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Abstract: Lung cancer represents the foremost cause of cancer-related mortality in both men and women through-
out the world. Metastasis to the brain constitutes a major problem in the management of patients with lung cancer. 
However, the mechanism of brain-specific metastasis in lung cancer has not been fully elucidated. Chemokines 
and their receptors have emerged as attractive targets regulating the cancer metastasis. It has been discovered 
that the stromal cell-derived factor 1 (SDF-1)/CXCR4 axis plays a critical role in determining the metastatic destina-
tion of tumor cells. In this study, strong expression of SDF-1 was observed in highly metastatic brain tissues, and 
CXCR4 overexpressed in PC-9 lung cancer cells and tumor foci. Therefore, we chose to block SDF-1/CXCR4 axis 
with AMD3100, which led to the increased tight junction protein level, less damage, and decreased permeability of 
blood-brain barrier (BBB). Consequently, the process of lung cancer metastasis to the brain was significantly slowed 
down. These findings were further validated by in vivo experiments, which showed that AMD3100 can effectively 
inhibit lung cancer brain metastasis and extend the survival of nude mice model, suggesting that it is a potential 
drug candidate for inhibiting the lung cancer metastasis to brain. These findings provided valuable information for 
designing new therapeutic strategies for the treatment of lung cancer brain metastasis.
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Introduction

Lung cancer is the most common cancer world-
wide among men in terms of incidence and 
mortality, and it has the third highest incidence 
and the second after breast cancer in mortality 
among women. Although the mortality rates  
of other cancers are decreasing rapidly during 
the past 20 years, lung cancer mortality rate 
remains stable. In 2012, there were 1.9 million 
new cases globally, and 1.6 million deaths due 
to lung cancer, representing 19.4% of all deaths 
from cancer [1]. Poor survival of lung cancer 
patients is due, at least in part, to 80% of 
patients being diagnosed with metastatic dis-
ease and more than half of patients having dis-
tant metastasis [2]. Metastasis to the brain 
constitutes a major problem in the manage-

ment of patients with cancer. It occurs in 25% 
to 35% of all cancer patients and it usually car-
ries a poor prognosis because the most patients 
are at the end stage of cancer progression [3]. 
Although people with cancer are living longer 
after initial treatment than ever before, brain 
metastasis still occurred in many patients 
months or even years after their original cancer 
treatment. However, the mechanism of brain-
specific metastasis in lung cancer has poorly 
understood [4]. Therefore, exploring the mecha-
nism of brain metastasis is of great significance 
to clinical treatment of brain metastasis and to 
improve the prognosis of lung cancer.

Chemokines are a large family of structurally 
and functionally related small proteins initially 
studied for their regulatory properties on leuko-
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cyte trafficking. They are all approximately  
8-10 KD in mass and have been classified into 
four main subfamilies CXC, CC, CX3C and XC, 
according to the presence and number of 
amino acids between N-terminal cysteine resi-
dues [5]. Recent evidences indicated that che-
mokines and their receptors play a critical role 
in determining the metastatic destination of 
tumor cells [6, 7]. Müller and colleagues found 
that CXCR4 was the most highly expressed che-
mokine receptor in human breast cancer. The 
stromal cell-derived factor 1 (SDF-1, also known 
as CXCL12), a specific ligand for CXCR4, exhib-
ited peak levels of expression in organs that 
are preferential destinations of breast cancer 
metastasis. Moreover, in vivo neutralization  
of CXCR4 resulted in significant inhibition of 
metastases of breast cancer in an organ-spe-
cific manner [7]. Philips et al. provided evidenc-
es that the SDF-1/CXCR4 biological axis is cru-
cial to orchestrating the metastases of non–
small cell lung cancer (NSCLC) in vitro and in 
vivo. Both SDF1 and CXCR4 were highly overex-
pressed in lung tumor cells and target organs 
for NSCLC metastasis organs. Furthermore, in 
vivo neutralization of SDF-1 in heterotopic and 
orthotopic murine model systems of spontane-
ous metastasis of human NSCLC results in 
marked attenuation of NSCLC metastases to 
several organs including the adrenal glands, 
liver, lung, brain, and bone marrow [8]. But the 
mechanisms that the SDF-1/CXCR4 biological 
axis that are actually promoting organ-specific 
metastases have not been fully elucidated. 
Evidences showed that CXCR4 protein was 
highly overexpressed in pM1 NSCLC and brain 
metastatic tumors, indicating that high-level 
CXCR4 expression correlates with brain-specif-
ic metastasis of NSCLC [4]. Braun and col-
leagues showed abundant expression of SDF-1 
and CXCR4 in the early stages of embryonic 
nervous system development [9]. Other investi-
gators have demonstrated that SDF-1 was 
detected in brain endothelial cells and glioma 
cells [10, 11]. This preliminary result indicates 
that the SDF-1/CXCR4 signaling axis might be 
involved in the brain-specific metastatic pro-
cess of NSCLC. 

The blood-brain barrier (BBB) is a selective bar-
rier formed by the endothelial cells that line 
cerebral microvessels. It acts as a ‘physical 
barrier’ because complex tight junctions be- 
tween adjacent endothelial cells force most 
molecular traffic to take a transcellular route 

across the BBB, rather than moving paracellu-
larly through the junctions, as in most endothe-
lia. Among the molecules identified as making 
important contributions to tight junction struc-
ture are the zonula occludens protein 1 (ZO-1), 
the transmembrane proteins occludin and the 
claudins [12]. It is tempting to suggest that 
interference of BBB may be the premise of lung 
cancer brain metastasis. There might be a cru-
cial function for SDF-1/CXCR4 in promoting 
chemotaxis lung cancer cells gather to the 
brain astrocytes and secreting lysozyme to 
damage BBB [13, 14].

