105 246.413±63.971 0.8 0.021
BV/TV 0.041±0.004 0.029±0.003 0.7 0.022
Tb.N [1/mm] 3.480±0.084 2.791±0.225 0.8 0.021
Tb.Sp [mm] 0.311±0.008 0.385±0.012 1.2 0.004
Tb.Th [mm] 0.061±0.007 0.044±0.004 0.7 0.012
Cortical bone
BMD [mg/cm3] 811.825±18.370 668.375±84.271 0.8 0.001
BA [mm2] 0.883±0.06 0.669±0.059 0.8 0.018
TA [mm2] 1.993±0.132 1.947±0.083 1.0 0.686
BA/TA 0.436±0.016 0.358±0.017 0.8 0.003

n=10 per group. *P<0.05 was considered statistically significant.
SHAM, sham-operated mice; OVX/SHAM, ratio of OVX mice to sham-treated
mice; BMD, bone marrow density; BV/TV, trabecular bone volume fraction;
Tb.N, trabecular number; Tb.Sp, separation of cancellous trabecula; Tb.Th,
thickness of cancellous trabecula; BA, bone cross-sectional area; TA, total
cross-sectional area; BA/TA, ratio of BA to TA
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Fig. 3. See next page for legend.
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(Trošt et al., 2010). Here, we provided evidence of increased
CXCL2 protein levels in bone tissues of clinical osteoporosis
patients. In addition, we created an osteoporosis mouse model to
explore CXCL2 protein levels in osteoblasts. The results of our
current study were positive and validated our previous study.
Further, we proved the increase of CXCL2 to be a cause but not a
result in this process, indicating that increased levels of CXCL2
protein within bone marrow may have subtle effects on the micro-
environment of bone marrow leading to a result of less bone
formation. The stabilization of the micro-environment is very
important to the balance of bone remodeling.
Since ERK1/2 signaling is upstream of RUNX2 (Murakami et al.,

2017) and RUNX2 regulates osteogenic differentiation in the
formation of mature osteoblasts, we verified the correlation between
CXCL2, RUNX2 expression and ERK1/2 activation. Surprisingly,
phosphorylation of ERK1/2 was inhibited at high CXCL2 protein
levels, which contradicts the results described by Ha et al. (2010). Our
results indicate that CXCL2 does not suppress the differentiation of
osteoblasts through binding to its receptor to activate downstream
ERK1/2 signaling. Although it is reasonable to hypothesize that
mediators exist that cooperate with CXCL2 in order to regulate bone
formation via ERK1/2 signaling, the mechanisms still need to be
explored. FGF/FGF receptor (FGFR) signaling, for example, is
important in the regulation of bone formation (Ornitz and Marie,
2002), and is also upstream of ERK1/2 (Eswarakumar et al., 2005).
FGF would be a potential mediator if its family members were to
interactwithCXCL2. Itmight be possible to identify gene functions or
protein interactions within this biological process by comparing bone
marrow samples from healthy individuals to those of osteoporosis
patients by using high throughput sequencing techniques.
In summary, our study not only identified CXCL2 as a regulator of

osteogenesis but also verified that CXCL2 can have effects on cellular
physiology and pathology than are broader than conventionally
understood. Although we failed to detect the protein interactions with
CXCL2 that contribute to the regulation of bone formation, our data
show that CXCL2 neutralization can alleviate osteoporosis in mice
and revealed ERK1/2 signaling as being crucial in osteogenic
regulation. Pharmaceutical therapies that target gene expression or
protein levels of CXCL2, or signaling pathways such as those
comprising ERK1/2 might be able to re-balance the micro-
environmentwithin bonemarrow, thereby facilitating bone formation.

MATERIALS AND METHODS
Patient data and clinical samples
A total of 23 samples of peripheral blood and 19 samples of blood extracted
from cancellous bone marrow of the lumbar vertebrae (cancellous blood)

were collected in the Department of Spine Surgery, (the Third Affiliated
Hospital of Southern Medical University, Guangzhou, China) between
January 2018 and April 2019. Cancellous blood samples were extracted
from patients who underwent lumbar surgery of pedicle screw placement.
After tunnels of lumbar pedicles were drilled, the surgeon penetrated the
vertebra to gather the cancellous blood. Blood samples were kept for 30 min,
and then centrifuged at 4°C for 15 min, 1240 g. Serum samples were
collected and then stored at −80°C. The BMD for every patients was
recorded as the T-score, after dual-photon absorptiometry (DPA) after
hospitalization. Osteoporosis was diagnosed at a T value of below −2.5. All
patients were first diagnosed suffering from disc degeneration disease, none
of the osteoporosis patients had received anti-osteoporosis treatment.
Gender and age within groups were statistically not significant (Tables S1
and S2). The above process was signed as informed consent regarding all
patients and permitted by the Ethics Committee of the hospital.

