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CX3CL1 in the red bone marrow promotes renal cell carcinoma to metastasize 
to the spine by involving the Src-related pathway 
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Spinal metastasis (SM) frequently occurs in renal cell carcinoma (RCC) patients. Our preliminary work showed 
that CX3CL1 plays a positive role in SM. The objective of the present study was to verify whether CX3CL1 activates the 
downstream pathway by binding to CX3CR1 in RCC cells, ultimately promoting RCC to metastasize to the spine. The 
expression of CX3CL1 and CX3CR1 in tissue samples was detected by immunohistochemistry and western blotting. ELISA 
was used to quantify the concentration of CX3CL1 in the serum. The expression level of CX3CR1 in RCC cell lines was 
also detected. The CellTiter-Glo assay and flow cytometry were used to analyze cell viability and apoptosis of RCC cells. 
Transwell and wound healing assay were used to analyze the effect of CX3CL1 on the invasion and migration ability of RCC 
cells. Specific inhibitors were used to interfere with key molecules in the signaling pathway to further explore the signal 
transduction in RCC cells after CX3CL1 stimulation. The expression of CX3CR1 in SM from RCC was higher than that in 
limb bone metastases. Among the five RCC cell lines, 786O cells expressed the highest level of CX3CR1. CX3CL1 neither 
inhibited the proliferation of 786O cells nor promoted the apoptosis of 786O cells. However, it promoted the migration and 
invasion of RCC cells. After CX3CL1 stimulation, Src and Focal adhesion kinase (FAK) phosphorylation levels increased 
in RCC cells. Bosutinib and PF-00562271 inhibited Src/FAK phosphorylation and cell motility and invasion triggered by 
CX3CL1 stimulation. CX3CL1 in the red bone marrow of spinal cancellous bone enhances migration and invasion abili-
ties of RCC cells, thereby promoting RCC metastasize to the spine. The migration and invasion of RCC cells activated by 
CX3CL1 are at least partially dependent on Src/FAK activation.
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Renal cell carcinoma (RCC) is the third most common 
malignant tumor in the urologic system. In 2020, more than 
430,000 people were diagnosed with RCC and nearly 180,000 
deaths were associated with it worldwide [1]. Bone is one of 
the most common sites to develop metastases from RCC, 
just second to the lung. About one-third of patients already 
have bone metastasis at the time of diagnosis of RCC, and 
another third will develop bone metastasis over the course of 
the disease [2]. In terms of the location of lesions, the spine 
accounts for an appropriate 60% [3, 4]. The application of 
targeted kinase inhibitors (TKI) and immune checkpoint 
inhibitors brings RCC patients extended overall survival 
(OS), thus bone metastases become even more prevalent 
[2, 5]. SMs may result in pain, pathological fracture, and 
neurological deficits, which seriously affect the quality of life. 
Therefore, to develop more effective treatments, it is neces-
sary to elucidate the molecular mechanisms underlying the 
SM formation among RCC patients.

The vertebral body contains a large amount of red bone 
marrow (RBM), which is rich in adhesion molecules and 
growth factors and serves as an optimal microenvironment 
for metastasis [6–8]. The observation of clinical cases also 
showed that the distribution of metastases was positively 
associated with the RBM content [9]. Chemokines are a 
group of small proteins (8–14 kDa) which are categorized 
into four subfamilies: CXC (α), CC (β), C (γ), and CX3C (δ) 
based on the protein primary structure [10]. When chemo-
kines bind to corresponding G protein-coupled receptors, 
they participate in various pathological and physiological 
processes, such as metastasis [11, 12]. We hypothesize that 
some chemokines play an important role in the formation of 
SM from RCC.

In our previous study, we conducted a mRNA microarray 
to analyze SM samples from five different primary cancers 
(lung, breast, prostate, kidney, and liver) [13]. CX3CL1, 
a chemokine, was found to be involved in the process of 
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formation of SM from the five primary cancers. A few studies 
have shown that the progression of some solid cancers was 
promoted by CX3CL1 [14–16]. However, the role of CX3CL1 
in the process of RCC metastasis to the spine is still unknown. 
The present study aims to verify whether CX3CL1 activates 
the downstream pathway by binding to its unique receptor, 
CX3CR1, ultimately promoting the migration and coloniza-
tion of RCC cells in the spinal RBM microenvironment.