It has been reported that AMD3100, a small 
molecule competitive antagonist of SDF-1, in- 
hibited SDF-1 binding to CXCR4 and subse-
quent signaling transduction by competitively 
binding CXCR4 [15]. Recent research evidenc-
es showed that AMD3100 inhibited the migra-
tion of multiple tumor cells to regional lymph 
nodes and organs in vivo mouse models [16-
19]. AMD3100 inhibited invasion and metasta-
sis activity of the colorectal cancer cell line 
SW480 through down-regulation of VEGF and 
MMP-9 expression [20]. However, the mecha-
nism of SDF-1/CXCR4 axis in brain-specific 
metastasis of lung cancer has not been report-
ed. Owing to the presence of blood-brain barri-
er, whether the SDF-1/CXCR4 axis is involved in 
the brain-targeted metastasis of solid tumors 
remains unclear. 

In this study, we established a lung adenocarci-
noma cell line PC-9 with high metastasis poten-
cy for exploring the mechanism of occurrence 
and development in lung cancer metastasis to 
the brain. AMD3100 performed as an antago-
nist of the SDF-1/CXCR4 biological axis and 
inhibited lung cancer metastasis to the brain. A 
novel molecular mechanism associated with 
inhibition of lung cancer metastasis to the brain 
was proposed. 

Methods

Cell culture

Human lung adenocarcinoma cell PC-9 was 
provided by Medical Molecular Center, Tongji 
Hospital, Tongji Medical College of Huazhong 
University of Science and Technology. Immor- 
talized mouse brain endothelioma cell lines 
bEnd.3 was purchased from Cell Center, 
Xiangya School of Medical, Central South 
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University. Stable Luc-PC-9 cells, and GFP-PC-9 
cells were synthesized by the Shanghai Gene- 
Chem Co., Ltd. These cells were cultured in 
RPMI 1640 medium (HyCone, USA) supple-
mented with 10% fetal bovine serum (FBS; 
Hyclone, USA), antibiotics, 100 U/mL penicillin 
(Sigma-Aldrich, USA) and 100 µg/mL strepto-
mycin (Sigma-Aldrich, USA), and maintained at 
37°C in 5% CO2 and investigated after 1 or 2 
days in culture. 

Antibodies and chemicals

Antibodies including anti-GAPDH (1:2000), 
anti-CXCR4 (1:2000), anti-MMP-2 (1:1000), 
anti-MMP9 (1:1000), anti-VEGF (1:1000), anti-
VEGFR2 (1:1000), secondary HRP-conjugated 
antibody (1:1000) were purchased from the 
Abcam (USA). The specific chemokine receptor 
CXCR4 inhibitor, AMD3100 (Sigma-Aldrich, 
USA) was dissolved in sterile PBS (Gibco, USA) 
as a 1000 × stock solution, and then diluted 
with the culture medium for experiments. Trizol 
reagent was purchased from Invitrogen (USA) 
and SYBR-Green I Mix was purchased from 
CoWin Biotech (P. R. China).

Cell proliferation assay 

Cell Counting Kit (CCK-8) assay was performed 
to analysis the cell proliferation. The PC-9 cells 
were divided into four groups with different con-
centrations of AMD3100, 0, 0.1, 1, and 5 µg/
mg, respectively. The cells were resuspended 
in a 96-well plate with the corresponding cul-
ture medium, adjusted to a concentration of 
104 cells per ml and 100 μl of cell suspension 
per well. Each time point is provided with 6 
compound holes. 100 ul of each group of pure 
culture medium was used as a blank control. 
Incubate the plates for 24 and 48 hours in a 
humidified incubator (37°C, 5% CO2). The medi-
um was then replaced with fresh medium and 
10 [mu] l of the CCK-8 (Dojindo, Japan) solution 
was added to each well of the plate. Be careful 
not to introduce bubbles to the wells, since they 
interfere with the O.D. reading. The plates were 
incubated at 37°C for 45 minutes prior to test-
ing. The absorbance at 450 nm was measured 
using a microplate reader. When visual color 
conversion appeared, quantification was car-
ried out on a microtiter plate reader (Thermo 
Multiskan MK3), and the data were used for 
growth curve drawing.

Cell migration assay

The PC-9 cells were divided into four groups 
with different SDF-1 concentration, 0, 25, 100, 
and 200 ng/mg, respectively. The cells were 
resuspended with the corresponding culture 
medium, adjusted to a concentration of 7.5 × 
105 cells per ml and 100 μl of cell suspension 
per well in the top chamber of a 24-well plate. 
500 μl of 10% serum complete medium with 
SDF-1-stimulating factor was prepared and 
placed on the lower chamber. Ensure that no 
air bubbles are trapped between the insert 
membrane and the medium. The plates were 
incubated for 24 hours in a humidified incuba-
tor (37°C, 5% CO2). The cells were incubated in 
the transwell plate at 37°C and 5% CO2 for 24 
h. This allows cells to migrate toward the under-
side of the insert filter. After 24 hours of incuba-
tion, the insert was carefully removed. Those 
cells that do not migrate through the pores and 
are gently removed with a cotton swab. Gently 
wipe the upper side of the filter membrane with 
a cotton swab to remove the cell debris. It may 
take several wipes to completely remove any 
cell debris on the membrane. The cells were 
fixed to the lower side of the insert filter for 10 
minutes with 4% paraformaldehyde. Next, the 
stained cells on the underside of the plug-in fil-
ter with 1% crystal violet in 2% ethanol were 
stirred for 10 minutes. By rapidly combining the 
insert in ddH2O for 3 to 4 seconds to remove 
the excess crystal violet. The excess water was 
drained from the side of the insert using a cot-
ton swab and the inserted film was dried. To 
calculate the number of cells on the lower side 
of the filter under a microscope. Randomly 
choose different views and take average count-
ing. The same experimental procedure should 
be performed for control groups without  
chemoattractants. Each migration condition 
should be tested with triplicates.