Enzyme-linked immunosorbent assay
To analyze CXCL2 levels in serum, enzyme-linked immunosorbent assays
(ELISAs) were performed using the CXCL2 ELISA kit from Elab Science
(E-EL-M0019c) following the manufacturer’s instructions. The OD450

values were measured with an ultraviolet spectrophotometer (NanoVue
Plus, GE Healthcare).

Mice
C57BL/6 background mice were purchased from The Experimental Animal
Center of Southern Medical University (Guangzhou, China). Import,
transport, housing and breeding of all mice was carried out according to the
recommendations from the Southern Medical University (Guangzhou,
China) ‘The use of non-human primates in research.’ To prevent suffering,
micewere killed by cervical dislocation. All procedures involvingmicewere
approved by the Southern Medical University Animal Care and Use
Committee.

Establishment of the osteoporosis mouse model
Female mice underwent ovariectomy at the age of 8 weeks and were
maintained for three months to create the estrogen-related (postmenopausal)
osteoporosis OVXmouse model; mice in the control group underwent sham
operation. Each group contained ten mice. Femora were dissected while the
osteoporosis mouse model was established. In the reverse experiment, old
(1.2 years) males were additional purchased and used as the aging-related
osteoporosis model. The weight and physique of mice were approximately
the same. To compare the osteoporotic bone marrow micro-environment
in vivo, we used 1.2-year-old male mice (old mice).

In vivo neutralization of CXCL2 in bone marrow
We performed medullary cavity injection to neutralize CXCL2 in the bone
marrow of OVX and old mice. CXCL2 neutralizing antibody (R&D, AF-
452-NA, neutralizing CXCL2-induced chemotaxis) was injected at a
concentration of 1 μg μl−1 per 5 μl into the medullary cavity of femora
through a hole burrowed into the joint surface of distal femora using an
electric drill and a microinjector. This surgery was done at the same time as
the ovariectomy to obtain OVX mice. Control mice (five mice per group)
were injected with 5 μl normal saline solution (0.7% NaCl). Mice were
continuously bred for 3 months and underwent intraperitoneal injection with
200 μl CXCL2 neutralizing antibody at a concentration of 0.025 μg μl−1

twice per week. Femora were dissected 3 months after surgery.

Micro-CT analysis
Mouse femora were fixed for 48 h in 4% paraformaldehyde and analyzed at
10 μm resolution on a micro-CT scanner (Viva CT40; Scanco Medical AG,
Bassersdorf, Switzerland). In brief, the lower growth plate within each
femur was scanned cross-sectionally and moved for a total of 300 slices.
Morphometric analysis was performed by using the first slice, in which the
femoral condyles were totally merged and the progress was extended
proximally for 100 slices. We manually segmented the cancellous bone
from the cortical shell on the ten key slices and morphed the contours to all
of the slices automatically. We also performed micro-CT imaging of the
diaphysis shaft of the femur and evaluated 100 slices. The 3D structures

Fig. 3. Neutralization of CXCL2 in bonemarrow alleviates osteoporosis in
mice. (A) Protein levels of CXCL2 in OVX (top blot) and old mice (Senium;
bottom blot) that had been injected with saline as negative control (NC) or
antibody (Ab I) were analyzed by western blotting. Protein levels of α-tubulin
were used as control. Protein samples were extracted from mouse femora.
(B) Immunohistochemistry images showing osteocalcin (OCN) in sections of
trabecular bone in the distal femora of OVX and old mice injected with saline as
NC or Ab I. The two bar graphs on the top right of the figure show the ratio of
OCN-positive cell numbers and trabecula bone area. Scale bar: 50 µm.
n=6 per group. (C) Micro-CT scanning and three-dimensional reconstruction
images of distal and middle femora shafts from OVX and old mice treated as
described in B. (D) Quantification of cancellous BMD (Can. BMD), cancellous
BV/TV (Can. BV/TV), the number of cancellous trabecula (Can. Tb.N) and
separation of cancellous trabecula (Can.Tb. Sp.), the thickness of cancellous
trabecula (Can. Tb. Th), cortical BMD (Cor. BMD) and cortical BV/TV (Cor. BV/
TV) in OVX and old mice injected with NC or Ab I. n=5 mice for each group.
*P<0.05, **P<0.001.
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Fig. 4. See next page for legend.
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of trabecular and cortical bones were constructed, and the ratio of trabecular
bone volume to total local volume (BV/TV), trabecular thickness (Tb. Th),
trabecular number (Tb. N), trabecular separation (Tb. Sp) cortical bone area
(BA) and total area (TA) were analyzed.