Patients and methods

Patients and samples. All of the tissue and blood 
samples used in the present study were collected in Zhong-
shan Hospital. SM tissue samples were obtained from 15 
RCC patients (male/female, 10/5; age, 62.6±7.9 years) who 
underwent SM resection. Normal vertebral cancellous bone 
samples were obtained from 15 patients (male/female, 10/5; 
age, 67.0±5.6 years) who underwent surgery because of 
spinal traumatic fracture or degenerative diseases. Arterial 
blood samples were obtained from 30 patients (male/
female, 23/7; age, 61.9±7.8 years) with SM from RCC and 30 
patients (male/female, 19/11; age, 62.4±9.6 years) with spinal 
traumatic fracture or degenerative diseases. Limb metastasis 
samples were obtained from 5 patients (male/female, 5/0; 
age, 67.6±4.3 years) with limb metastasis from RCC. Normal 
limb cancellous bone samples were obtained from 5 patients 
(male/female, 4/1; age, 62.4±6.2 years) who underwent 
arthroplasty. Patients included in this study signed informed 
consent before surgery. The present study was approved by 
the Ethics Committee of Zhongshan Hospital. All procedures 
complied with relevant regulations.

Cell lines and culture. RCC cell lines (786O, OSRC-2, 
769-P, Caki-1, ACHN) and human normal renal tubular 
epithelial cell line (HK-2) were purchased from the cell bank 
of the Chinese Academy of Sciences (Shanghai, China). All 
cells were cultured in RPMI-1640 medium supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin and 
streptomycin. Cells were incubated at 37 °C, 5% CO2.

Enzyme-linked immunosorbent assay (ELISA). The 
serum was isolated after the arterial blood samples clotting 
at room temperature. The centrifugation condition was set at 
1000×g for 15 min. Then, the serum samples were sub-packed 
and stored at –80 °C. An ELISA kit (R&D Systems, MN, USA) 
was used to quantify the concentration of CX3CL1 in serum 
according to the manufacturer’s protocol.

Cell proliferation and apoptosis assay. CellTiter-Glo kit 
(Promega, Madison, USA) was used to determine the effects 
of CX3CL1 on the viability of 786O cells, which reflected 
the effects on proliferation. 100 μl 786O cells were seeded to 
a 96-well plate with a cell density of 2×104 cells/ml. 100 μl 
CellTiter-Glo solution was pipetted and added to each well 
based on indicated time points (0 h, 12 h, 24 h, 48 h). The cells 
were stimulated with 50 nM, 100 nM, and 200 nM CX3CL1 
(R&D Systems, MN, USA) respectively in experimental 
groups. The cells without CX3CL1 treatment were used as 

the control group. After CellTiter-Glo solution incubation 
for 10 min, the luminescence was measured using a micro-
plate luminometer (Thermo Fisher Scientific, Inc., MA, 
USA). Cell apoptosis rate was measured using an Annexin 
V‐fluorescein isothiocyanate/propidium iodide apoptosis kit 
(BD Biosciences, NJ, USA) according to the manufacturer’s 
protocol. Based on a previous study [16], the 786O cells were 
stimulated by 50 nM CX3CL1. Apoptosis rate was detected at 
0 h, 24 h, and 48 h after stimulation using the flow cytometer 
(BD Biosciences, NJ, USA).

Wound-healing assay. Cells were equivalently seeded into 
a 6-well plate and cultured to 90–100% confluence. Then the 
cells were scratched across the center of the well with a sterile 
plastic pipette tip. Each well was gently washed by PBS for 
twice to remove the detached cells. Cells were treated with 
CX3CL1 (50 nM) or CX3CL1+neutralizing antibody (50 
nM; Abcam, Cambridge, UK; cat. no. ab89229). The group 
without CX3CL1 stimulation was set as control. Images 
were captured at 0 h and 24 h. The wound closure areas were 
measured and calculated as a percentage of cell migration 
into the wound at 24 h compared to the area at 0 h.