Cell invasion assay 

Transwell invasion chambers coated with 
Matrigel (50 μl/filter) (BD Biosciences, Franklin 
Lakes, NJ, USA) were used to analysis the inva-
sion capabilities of PC-9 cells according to the 
manufacturer’s protocol. A 24-well transwell 
compartment with an 8 μm pore size insert was 
prepared. The PC-9 cells were divided into four 
different concentrations of AMD3100 groups, 
0, 0.1, 1, and 5 ug/mg, respectively. The cells 
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were resuspended in the top chamber of the 
24-well plate with the corresponding culture 
medium, adjusted to a concentration of 104 
cells per ml and 100 μl of cell suspension per 
well. 500 μl of 10% serum complete medium 
containing AMD3100 was prepared and placed 
in the lower chamber. The following steps were 
performed as described in migration assay.

In vitro model of blood-brain barrier 

In vitro blood-brain barrier model is character-
ized by high transendothelial electrical resis-
tance (TEER). Endothelial cells are intercon-
nected by tight junctions which formed a belt-
like structure at the apical region of the cells. 
Endothelial cells lines bEnd.3 was used to 
establish this model. GFP-PC-9 cell lines were 
pretreated with different concentrations of 
AMD3100 (0, 0.1, 1, and 5 ug/mg) and SDF-1 
(0, 25, 100, and 200 ng/mg), respectively. The 
pretreated GFP-PC-9 cell lines were co-cultured 
with bEnd.3 cell lines for 24 hours. The Millicell 
ERS-2 system (Philip, Netherland) allows for 
continuous monitoring of the TEER of up to 24 
filters. Microplate reader (RT-6100, Rayto, USA) 
was used to determine OD value of fluorescein 
sodium. The value of permeability of fluoresce-
in sodium was determined by ratio of lower fluo-
rescence value and upper fluorescence value. 

In vivo model of lung cancer metastasis to the 
brain

48 BALB/c nude mice were purchased from 
Shanghai SLAC Laboratory Animal Co. Ltd. 
China. The mice were maintained under patho-
gen-free conditions and were handled in accor-
dance with the Guidelines for Animal Experi- 
mentation of Fujian Medical University Experi- 
mental Animal Center and the Committee rules 
and procedures. The experimental program 
was reviewed by the Experimental Animal 
Center of the Animal Ethics Committee of Fujian 
Medical University. The experiments were initi-
ated when the mice were 4-6 weeks of age and 
were performed as described in our previous 
article21. PC-9 cells (1 × 106/0.1 mL) in logarith-
mic phase were respectively injected into 48 
nude mice by left ventricular injection (n = 24 
each group). 15 of them were used for dynamic 
observation and 9 were for survival observa-
tion. On the second day after the injection, the 
mice of experimental group were treated with 
intraperitoneal (IP) injection of AMD3100 (5 
μg/kg) and the control group was replaced with 

saline. The status of nude mice was observed 
after inoculation. Animals showing clear sign of 
severe dyscrasia would be killed. 

In vivo bioluminescent imaging

In vivo imaging is a novel, noninvasive tech-
nique for imaging animal biological processes 
that can provide an understanding of the organ-
ism and help to understand the process of lung 
cancer metastasis. Three mice were picked out 
randomly from both groups of the established 
lung cancer metastasis model after 2, 4, and 5 
weeks, respectively. They were treated with IP 
injection of 5% chloral hydrate (0.1 ml/10 g). 
Additional IP injection of 150 mg/kg luciferin 
substrate (in vivo grade) was given to the nude 
mice when they fell asleep. Images were 
acquired by using a live-animal imaging system 
(ZVZS Lumina II, Calzper, USA) after 5-15 min. 
The collected luminescent signals, average 
luminescence density and the total photon 
counts, were compared and analyzed. The tis-
sue samples were collected for pathological 
examination, qRT-PCR and western blot assay. 
Histological sections were stained with H&E to 
determine the presence of tumor cells.

Lanthanum tracer study with transmission 
electron microscopy

Three mice were picked out randomly from both 
groups of the established lung cancer metasta-
sis model after 4 weeks, respectively. After 
anesthesia, the heart of mice was perfused 
with 5 ml perfusion fixative containing 1% 
LaNO3-2% paraformaldehyde-0.1 M CBS. Ten 
minutes later, nude mice were subjected to cra-
niotomy to take bilateral cortical brain tissue. 
These tissues were further cut into 1 mm3 piec-
es, all of which were put into the former fixative. 
The fixed tissues were incubated in the 4°C 
refrigerator for overnight. After rinsing, these 
tissues were incubated in 1% osmium-1% 
LaNO3 fixative solution at room temperature for 
2 h. After embedding, the 100 nm ultrathin 
slices were made by Leica UC-6 ultra-thin slicer, 
and stained with uranyl acetate for 5-15  
min and washed with distilled water. Sliced 
samples were observed under the transmis-
sion electron microscope (TEM) Phillps EM208 
and radiography.