Immunostaining of femur slices and histomorphometric analysis
Mouse hindlimb tissues were fixed for 48 h in 4% paraformaldehyde and
then decalcified in 15% ethylenediaminetetraacetic acid (EDTA pH 7.4) at
4°C for 21 days. Tissues were then embedded in paraffin and sagittal
oriented sections of 2–5 mm were prepared for histological analysis.
Incubation with primary antibody against mouse osteocalcin (Abcam,
#Ab93876, 1:200) was overnight at 4°C for immunohistochemistry.
Primary antibodies specific to mouse osteocalcin (Santa Cruz, SC365797,

1:200) and mouse CXCL2 (R&D, AF-452-NA, 1:100) were used for
double-labeling immunofluorescence staining. Immunohistochemistry
sections were observed and photographed using an Olympus BX51
microscope; double-labeling immunofluorescence sections were
photographed using a laser scanning confocal microscope (FV1200
Olympus, Japan). Immunostaining was evaluated by calculating the ratio
of CXCL2-positive cells to total osteoblasts within the trabecula area. At
least six different images at 60× magnification for double-labeling
immunofluorescence and 40× magnification for immunohistochemistry
were taken, and evaluated using ImageJ. All mice in the experiment were
examined. Three equidistant sections spaced 200 μm apart throughout the
mid-sagittal section of femora were analyzed.

Cell culture and transfection
The MC3T3-E1 osteoblast progenitor cell line was purchased from the Cell
Bank of Chinese Science Academy, Shanghai (GNM15), and was prepared
for the following in vitro experiments. Cells were cultured in α-MEM with
nucleosides (Gibco) supplemented with 10% fetal bovine serum (Gibco), at
37°C under 5%CO2. To induce osteogenic differentiation (Huang et al., 2015,
2016), inducingmedium, i.e. completeα-MEM, substitutedwith 100 μgml−1

ascorbic acid (Sigma-Aldrich) and 10 mM β-glycerol phosphate (Sigma-
Aldrich) was added to confluent cells. To transfect MC3T3-E1 cells,
Lipofectamine 3000 (Invitrogen) was used following the manufacturer’s
instructions of transfection kit (Invitrogen) and siRNACXCL2 in Opti-MEM
(Gibco) was used to knock down expression of CXCL2. Cells in the control
group were treated with negative control siRNA (random sequence). To
overexpress CXCL2, cells were transfected with pCMV plasmid vector
expressing-FLAG-tagged CXCL2 (pCMV-Flag-CXCL2) following the
manufacturer’s instructions (Invitrogen). Cells in the control group were

Fig. 4. CXCL2 attenuates expansion of MC3T3-E1 cell in vitro. (A) Left:
Cxcl2 mRNA expression in MC3T3-E1 cells transfected with negative control
siRNA or with siRNA targetingCxcl2. Right: MC3T3-E1 cells stably expressing
the negative control vector pCMV-Flag-NC (Control) or FLAG-tagged CXCL2
(pCMV-Flag-CXCL2 (CXCL2). n=6 per group. (B) Immunofluorescence
images of MC3-T3-E1 cells transfected with negative control siRNA (control
siRNA), siRNA targeting Cxcl2 (CXCL2 siRNA), pCMV-Flag-NC (Control) or
pCMV-Flag-CXCL2 (CXCL2) (top); scale bars: 10 µm. Bar graphs showing the
ratio of Ki-67-positive cells to the number of total cells. n=6 per group.
(C) Transfected MC3-T3-E1 cells were seeded in 96-well plates and cell
proliferation was assayed by CCK8 assay at the indicated days.
(D) Transfected MC3-T3-E1 cells were analyzed by flow cytometry to measure
apoptosis (top). Bar graphs comparing the rate of apoptosis each group
(bottom); no significant differences were detected. n=6 per group. *P<0.05,
**P<0.001, ***P<0.0001.