Transwell migration and invasion assays. The 24-well 
Transwell permeable supports with 8.0 μm pores (Corning-
Costar, NY, USA) were used to detect the migratory ability 
of RCC cells. The upper chambers pre-coated with matrigel 
were used to perform the invasion assay. Cells were harvested 
and re-suspended in RPMI-1640 without FBS. Each lower 
chamber was filled with 550 μl RPMI-1640 medium supple-
mented with 1% FBS, followed by adding CX3CL1 (50 nM) 
or CX3CL1+neutralizing antibody (50 nM; cat. no. ab89229). 
The group without CX3CL1 stimulation was set as control. 
The Transwell assay was also used to evaluate the motility 
and invasion of 786O cells treated with signaling molecules 
inhibitors. 5×104 cells were seeded into each upper chamber. 
After incubation at 37 °C for 24 h, the cells remaining in 
the upper chamber were carefully cleaned using a cotton 
swab. The cells on the lower surface of the polycarbonate 
membrane were fixed with 4% paraformaldehyde and stained 
with crystal violet. Images were captured at 100× magnifica-
tion. The number of cells was counted and averaged in four 
randomly selected fields.

Western blot. After washing with phosphate-buffered 
saline (PBS), cells were lysed by RIPA lysis buffer containing 
Protease and phosphatase inhibitor cocktail (Cell Signaling 
Technology, MA, USA). Tissue samples underwent liquid 
nitrogen grinding before RIPA lysis. The protein samples 
were resolved by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE). Then, the proteins were 
electrophoretically transferred to the polyvinylidene 
difluoride (PVDF) membrane (Millipore, MA, USA). 
Tris-buffered saline containing 5% skim milk was used to 
block the membrane. The membrane was immunoblotted 
with anti-CX3CR1 primary antibody (1:200; Santa Cruz 
Biotechnology, TX, USA; cat. no. sc-377227), anti-CX3CL1 
primary antibody (1:1000; Abcam, Cambridge, UK; cat. no. 
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ab89229), and anti-tubulin primary antibody (1:5000; BBI 
Life Sciences, Sangon Biotech; cat. no. D191046) at 4 °C 
overnight. For the analysis of signaling induced by CX3CL1/
CX3CR1, RCC cells were stimulated with 50 nM CX3CL1 
(R&D Systems, MN, USA) and detected at indicated time 
points (0, 15, 30, 45, 60, 120 min). In the blocking experi-
ment, 786O cells were pre-treated with 1 μM Bosutinib 
(inhibitor of Src; Selleck, TX, USA) or/and PF-00562271 
(inhibitor of FAK; Selleck, TX, USA) for 60 min, followed by 
stimulation with 50 nM CX3CL1 for 45 min. The membrane 
loaded with target proteins were incubated with primary 
antibodies of both the total and phosphorylated forms of 
Src (Src, 1:1000, cat. no. 2108; phospho-Src, 1:1000, cat. no. 
6943; Cell Signaling Technology, MA, USA) and FAK (FAK, 
1:1000, cat. no. 3285; phospho-FAK, 1:500, cat. no. 3281; 
Cell Signaling Technology). Anti-GAPDH antibody (1:5000; 
BBI Life Sciences, Sangon Biotech; cat. no. D190636) was 
used to detect GAPDH as the internal reference. Goat anti-
rabbit (cat. no. D110058) or anti-mouse (cat. no. D110087) 
secondary antibodies conjugated with horseradish peroxi-
dase (1:5000; BBI Life Sciences, Sangon Biotech) were used 
to recognize the corresponding primary antibody. The blots 
were detected using immobilon western HRP substrate 
(Millipore, MA, USA).