Blood-brain barrier permeability assay

Evans blue dye (EBD) is an inert tracer that 
measures BBB permeability in animal models. 



AMD3100 inhibits brain-specific metastases in lung cancer

5263 Am J Transl Res 2017;9(12):5259-5274

At the 4th week, 3 mice were randomly selected 
from both groups respectively, and the nude 
mice were placed in the mouse fixation device. 
In the tail vein injection 2% Evans blue solution 
4 ml/kg, immediately after injection can see 
nude mice skin and eyes turn blue, and the 
color gradually deepened. After 2 hours, the 
mice were perfused, the brain was taken out, 
the brain surface was dried with filter paper, 
and then weighed. Nude mice brain tissues 
were placed in 1% formamide solution, incu-
bated at 45°C for 48 hours, then centrifuged at 
speed of 3000 g/min for 10 min. The superna-
tants were taken out and their OD values were 
measured with a microplate reader at 492 nm. 
The Evans blue content (ug/ml) of the samples 
were calculated according to the Evans blue–
formamide standard curve. The EB content in 
brain tissue were calculated by the following 
equation: EB content in brain tissue (μg/g) = EB 
content (ug/ml) × formamide capacity (ml)/
brain weight (g).

Quantitative RT-PCR

Total RNA extraction from PC-9 cells was per-
formed with TRIzol Reagent (Invitrogen, USA). 
Then, 2 μg total RNA was reverse transcribed 
with the First Strand cDNA Synthesis Kit 
(Thermo Scientific, USA). Subsequently, 2 μL 
cDNA product was subjected to PCR amplifica-
tion with Taq DNA polymerase (Takara, Japan) 
on a thermal cycler using the following primers. 
qRT-PCR analysis was performed on a ViiA7 
Real-Time PCR System (ABI, USA) instrument 
using SYBR Green I Master Mix (CoWin Biosci- 
ences, China) according to the manufacturer’s 
instructions. Primers for CXCR4, MMP-2, MMP-
9, VEGF, VEGFR2, and GAPDH were designed 
using Primer Bank. The average Ct, from tripli-
cate assays, was used for further calculations. 
Relative expression levels were normalized to 
control.

Western blot analysis

Cells are collected on ice and directly lysed. 
Cell lysates were prepared by adding RIPA buf-
fer, supplemented with protease inhibitors 
(CoWin Biosciences, China) and phosphatase 
inhibitors (Sigma, USA). Lysates were dena-
tured by heating at 95°C and loaded onto 12% 
Bis-Tris polyacrylamide gel, and subsequently 
transferred to polyvinylidene fluoride (Merck-
Millipore, Germany). Membranes containing 
proteins were incubated with primary antibod-

ies and secondary HRP-conjugated antibodies 
according to standard protocols, with chemilu-
minescent signal developed by adding Western 
substrates (CoWin Biosciences, Beijing, China) 
and captured by VersaDoc Imaging system 
(Bio-Rad, USA), or developed by exposure to 
film.

Gelatin zymography

Gelatin zymography is a method to detect activ-
ity of gelatinase enzymes, such as the matrix 
metalloproteinases (MMPs) MMP-2 and MMP-
9. The conditioned medium in all samples was 
adjusted to the same protein concentration. 
The sample is loaded into each well; typically, 
10 μL of protein per well is suitable. The protein 
molecular weight marker is added to a well. The 
gel was run at 150 V until a good band separa-
tion was achieved. The gel was washed with 
wash buffer for 2 × 30 min. The gel was soaked 
in wash buffer and the SDS was removed from 
the gel. The incubation buffer was incubated at 
37°C with stirring for 5-10 minutes. After which 
it was replaced with fresh incubation buffer 
and then incubated at 37°C for 24 hours. The 
culture buffer contains the cofactors necessary 
for the gelatinase reaction. The gel was stained 
with a staining solution for 30 minutes to 1 
hour, followed by rinsing with water. Be incu-
bated with the decolorization solution until the 
stripes are clearly visible. The enzyme activity 
area appears as a white stripes with a dark 
blue background. The gel was placed on the 
scanner, scanned with non-transmitted light, 
and the display was adjusted to grayscale. 
Zymographic gels were captured using a video 
camera and images were analyzed with Image 
Master VDS software. For the quantitative anal-
ysis internal standards were electrophoresed 
on two lines in each gel and MMP activities 
tested were calculated by comparison of their 
integrated optical density (IOD) with the aver-
age IOD value of MMP standards.

Enzyme-linked immunosorbent assay

The Mouse SDF-1 Enzyme-Linked Immunosor- 
bent Assay (ELISA) kit (Cloud-Clone Corp. USA) 
is an in vitro enzyme-linked immunosorbent 
assay for the quantitative measurement of 
mouse SDF-1 in brain tissue. 20 mg of brain tis-
sue was harvested from nude mice at 4th week, 
and the protein was extracted by grinding in liq-
uid nitrogen. 100 uL of standard or sample was 
added to each well, followed by incubation at 
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37°C for 2 hours. And the test reagent A pre-
pared at 100 uL was aspirated and incubated 
at 37°C for 1 hour and aspirated three times. 
The detection reagent B prepared at 100 uL 
was added and incubated at 37°C for 30 min-
utes and washed 5 times. After adding 90 uL of 
substrate solution, incubate at 37°C for 15-25 

minutes and add 50 uL of stop solution. The 
enzyme-substrate reaction is terminated by the 
addition of sulphuric acid solution and the color 
change is measured spectrophotometrically at 
a wavelength of 450 nm. The concentration of 
Stromal Cell Derived Factor 1 (SDF-1) in the 
samples is then determined by comparing the 