Fig. 5. qPCR, western blotting and osteogenic staining indicate that CXCL2 suppresses differentiation of MC3T3-E1 cells in vitro. (A) Quantification of
Runx2 andOcnmRNA expression inMC3T3-E1 cells using qPCR analysis. Top: Cells transfected with negative control siRNA (control siRNA) or siRNA targeting
Cxcl2 (CXCL2 siRNA) to downregulate expression of Cxcl2). Bottom: Cells transfected with pCMV-Flag-NC (Control) or pCMV-Flag-CXCL2 (CXCL2) to
upregulate expression ofCxcl2. Cells were isolated 24 h after transfection. n=6 per group. (B)Western blotting of RUNX2 andOCN inMC3T3-E1 cells transfected
with negative control siRNA (control siRNA), siRNA targeting Cxcl2 (CXCL2 siRNA), pCMV-Flag-NC (Control) or pCMV-Flag-CXCL2 (CXCL2). Proteins were
harvested 48 h after transfection. (C) ALP staining (top) and ARS (bottom) of transfected MC3T3-E1 cells 7 and 21 days after induction of osteogenic
differentiation. *P<0.05.
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transfected with a pCMV vector expressing a negative-control plasmid
(pCMV-Flag-NC). Transfection efficiency was measured using real-time
qPCR and microarray analysis. In some experiments, we also use primary
osteoblast cultures of sucklingmice (Fig. S1). The siRNAs and plasmids were
purchased from GenePharma, Shanghai, China. Negative control siRNA
sequences were as follows (5′-3′), Forward: UUCUCCGAACGUGUCAC-
GUTT, Reverse: ACGUGACACGUUCGGAGAATT. siRNA targeting
Cxcl2 (siRNACXCL2) were: Forward: GGGUUGACUUCAAGAACAUTT,
Reverse: AUGUUCUUGAAGU-CAACCCTT.

Ki-67 and CCK8 proliferation assay
We performed immunofluorescence staining for the proliferation marker
protein Ki-67 to detect proliferation in transfectedMC3T3-E1 cells. Primary
rabbit antiKi-67antibody specific to mouse (Abcam, #Ab16667, 1:500) was
applied. The CCK8 kit (KeyGEN) was used following the manufacturer’s
instructions to assess cell proliferation. Transfected MC3T3-E1 cells were
seeded into 96-well plates at 100 μl per well (3000 cells per well). Then, we
examined proliferation of each group, i.e. cells transfected with control
siRNA, CXCL2 siRNA, Control-expressing plasmid and CXCL2-

Fig. 6. Western blotting, ALP staining and ARS indicate that CXCL2 inhibits ERK1/2 signaling upstream of RUNX2 in MC3T3-E1 cells in vitro. (A) For
western blot analysis of phosphorylated ERK1/2 (pERK1/2), MC3T3-E1 cells were treated with siRNA NC [siRNA CXCL2 (−)] or siRNACXCL2 [siRNA CXCL2
(+)], or transfected with pCMV-Flag-NC [CXCL2 (−)] or pCMV-Flag-CXCL2 [CXCL(+)]. (B) MC3T3-E1 cells were treated with siRNACXCL2 (+) or siRNA NC (−)
and co-treated with SCH7729984 (+) or not (−). RUNX2, OCN, and pERK1/2 were analyzed by western blotting. (C) MC3T3-E1 cells were transfected with
pCMV-Flag-CXCL2 (+) or pCMV-Flag-NC (−) and treated (+) or not with C6 ceramide (−). RUNX2, OCNand pERK1/2 were analyzed by western blotting. (D) ALP
staining (top) on day 7 and ARS (bottom) on day 21 of MC3T3-E1 cells treated with siRNA CXCL2, cultured in inducing medium and treated or not with
SCH7729984. (E) ALP staining (top) on day7 and ARS (bottom) on day 21 of MC3T3-E1 cells transfected with pCMV-Flag-CXCL2, cultured in inducing medium
and treated or not with C6 ceramide.
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expressing plasmid at 12 h, 24 h, 36 h, and 48 h following seeding. The
OD450 values were measured with an ultraviolet spectrophometer (NanoVue
Plus, GE Healthcare).