Immunohistochemistry staining. The tissue samples 
were fixed with 4% polyoxymethylene, decalcified by EDTA, 
dehydrated using graded ethanol, embedded in paraffin, 
and then sectioned to 4 μm thickness. Antigen retrieval was 
performed using citrate buffer and microwave. Sections were 
treated with 3% H2O2 for 15 min and washed in tris-buffered 
saline (TBS) twice. 5% bovine serum albumin (BSA) was 
used for blocking, followed by incubation with anti-CX3CL1 
primary antibody (1:200; Abcam; cat. no. ab25088) and anti-
CX3CR1 primary antibody (1:200; Abcam; cat. no. ab8021) 
at 4 °C overnight. Then the sections were incubated with 
relevant secondary antibody (BBI Life Sciences, Sangon 
Biotech) at room temperature for 1 h. 3,3’-diaminobenzidine 
buffer (DAKO, CA, USA) staining and hematoxylin counter-
staining were performed in turn.

Statistical analysis. Measurement data were presented 
as mean ± SD. Statistical analysis was performed using 
GraphPad Prism 8.0 (GraphPad Software, CA, USA). 
Student’s t-test was used to determine the statistical signifi-
cance between the two groups as noted in the figure legends. 
For three or more groups, one-way ANOVA test followed by 
Bonferroni test was performed for multiple comparisons. The 
correlations between serum CX3CL1 levels with the number 
of metastatic sites were determined using Pearson’s correla-
tion coefficient (r). Statistical significance was set as p<0.05.

Results

The expression of CX3CL1/CX3CR1 in the tissue 
samples, serum, and cell lines. Immunohistochemical 
staining demonstrated that SMs had a higher expression 

level of CX3CR1 compared to limb metastases (Figure 1A). 
CX3CL1 was highly expressed in the marrow of the normal 
vertebral cancellous bone, whereas lower expression in the 
normal limb cancellous bone (Figure 1B). The expression 
level of CX3CR1 appeared to be low in both vertebrae and 
limb bone (Figure 1C). Western blotting of tissue samples 
was performed. The results verified higher expression levels 
of CX3CL1 and CX3CR1 in normal vertebral marrow and 
vertebral metastasis, respectively (Figures 1D, 1E). ELISA 
demonstrated that the concentration of CX3CL1 was higher 
in serum samples of patients with SMs (Figure 1F). We 
examined the association of serum CX3CL1 levels with the 
number of SMs, which were detected by PET/CT scan. Serum 
CX3CL1 levels were positively associated with the number of 
SMs (Figure 1G). As shown in Figure 2A, we examined the 
expression level of CX3CR1 in RCC cell lines using western 
blot. All of the cell lines used express CX3CR1 to a different 
degree. 786O cells and OSRC-2 expressed the highest level of 
CX3CR1 (Figure 2A).

CX3CL1 doesn’t inhibit the survival of 786O cells.  The 
CellTiter-Glo assay was used to detect the effects of CX3CL1 
on the proliferation of 786O cells. The results of the CellT-
iter-Glo assay showed that the indicated concentrations 
(50 nM, 100 nM, 200 nM) of CX3CL1 neither promote nor 
inhibit proliferation of 786O cells over 48 h (Figure 2B). Flow 
cytometry was used to analyze the effects of CX3CL1 on the 
apoptosis of 786O cells. The apoptosis rate at 0 h, showed as 
significantly higher than that at 24 h and 48 h after stimula-
tion (Figure 2C).

CX3CL1 promotes the mobility and invasion of RCC 
cells. Scratch wound-healing assay indicated that stimu-
lation with 50 nM CX3CL1 could significantly promote 
wound healing after 24 h, and the CX3CL1 neutralizing 
antibody prevented the effects promoted by CX3CL1 
(Figures 3A, 3B). As shown in Figures 3C and 3D, Transwell 
migration and invasion were performed. Cell migration 
number significantly increased after treatment with 50 nM 
CX3CL1. Similar to Transwell migration, the presence of 
50 nM CX3CL1 also significantly increased the number 
of invaded cells. However, both the migration and the 
invasion ability promoted by CX3CL1 were prevented by 
the CX3CL1 neutralizing antibody. For further functional 
validation, wound healing and Transwell assays were used 
to analyze the effect of CX3CL1 on migration and invasion 
ability of another cell line OSRC-2. CX3CL1 also promoted 
the migration and invasion of OSRC-2 cells (Supplementary 
Figures S1A–S1C).