Figure 1. Cell migration, proliferation, and invasion analysis of PC-9 cell lines. A, B. The representative images and 
histograms of in vitro migration assay of PC-9 cells after treated with indicated concentration of SDF-1 for 24 h. The 
data are normalized to control cells treated with DMSO and presented as mean ± SEM (n = 3; Student’s t-test, *p 
< 0.05). C. Proliferation effect of PC-9 cell lines cultured with different concentration of AMD3100 were measured 
by CCK8 assays. All data are represented as the mean ± SEM. D, E. The representative images and histograms of 
in vitro invasion assay of PC-9 cells after treated with indicated concentration of AMD3100 for 24 h. The data are 
normalized to control cells treated with DMSO and presented as mean ± SEM (n = 3; Student’s t-test, *p < 0.05).
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OD values of the samples to the standard 
curve.

Statistical analysis 

All experiments were repeated in triplicate and 
one-way analysis of variance (ANOVA) was used 

for the group comparisons. Data were analyzed 
with SPSS 19.0. All the measurement data 
were assessed by mean and standard devia-
tion. Statistical analyses were performed using 
Student’s t-test. Data that did not meet the 
homogeneity test for variance were tested 
using the Kruskal-Wills H test. Kaplan-Meier 

Figure 2. AMD3100 can protect the extracellular function of blood-brain barrier via blocking SDF-1/CXCR4 axis. 
A, B. The TEER was continuous monitored by Millicell ERS-2 system, and peak value is 180 Ω·cm2 after the conflu-
ent bEnd.3 cells cultured for 96 hours. After co-cultured with PC-9 cells for 24 h, the value was decreased to 78.7 
Ω·cm2. C, D. Western blot assays of Zo-1, Occludin and Claudin-5 expression levels in PC-9 cells after treatment with 
AMD3100, SDF-1, and AMD3100+SDF-1 compared with the blank control. GAPDH was used as the loading control. 
The bars (fold change) represented the relative expression of proteins to control group. E, F. The numbers of mi-
grated PC-9 cells were counted under fluorescence microscopy after treated with AMD3100 and/or SDF-1 for 24 h.
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(K-M) survival curves and comparison between 
groups were used for survival analysis. P < 0.05 
was considered statistically significant.

Results

Inhibitory effect of AMD3100 on proliferation 
and metastasis of PC-9 lung cancer cells in 
vitro and its related mechanisms 

AMD3100 inhibits the proliferation and migra-
tion of PC-9 lung cancer cells by inhibiting 
SDF-1/CXCR4 axis

SDF-1 promotes PC-9 cell migration: The effe- 
cts of different concentrations of AMD3100 
and SDF-1 on the invasion and migration of 
cells were evaluated by transwell invasion 
assay (Figure 1A and 1B). When SDF-1 was 
added into PC-9 cells, the number of cells 
migrating through the membrane increased, 
and the migration capacity was enhanced (p < 
0.05). However, with the increase of SDF-1 con-
centration, the migration ability of the cells did 
not show significant difference, suggesting that 
SDF-1 promoted the migration of PC-9 cells, 
but the migration ability of SDF-1 was not lin-
early proportional to the concentration of 
SDF-1.

AMD3100 inhibited the proliferation and inva-
sion of PC-9 cells

The proliferation rate of the PC-9 cells that 
were treated with different concentrations of 
AMD3100 for 24 h was determined by CCK-8 
kit as shown in Figure 1C. The proliferation of 
the PC-9 cells was significantly inhibited in a 
dose-dependent manner after 24 h of the treat-
ment (p < 0.05). However, different concentra-
tions of AMD3100 did not show inhibitory eff-
ect on cell proliferation after 48 h of the 
treatment. 

The invasion of the PC-9 cells was also inhibit-
ed by the incubation with AMD3100, and the 
lower concentration of AMD3100 exhibited 
stronger inhibitory effect as shown in Figure 1D 
and 1E. For instance, both 0.1 µg/ml and 1 µg/
ml of AMD3100 groups considerably reduced 
the number of invasive cells comparing with the 
control group (p < 0.05). However, at higher 
dose such as 5 µg/ml of AMD3100, the inhibi-
tory effect was less obvious (p < 0.05).

AMD3100 protects the extracellular BBB func-
tion by inhibiting the SDF-1/ CXCR4 axis

AMD3100 led to decreased TEER: In in vitro 
BBB assay, the stable TEER of the confluent 

Figure 3. AMD3100 inhibits the expression of CXCR4, VEGF, MMP2, and MMP9 proteins in vitro. A. Expression of 
CXCR4, VEGF, MMP2, and MMP9 were detected in PC-9 cells treated with indicated concentration of AMD3100 by 
quantitative RT-PCR. Relative mRNA levels are normalized to DMSO control. Data are represented as mean ± SEM; 
n = 3. B. Western blot analysis was used to examine the expression of CXCR4, VEGF, VEGFR2, MMP2, and MMP9 in 
PC-9 cells treated with indicated concentration of AMD3100 for 24 h. GAPDH was used as a loading control.
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bEnd.3 cells reached to 180 Ω·cm2 after 96 
hours of incubation (Figure 2A). After the co-
culturing with PC-9 cells, the functional status 
of the BBB was altered, resulting in a decrease 
in resistance, TEER decreased to 78.7 Ω·cm2 
after 24 hours of incubation (Figure 2B).