Flow cytometry assay
Apoptosis of transfected MC3T3-E1 cells was analyzed by flow cytometry
using a flow cytometry kit (BD, #556547). Cells were harvested 48 h after
transfection and stained with annexin V conjugated to FITC and PI
according to the manufacturer’s instructions. The rate of apoptosis was
evaluated using flow cytometry (Canto, BD Biosciences). All experiments
were repeated three times.

RNA isolation and quantitative real-time PCR analysis
Total RNA from treated cells was extracted using Trizol Reagent (Life
Technologies, #15596-018), following the manufacturer’s protocol. The
reverse transcriptase reaction was performed using PrimeScript reverse
transcriptase (TaKaRa, #2680B). The cDNA was used for real-time PCR
using TB Green Premix Ex Taq (TaKaRa, #RR420A) on a real-time PCR
system (LightCycler96, Roche, Switzerland). For quantitative results,
expression of each RNA is shown as the fold-change using the double
delta Ct (2−ΔΔCT) analysis. The sequences of primer pairs are presented as
follows (5′–3′): GAPDH, Forward: AGGTCGGTGTGAACGGATTTG,
Reverse: TGTAGACCATGTAGTTGAGGTCA; CXCL2, Forward: TGC-
CGGCTCCTCAGTGCT, Reverse: GCCTTGCCTTTGTTCAGTATCTT-
TTG; RUNX2, Forward: GACTGTGGTTACCGTCATGGC, Reverse:
ACTTGGTTTTTCATAACAGCGGA; OCN, Forward: AAGCCTTCAT-
GTCCAAGCAGG, Reverse: TTTGTA- GGCGGTCTTCAAGCC.

Western blotting
Treated cells were lysed with 2% SDS, 2 M urea, 10% glycerol, 10 mM
Tris-HCl pH 6.8, 10 mM dithiothreitol and 1 mM phenylmethylsulfonyl
fluoride. Lysates were centrifuged and supernatants were separated by SDS-
polyacrylamide gel electrophoresis and transferred onto polyvinylidene
difluoride (PVDF) membranes (Merck Millipore Ltd). The PVDF
membranes were then blocked at room temperature for 1 h and incubated
overnight at 4°C with monoclonal antibodies against the following proteins:
α-tublin (ABclonal, AC012, 1:5000), OCN (Santa Cruz, SC23790, 1:1000),
RUNX2 (ABclonal, A2851, 1:1000), CXCL2 (R&D, AF-452-NA, 1:1000),
ERK1 and ERK2 (HuaBio, ET1601-29, 1:1000), and phosphorylated
(p)ERK1/2 (HuaBio, RT1206, 1:1000). After three washes in Tris-buffered
saline and Tween 20 (TBST) for 5 min each, membranes were incubated with
the corresponding secondary antibodies (HRP Donkey Anti-Goat IgG
#AS031, HRP Donkey Anti-Mouse IgG #AS033, HRP Donkey Anti-
Rabbit IgG #AS038, all ABClonal;) 1:1000) at room temperature for 1 h.
Bands were analyzed using an enhanced chemiluminescence system.

Alkaline phosphatase activity and mineralization assay
Transfected MC3T3-E1 cells were cultured in inducing medium, and
staining with alkaline phosphatase (ALP) and Alizarin Red staining (ARS)
was performed to evaluate the ability of treated cells to differentiate into
osteocytes, i.e. their level of osteogenic differentiation. MC3T3-E1 cells
were cultured in 12-well plates. After transfection, the medium was replaced
with inducing medium. In some experiments, transfected MC3T3-E1
cells were co-treated with the ERK1/2 inhibitor SCH772984 (0.6 nmol
per well) or the ERK1/2 activator C6 ceramide (40 μmol per well). C6
ceramide nanoliposomes were prepared as described in an earlier
study (Ryland et al., 2013). ALP staining was performed 7 days after
induction of osteogenic differentiation, and ARS was performed 21 days
after induction. Analyses were carried out according to the manufacturer’s
instructions of the Modified calcium-cobalt method ALP staining kit
(Beyotime, catalog: P0321) and the standard techniques of the ARS
kit (Solarbio).

Statistics
All data are presented as the mean±s.d. Curve analysis was carried out using
Prism (GraphPad).Data in each group were analyzed using the unpaired,
two-tailed Student’s t-test or the Pearson correlation analysis. The level of
significance was set at P<0.05.
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