CX3CL1 activates the Src/FAK signaling pathway 
in RCC cells. The phosphorylation level of Src and FAK 
in 786O cells stimulated by CX3CL1 was assessed using 
western blotting at indicated time points (0, 15, 30, 45, 60, 
120 min). The quantification was performed using the ratio 
of the gray value of phosphorylated proteins to total proteins. 
The phosphorylation of Src began to increase at 15 min after 
stimulation, reached the peak at 45 min, and then subsided 
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Figure 1. The expression of CX3CR1 and CX3CL1 in the tissue sample and serum. A) Representative immunohistochemical staining of CX3CR1 in 
SM and limb metastasis. B) Representative immunohistochemical staining of CX3CL1 in the marrow of the normal vertebral cancellous bone and nor-
mal limb cancellous bone. C) Representative immunohistochemical staining of CX3CR1 in the marrow of the normal vertebral cancellous bone and 
normal limb cancellous bone. D, E) Western blotting was performed to analyze the expression level of CX3CL1 and CX3CR1 in vertebral marrow and 
vertebral metastasis respectively. Representative western blotting images were shown and the experiment was conducted three times independently. F) 
The concentrations of CX3CL1 in serum samples (n=30/group) were detected by ELISA. G) The association of serum CX3CL1 levels with the number 
of SMs; p-value was calculated using Student’s t-test, *p<0.05
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to baseline level gradually. The phosphorylation of FAK 
began to increase 15 min, reached the peak at 45 min, and 
continued through 120 min (Figures 4A, 4B). Similar results 
were also found in OSRC-2 cells, as presented in Supple-
mentary Figures S2A and S2B. The role of Src and FAK in 
the signaling pathway induced by CX3CL1/CX3CR1 was 
examined using kinase inhibitors. 786O cells were pretreated 
with the inhibitors of 1 μM Bosutinib or/and PF-00562271 
for 60 minutes and then stimulated by CX3CL1 for 45 min. 
Western blotting showed that Bosutinib and PF-00562271 
reduced the phosphorylation of Src and FAK, respectively 
(Figures 4C, 4D).

Targeted inhibition of Src/FAK suppresses the increased 
motility and invasion of 786O cells triggered by CX3CL1/
CX3CR1. In order to evaluate the mobility of 786O cells 
stimulated with CX3CL1, 786O cells were pretreated with 
1 μM Bosutinib or/and PF-00562271, and stimulated by 50 
nM CX3CL1. Then cells were fixed and stained with TRITC-
Phalloidin (red) and DAPI (blue). Confocal images of 786O 
cells treated with CX3CL1 showed that F-actin structures 
increased. However, treatment with Bosutinib and (or) 
PF-00562271 induced stress fiber decreased (Figure 5A). For 
further validation, transwell migration and invasion were 
performed to analyze the motility and invasion of 786O cells 
after targeted inhibition of Src/FAK. The data showed that 
inhibition of Src/FAK could rescue the increased motility and 

invasion of 786O cells triggered by the CX3CL1/CX3CR1 
axis (Figures 5B–5E).

Discussion

Prostate, kidney, lung, and breast cancer are primary 
cancers that most often lead to bone metastasis [17]. The 
spine is the most common site of bone metastasis [18, 19]. 
SM may cause pain, instability, and neurological injuries. 
It was reported that 28% of patients who developed bone 
metastases from RCC experienced spinal cord or/and nerve 
root compression [5]. In the process of tumor invasion of 
the bone marrow, on one hand, cancer cells can produce 
some growth factors to promote osteoblastic or osteolytic 
activity; on the other hand, bone remodeling can also release 
some growth factors to promote cancer progression, thereby 
forming a vicious circle. The abundant RBM of vertebrae is 
a very important factor, which makes the spine the predi-
lection site of metastasis. Due to excessive blood flow, the 
abundance of adhesion molecules and growth factors, RBM 
is an ideal metastatic niche [6, 8, 20]. Caracappa et al. [21] 
used different ways to calculate the RBM mass in various 
bone segments. Spine, especially the thoracic spine and 
lumbar spine, has much more RBM than limb bones such as 
femora, humeri, and clavicles. Onken et al. conducted a study 