AMD3100 up-regulates the expression of tight 
junction proteins in BBB

There are total four groups in the experiment: 
PC-9 cell suspension with no treatment as a 
control group, PC-9 cell suspension containing 
1 µg/ml AMD3100 (ADM3100 group), PC-9 cell 
suspension containing 100 ng/ml SDF-1 (SDF-
1 group), and AMD3100/SDF-1 group. After 24 
hours of incubation in the BBB model, total pro-
teins were extracted and analyzed. The expres-
sion levels of Claudin-5, Occludin, and Zo-1 pro-
teins in the AMD3100 group and AMD3100/
SDF-1 group were substantially higher than that 
in control group. The protein level of Zo-1 in 
SDF-1 group was higher than that in control 
group too, the other two proteins had no signifi-
cant difference compared with the control 
group (Figure 2C and 2D). The numbers of PC-9 
cells of each group were counted under fluores-
cence microscopy. Compared with the other 
three groups, there are significantly fewer cells 
crossing the blood-brain barrier in AMD3100 
group (Figure 2E and 2F). These results sug-
gested that AMD3100 may protect the struc-

ture of the BBB, therefore, the migration ability 
of PC-9 cells were reduced in the AMD3100 
treated cells.

Inhibitory effect of AMD3100 on the expres-
sion of CXCR4, VEGF, and MMPs proteins in 
PC-9 cells

qRT-PCR was used to detect the expression lev-
els the proliferation and invasion-related genes 
in PC-9 cells. The expression of CXCR4, VEGF, 
MMP2, and MMP9 in the PC-9 cells treated 
with different concentrations of AMD3100 had 
no significant difference in mRNA level (Figure 
3A). In contrast, Figure 3B showed that 0.1 or 1 
µg/ml AMD3100 drastically inhibited CXCR4 
protein expression In addition, AMD3100 in the 
same concentration also could inhibit the 
expression of VEGF, MMP2, and MMP9 pro-
teins. While higher ADM3100, such as 5 µg/ml, 
did not affect the expression of these proteins. 

AMD3100 inhibition of PC-9 lung cancer brain 
metastasis in vivo and its mechanism

AMD3100 can reduce lung cancer brain me-
tastasis, and extend the survival of the mice 

Bioluminescence imaging tracer: The nude 
mice in the experimental group was IP injected 
with 5 µg/kg AMD3100 on the second day, 
while the control group was treated with saline. 
Bioluminescence imaging showed that no fluo-

Figure 4. Bioluminescence imaging tracer results of nude mice. The nude mice in the experimental group was IP 
injected with 5 µg/kg AMD3100, while the control group treated with saline.
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rescence signal was detected in the mice of the 
two group at the 2nd week. The fluorescent sig-
nal was found in the brain, back spine and 
femur of nude mice in the control group at the 
4th week, but no fluorescent signal was detect-
ed from the experimental group. The fluores-
cence signal of the brain of nude mice in the 
control group became more and stronger at the 
5th week, with the increasing number of tumor 

and the enlargement of the tumor lesion. 
Fuorescence signal was also found in the brain 
of the nude mice in intervention group at the 5th 
week, but the signal was much weaker compar-
ing with the control group (Figure 4 and Table 
1). 

Dynamically monitoring the physiological con-
dition of nude mice: The nude mice in the con-
trol group and the intervention group began to 
lose weight at 20.67±5.92 days and 35.67± 
5.10 days, respectively, which were determined 
by dynamic monitoring method (Table 1). The 
mice then began to move slower, followed by 
shortness of breath and other symptoms. In 
the control group, two nude mice developed 
skull protrusion nodules on the 34th and 37th 
day, accompanied by blindness of one or both 
eyes. All of the nude mice showed paralysis of 
the hind limbs and dizziness and nerve inva-
sion. The similar progresses of nude mice in 
the intervention group were postponed to at 
the 43rd day. One of the mice showed one side 
of the eyeballs, eye blindness, there were two 
cases of mice limb paralyses, three were found 
enlarged cervical lymph nodes. On day 55, one 

Table 1. Summary of physiological condition and pathological diagnosis of nude mice treated with 
AMD3100 (5 µg/kg)

Control AMD3100 p
Weight loss time/day 20.67±5.92 35.67±5.10 < 0.001
Median survival time/day 34 57 < 0.001
Metastasis-related symptoms Skull protrusion nodules 2/9 1/9 ~

Eye blindness 2/9 1/9 ~
Hind limb paralysis 9/9 7/9 ~
Dizziness 2/9 0/9 ~
Cervical lymph nodes 0/9 2/9 ~

H&E Staining confirmed metastases 2nd week Brain metastasis rate 0/3 0/3 ~
Bone marrow metastasis rate 1/3 1/3 ~
Lung metastasis rate 0 0 ~
Liver and kidney metastasis rate 0 0 ~

4th week Number of brain metastasis foci 5±1 0.67±0.58 < 0.01
Bone marrow metastasis rate 3/3 2/3 ~
Lung metastasis rate 1/3 0 ~
Liver and kidney metastasis rate 0 0 ~

5th week Size of brain metastasis foci (mm2) 270.0±186.8 4.13±2.98 < 0.05
Bone marrow metastasis rate 3/3 3/3 ~
Lung metastasis rate 0/3 0/3 ~
Liver and kidney metastasis rate 0 0 ~

After 5th week Brain metastasis rate 8/9 8/9 ~
Bone marrow metastasis rate 7/9 5/9 ~
Lung metastasis rate 1/9 2/9 ~
Liver and kidney metastasis rate 0 0 ~

Figure 5. Kaplan-Meier (K-M) survival curves and 
comparison between groups were used for survival 
analysis. The result indicated that AMD3100 can ef-
fectively extend the survival of nude mice.
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nude mouse developed an apparent cranial 
tumor nodule, and two did not show any abnor-
mal symptoms or signs throughout the obser-
vation period. The median survival time (57 
days) was noticeably longer in the intervention 
group than in the control group (34 days) 
(Figure 5).