Figure 2. The expression of CX3CR1 in cell line and cell viability and apoptosis assay. A) The expression of CX3CR1 in RCC cell lines. B) The effects of 
different concentrations (50 nM, 100 nM, 200 nM) of CX3CL1 on 786O cells’ viability over 48 h. C) The apoptosis rate at 0 h, 24 h, and 48 h after 50 nM 
CX3CL1 stimulation. Each experiment was conducted three times independently and representative images were shown. One-way ANOVA with a post 
hoc Bonferroni test was used to determine statistical difference.
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that shows that the incidence of bone metastases and RBM 
content of the corresponding bone is mostly proportional 
[9]. Based on the above discussion, it would be reasonable to 
speculate that the microenvironment of RBM promotes RCC 
to metastasize to the spine.

In 1889, Paget [22] hypothesized that cancer cells (defined 
as seeds) tend to metastasize to a favorable microenviron-
ment (defined as soil). It is well known that metastasis is 
not a random process, instead, an organ-specific process. 
Metastasis often occurs in certain organs, such as lung, liver, 
bone marrow, and brain, while other organs, such as kidney, 
pancreas, and skin rarely undergo metastasis [23]. Chemo-
kines are a subgroup of cytokines. They are low-molecular-
weight proteins that are involved in regulating the migration 
of white blood cells and other cells that affect the inflam-
matory process [24]. Although metastasis is a complicated 

process involving multiple factors and small molecule regula-
tors, many studies have shown that chemokines and their 
corresponding receptors play a crucial role in metastasis 
[25]. The altered expression of chemokines and their recep-
tors is found in many malignancies and subsequently leads 
to abnormal signal transduction. Bone-homing tumor cells 
overexpress chemokine receptors, whose ligand is secreted 
by stromal cells, including BMSC.

In our previous study, we analyzed cancellous bone with 
and without metastases in the spine using mRNA microarray 
[13]. CX3CL1 was identified to be one of the potential chemo-
kines involved in the process of SMs formation. CX3CR1 is 
the unique receptor of CX3CL1. CX3CL1 has a dual function 
to act as a chemoattractant and an adhesion molecule by 
interacting with CX3CR1. We confirmed the CX3CR1 
expression in RCC cell lines and SMs in the present study. 

Figure 3. CX3CL1 promotes the migration and invasion abilities of 786O cells. A, B) Wound-healing assays of 786O cells treated with 50 nM CX3CL1 
or 50 nM CX3CL1+neutralizing antibody (×100 magnification). C, D) The Transwell migration and invasion assays of 786O cells treated with 50 nM 
CX3CL1 or 50 nM CX3CL1+neutralizing antibody (×100 magnification). Each experiment was conducted three times independently and representa-
tive images were shown. Statistical significance between the two groups was determined by one-way ANOVA with a post hoc Bonferroni test, *p<0.05, 
**p<0.01
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Previous studies have reported that CX3CR1 is expressed in 
several types of cancers, such as prostate cancer [14], breast 
cancer [15], RCC [16], pancreatic cancer [26], ovarian cancer 
[27], and colon cancer [28]. These authors showed that 
CX3CL1 promotes the metastasis of these cancers. However, 
CX3CL1 did not always promote cancer progression. Sciumè 
et al. [29] analyzed the expression level and function of the 
CX3CL1/CX3CR1 axis in human glioma cells. The results 
showed that endogenous CX3CL1 promotes tumor cell 
aggregation, thereby negatively regulating tumor invasion. In 
addition, inhibition of CX3CL1 expression by TGF-β1 might 
contribute to tumor cell invasion. Our present study found 
that CX3CL1 neither inhibited the proliferation of 786O cells 
nor promoted the apoptosis of RCC cells. It is consistent with 
our previous study about breast cancer [30]. CX3CL1 even 
showed a function of inhibiting cellular apoptosis.