Pathological diagnosis of nude mice after being 
executed: To understand the results further, 
the nude mice were subjected to pathological 
diagnosis after being executed. The results of 
H&E staining showed that no brain metastasis 
of nude mice were found in both groups at the 
second week, but there was one bone marrow 

group (n = 0.67) was sharply less than that in 
the control group (n = 5). SDF-1 concentration 
in AMD3100 intervention group (0.49 ng/mg) 
was considerably lower than that of the control 
group (1.08 ng/mg). These experimental data 
suggested a positive correlation between the 
number of brain metastases and SDF-1 con-
centration in brain tissue.

AMD3100 protects BBB integrity

The brain tissue obtained at the 4th week was 
traced with lanthanum nitrate by transmission 
electron microscope. The BBB in the control 
group was severely disrupted and the lantha-

Figure 6. AMD3100 can suppress lung cancer metastasis to brain in vivo. 
A. In vivo imaging biological processes in live nude mice. Three mice were 
picked out randomly from both AMD3100 treated group and control group 
of the established lung cancer metastasis model after 2, 4, and 5 weeks, 
respectively. Images were acquired by using a live-animal imaging system. B. 
The SDF-1 concentration in craniocerebral tissues was positively correlated 
with the number of brain metastatic foci.

metastasis case in each group 
and no other organ metastas- 
is. At the 4th week, three cases 
of brain metastasis and bone 
marrow metastasis were fou- 
nd in the control group. Alth- 
ough three mice of the inter-
vention group were found the 
brain metastasis, the size and 
number of metastatic foci we- 
re significantly smaller than 
those in the control group, 
while 2 cases had bone mar-
row metastasis. At the fifth 
week, the metastatic foci of 
three nude mice in the control 
group were enlarged and all of 
them had femoral bone mar-
row metastasis. All three nude 
mice in the intervention group 
also had brain metastasis, the 
size and number of metastatic 
foci was smaller than the con-
trol group, three mice had bo- 
ne marrow metastasis (Table 
1 and Figure 6A).

Mechanism of AMD3100 in-
hibiting lung cancer metasta-
sis to the brain

The SDF-1 concentration in 
craniocerebral tissues was 
positively correlated with the 
number of brain metastatic 
foci: The concentration of 
SDF-1 in the brain tissue at 
the 4th week was shown in 
Figure 6B. The results showed 
that the number of brain me- 
tastases in the intervention 
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num nitrate particles were diffused in the brain 
tissue, while in the AMD3100 intervention 
group, a relative intact BBB structure was 
observed (Figure 7A), the lanthanum nitrate 
particles were distributed only in the vascular 
lumen. The structures of endothelial cells, tight 
junction, and basement membrane were intact 
as shown in Figure 7B. A small amount of lan-
thanum nitrate particles remained in between 
the endothelial cells and the basement mem-
brane, they did not penetrate completely into 
the extravascular lumen or brain tissue (Figure 
7C). These evidences indicated that BBB in the 
intervention group was only slightly damaged. 
Evans blue permeability test also showed that 
brain EB concentration (1.53 µg/g) of the inter-
vention group was significantly lower than that 
in the control group (8.23 µg/g) (Figure 7D). 
These results suggested that the mice treated 
with AMD3100 have notable lower BBB perme-
ability than those of control group.

AMD3100 repressed the expression of VEGF, 
MMP2, and MMP9 proteins in craniocerebral 
tissues

Craniocerebral tissues obtained from the nude 
mice, and tumor nodules derived from human 
lung adenocarcinoma cells. To avoid cross-
reactivity, human-specific primers and antibod-
ies were selected for qRT-PCR and Western-
blot assays. The results showed that AMD3100 
did not change the mRNA expression level of 
the downstream genes VEGF and MMPs, but 
suppressed the expression of the corres- 
ponding proteins. At the second week, the 
expression of MMP2 and MMP9 proteins was 
decreased in the AMD3100 group compared 
with the control group. With the increasing of 
metastatic tumors, there was no significant dif-
ference in the protein levels of these proteins 
between the two groups at the 5th week (Figure 
8). 

Figure 7. The nude mice BBB can be protected after treatment of 5 µg/kg AMD3100. Nude mice were executed and 
their brain tissues were removed for electron microscopic examination. A. In the group, the lanthanum nitrate par-
ticles were distributed in brain tissue, which was equivalent to the late stage of metastasis, which indicated the seri-
ous damage of BBB (TEM × 8000). B. In the AMD3100 intervention group, lanthanum nitrate particles deposited in 
the vascular cavity, suggesting that the normal BBB structure (TEM × 25000). C. In the AMD3100 group, lanthanum 
particles were deposited only between the endothelial cell layer and the basement membrane, which corresponds 
to early metastasis, suggesting a slight disruption of BBB structure (TEM × 25000). D. EB content in brain tissue 
was significantly lower in the intervention group than in the control group (n = 3, *p < 0.05).
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Discussion

Lung cancer represents the leading cause of 
cancer-related mortality throughout the world 
[22]. Most deaths from lung cancer are due to 

high incidence of brain metastases and poor 
prognosis [3]. However, the pathogenesis of 
brain-specific metastasis in lung cancer has 
poorly understood, and only few clinical studies 
of inhibiting brain metastases from lung cancer 