As for the mechanism, we detected the phosphorylation 
of Src and FAK. Activation of the Src/FAK signaling pathway 
leads to cytoskeleton reorganization, which has an important 

impact on cell migration [31]. We first reported CX3CL1 
promotes the migration and invasion of RCC cell lines 
through the Src/FAK signaling pathway. Although Yao et al. 
[16] previously reported that CX3CL1 increased the migra-
tion ability of RCC cells using wound healing assay, they did 
not analyze the invasion ability of RCC cells. In the present 
study, we focused on the SM and conducted more functional 
experiments than Yao’s study to analyze the invasion ability 
as well as migration ability of RCC cells. What’s more, we 
found a new underlying signaling mechanism that promotes 
RCC to metastasize to the spine. Both Src and FAK are 
non-receptor tyrosine kinases, involved in cell differen-
tiation, survival, adhesion, and migration [32, 33]. When 
phosphorylation occurs at Tyr416, the enzyme activity of 
Src increases. Phosphorylated Src binds to FAK at Tyr397, 
thereby phosphorylating FAK at Tyr576/577 [32]. Bosutinib 
(inhibitor of Src) and PF-00562271 (inhibitor of FAK) inhib-
ited the mobility and invasion of RCC cells, suggesting that 
drugs targeting Src/FAK have potential value in patients with 

Figure 4. CX3CL1 activates the Src/FAK signaling pathway in RCC cells. A, B) Phosphorylation levels of Src and FAK of 786O cells after stimulated by 
CX3CL1 for indicated time points. 0 min as control. Fold changes were determined by averaging the ratios relative to the control group. C, D) 786O 
cells were pretreated with Bosutinib or/and PF-00562271 and then stimulated by CX3CL1. The phosphorylation levels of Src and FAK were detected. 
The group without CX3CL1 and inhibitors treatment as control. Fold changes were determined by averaging the ratios relative to the control group. 
Each experiment was conducted three times independently and representative images were shown. Statistical significance was determined by one-way 
ANOVA with a post hoc Bonferroni test. **p<0.01, ***p<0.001, ****p<0.0001
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SM from RCC. The ongoing and completed clinical trials of 
Bosutinib and PF-00562271 mainly focused on leukemia, 
breast cancer, and prostate cancer, excluding advanced RCC 
[33, 34]. Our findings may provide evidence for the use of 
these drugs in treating patients with SM from RCC.

In conclusion, the present study indicated that CX3CL1 
in RBM of spinal cancellous bone enhances migration and 
invasion abilities of RCC cells, thereby promoting RCC to 
metastasize to the spine. The migration and invasion of RCC 
cells activated by CX3CL1 are at least partially dependent on 
Src/FAK activation.

Supplementary information is available in the online version 
of the paper.
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Supplementary Figure S1. CX3CL1 promotes the migration and invasion abilities of OSRC-2 cells. A) Wound healing assays of OSRC-2 cells treated 
with 50 nM CX3CL1 or 50 nM CX3CL1+neutralizing antibody. (×100 magnification). B) The transwell migration and invasion assays of OSRC-2 cells 
treated with 50 nM CX3CL1 or 50 nM CX3CL1+neutralizing antibody. (×100 magnification). Each experiment was conducted three times indepen-
dently and representative images were shown. Statistical significance between two groups was determined by one-way ANOVA with a post hoc Bonfer-
roni test. *p<0.05, **p<0.01, ***p<0.001
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Supplementary Figure S2. CX3CL1 activates the Src/FAK signaling pathway in OSRC-2 cells. A) Phosphorylation levels of Src and FAK of OSRC-2 cells 
after stimulation of CX3CL1 at indicated time points. 0 min as control. B) Fold changes were determined by averaging the ratios relative to control 
group. Each experiment was conducted three times independently and representative images were shown. Statistical significance between two groups 
was determined by one-way ANOVA with a post hoc Bonferroni test. **p<0.01, ***p<0.001, ****p<0.001