Figure 8. In vivo experiments showed that AMD3100 intervention can inhibit CXCR4, VEGF, and MMPS proteins 
expression in craninocerebral tissues. A. Expression of CXCR4, VEGF, MMP2, and MMP9 were detected by qRT-
PCR. Relative mRNA levels are normalized to control. Data are represented as mean ± SEM; n = 3. B. Western blot 
analysis was used to examine the expression of CXCR4, VEGF, VEGFR2, MMP2, and MMP9 in brain tissues treated 
with AMD3100 for 24 h. GAPDH was used as a loading control. C, D. Compare of relative mRNA and protein levels of 
CXCR4, VEGF, MMP2, and MMP9 between 2nd, 4th, and 5th weeks. E, F. The representative images and histograms 
of relative active MMP2 and MMP9 protein levels in brain tissues were detected by gelatin zymography method at 
2nd, 4th, and 5th weeks.
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have been reported4. In this study, the lung can-
cer brain metastases model was systematically 
investigated to understand the mechanism of 
brain metastasis, which will benefit to the 
search of the therapeutic target to suppress 
this malignant cancer. 

Increasing evidences showed that chemokines 
and their receptors as therapeutic targets play 
a critical role in determining the metastatic 
destination of tumor cells [8, 20-29]. Phillips et 
al. demonstrated that SDF-1/CXCR4 axis plays 
a crucial role in organ-specific metastasis of 
NSCLC in both mRNA and protein expression 
levels [8]. Choi and his colleagues found that 
the migration and invasion of NSCLC were regu-
lated by CXCR4 rather than CXCR7 [22]. Some 
evidence indicated that CXCR4 expression level 
in NSCLC patients with brain metastases was 
significantly higher than those in primary brain 
tumor patients and lung cancer patients with-
out distant metastasis [4]. Both brain endothe-
lial cells and glioma cells have been proved to 
secrete SDF-1 [10, 11]. Previous studies reve- 
aled that SDF-1 was highly expressed in lung 
cancer cells [21], while CXCR4/SDF-1 factors 
were highly expressed in patients with brain 
metastases from lung cancer [4, 22, 23]. 

AMD3100 is a synthetic CXCR4-specific an- 
tagonist, can effectively block the CXCR4 and 
SDF-1 signal transduction. Studies have shown 
that it can be used to inhibit cancer cells metas-
tases, including pancreatic cancer [24], colorec-
tal cancer [19], and ovarian cancer [25]. There 
is no report about AMD3100 inhibition of brain 
metastasis from lung cancer owing to the pres-
ence of a BBB structure. Therefore, AMD3100 
was selected to exploring the regulation of 
SDF-1/CXCR4 axis to lung cancer brain metas-
tasis. In this study, high expression of SDF-1 
was found in highly metastatic brain tissues, 
and PC-9 lung cancer cells and tumor foci over-
expressed CXCR4. It is speculated that the lung 
cancer cells PC-9 are induced to metastasize to 
the brain, possibly due to the chemotaxis of 
SDF-1 in the brain to CXCR4, resulting in adhe-
sion and brain metastasis of lung cancer cells. 
AMD3100 was used to block the SDF-1/CXCR4 
axis, leading to increased tight junction protein 
level, less damage, and decreased permeabili-
ty of BBB. The process of lung cancer metas- 
tasis to the brain was substantially slowed 
down. It can be inferred that CXCR4 antagonist 
AMD3100 represses the chemotaxis of SDF-1 

of cerebrospinal fluid to CXCR4 of lung cancer 
cells and has protective effect on BBB. Furth- 
er investigation exhibited that the expression 
level and activity of MMP-2 and MMP-9 were 
decreased and the expression of VEGF protein 
was down-regulated in the AMD3100 treated 
group. It is suggested that CXCR4 accumulates 
around the blood-brain barrier after chemo- 
taxis of SDF-1, which may promote the expres-
sion and activity of matrix metalloproteinases. 
When the SDF-1/CXCR4 axis was inhibited, the 
expression of MMPs was down-regulated, and 
the activity of disrupting BBB was decreased. 

In addition, the study also clarified that AMD- 
3100 can suppressed lung cancer brain metas-
tasis within an effective dose range. When the 
dose exceeds the optimal range, the down-reg-
ulation of VEGF and MMPs expression will be 
weakened, leading to its decreased inhibition 
of lung cancer brain metastasis. Fricker pro- 
vided evidences that the blocking effect of 
AMD3100 on CXCR4 is chronic and reversible 
[29]. In vitro myeloma cell experiments showed 
that, under certain conditions AMD3100 can 
also stimulating the growth of myeloma cells, 
although AMD3100 can significantly inhibit 
SDF-1-induced migration of myeloma cells [30]. 
Thus, the role of CXCR4 antagonist as a bi-func-
tional regulator for lung cancer needs to be fur-
ther investigated. 

Taken these results together, we propose that 
SDF-1 and its cognate chemokine receptor 
CXCR4 might act as potent chemoattractants 
and regulate lung cancer metastasis to brain. 
The accumulation of lung cancer cells around 
the BBB is due to the strong chemotaxis of 
SDF-1 in brain tissue to CXCR4 in lung cancer 
cells, which activate CXCR4. The activated 
CXCR4 will boost lung cancer cells to express 
more MMPs, which eventually cause damage to 
BBB. Lung cancer cells thus can migrate to 
brain tissue through the damaged BBB, and 
spread throughout the craniocerebral tissues. 
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