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Abstract: Accumulating evidences have suggested that tumor metastasis exists prominent organ discrepancy. In this progression, the capture of intravascular 
tumor cells (TCs) to endothelium in distant tissues and organs plays a decisive role in the organ-specific metastasis formation. However, the mechanism of tumor 
cells preferentially arrest and adhere to endothelial cells (ECs) of target organ still remains elusive. By using the parallel plate flow chamber and the polyacrylamide 
gels with different matrix stiffness, we here explored the combined effects of matrix rigidity, shear stress, and chemokine SDF-1 on the capture of circulating tumor 
cells to ECs in the bloodstream. In addition, the expression and the role of integrin β1 on the tumor cells surface were also detected by SDF-1 treatment. The results 
show that breast tumor cells MDA-MB-231 display an increasing number of adherent cells on the preferred substrate, which is similar to the matrix rigidity of 
breast cancer tissue (about 5kPa), under a certain shear stress. Moreover, ECs exacerbates the preferred capture of tumor cells compared with the FN-coated subs-
trate alone. Besides, SDF-1 upregulates the number of adherent tumor cells by responding to matrix stiffness via promoting the expression of integrin β1, which is 
abolished by blocking of integrin β1. These results may provide a novel point of view for the mechanism of “organ specificity” phenomenon in tumor metastasis, 
which in turn contribute to a rational development of new drugs for cancer.
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Introduction

Metastasis of tumor cells is a leading cause of death 
in cancer patients (1). A large number of clinical studies 
have found that certain types of tumors tend to form me-
tastases in specific organs. For example, breast and pros-
tate cancers are more susceptible to moving to the lung, 
liver and bone, while colon cancer is easily transferred 
to the liver and lung (2,3). The specificity of the tumor 
cell metastasis to particular distant organs is also known 
as tissue tropism. 

During the development of hematogenous metasta-
sis, tumor cells (TCs) first penetrate the walls of capil-
lary vessels, circulate through the bloodstream to distant 
tissues and organs, and selectively adhere and reside wi-
thin the microvasculature, indicating that the capture of 
intravascular tumor cells to endothelial cells (ECs) de-
pends on the environmental factors of metastatic organ 
(4,5). However, the factors that regulate the organ-spe-
cific activity of intravascular tumor cells in metastatic 
spreading remain poorly understood.

Recently, many studies had been carried out to clarify 
this issue and some believed that the activity of intra-
vascular tumor cells was determined by the chemokines 
and cell adhesion molecules (6-10). In contrast, Ewing 
et al. advocated that the capture of intravascular tumor 
cells might possibly be regulated by the flow-induced 
shear stress and vascular architecture (11). Moreover, 
paget et al. postulated that tumor cells (seeds) only 
resided in the microenvironment of a particular target 
organ (soil), which were suitable for the formation of 

distant metastases (12). However, up to now, all these 
are still failed to fully clarify the selective mechanism of 
tumor cells in vivo, needless to say to test their hypothe-
sis. Thus, these studies are inconclusive and further stu-
dies are still necessary.

Different from the previous hypothesis, we suspect 
that the organ-specific activity of intravascular tumor 
cells in vivo is not really the regulation of shear stress 
and chemokines, but is especially the result of matrix 
mechanics. In vivo, different organs or tissues render 
the specific matrix mechanical properties (organ speci-
ficity). It is also well known that cell is sensitive to the 
mechanical properties of the attached matrix (13,14). 
Specifically, ECM rigidity, which defined by its elastic 
modulus (E) in units of force per area (Pa), has been 
proved to play an important role in many aspects of cell 
behavior, including cellular morphology, differentia-
tion, migration, and invasion, which in turn contribute 
to cancer progression (15-17). Kostic et al. demonstra-
ted that matrix stiffness altered the properties of SCPs 
cells, such as proliferation and migration required for 
cancer metastasis. Meanwhile, this regulation of ma-
trix stiffness was decreased dramatically by Fyn gene 
knockdown, which induced by matrix mechanics (18). 
Interestingly, Chiung et al. found that nanostructure 
dimensions of matrix were also an important physical 
parameter to the adherent activity of tumor cells (19). 
What is more, recent evidences showed that matrix stif-
fness affected the cell adhesion behaviors by altering the 
expression and function of adhesion molecules (20,21). 
All these results suggested that matrix mechanics might 
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play a vital part in the regulation of organ-specific cap-
ture of intravascular tumor cells to ECs. 

Although many researches have been done about 
the organ-specific metastasis, the mechanism is still 
not clear. We therefore hypothesize that matrix rigidity, 
compared with flow-induced shear stress and chemo-
kines, regulates the organ-specific capture of intravas-
cular breast cancer cells to ECs. In this study, we sought 
to investigate how the combined effects of substrate me-
chanics, shear stress and SDF-1 modulated the capture 
of breast cancer cells to ECs. In addition, the expression 
and role of integrin β1 on the surface of breast cancer 
cells were also detected by treatment with SDF-1 in 
vitro.

Materials and Methods

Cell Culture 
Breast cancer line MDA-MB231 and human umbili-

cal vein endothelial cells (HUVEC) were generous gift 
from Third Military Medical University. MDA-MB231 
were maintained in high glucose DMEM (gibco, USA) 
supplemented with 10% Fetal Bovine Serum(TBD, 
China), 24 mM NaHCO3, 2.3mM L-glutamine,100 mg/
mL streptomycin, and 100 units/mL penicillin, while 
HUVECs were maintained in M199 (hyclone, USA) 
supplemented with 10% Fetal Bovine Serum(Biological 
Industries, Australia), 3.1 ng/mL β-ECGF, 0.108 mg/mL 
Heparin Sodium, 2.5 mg/mL Thymide, 2.3mM L-gluta-
mine,100 mg/mL streptomycin, and 100 units/mL peni-
cillin. Cells were cultured under the condition of 37°C 
and 5% CO2 for a few days until about 80% confluence.

Preparation of polyacrylamide substrates
Flexible polyacrylamide substrates were generated 

on glass coverslips or in 6-well dish as described by 
Yeung et al (22). Here, the stiffness of polyacrylamide 
(PA) gels contained 2kPa (premalignant breast tissue), 
5kPa (malignant metastatic breast cancer tissue), 10kPa 
(muscle tissue) and 25kPa (bone tissue), were adopted 
to simulate biologically relevant substrates. The formula 
of polyacrylamide gels with different mechanical elas-
ticity was shown in Table 1. After that, a heterobifunc-
tional crosslinker, was diluted to 2 mg/ mL in 50 mM 
HEPES and pipetted onto the gel surface for irradiating 
by an ultraviolet lamp for 8 min. Repeat the last step, 
and rinsed the gels with HEPES buffer for two times. 
Then, fibronectin (FN) solution (10 mg/ml) was put on 
the gel surface at a density of 1.0 μg/cm2 and incuba-
ted at 4°C overnight. Before cell seeding, each gel was 
washed by PBS for twice and incubated with complete 
medium at 37°C for at least 30 minutes. 

Flow chamber
The flow chamber was assembled so that the co-

verslip formed the lower surface of the chamber (Figure 
1). A peristaltic pump (JieHeng, BT-600CA, China) was 

used to aspirate cell suspension (1.0×105 cells per mL) 
through the flow chamber. Cell suspension was perfused 
over the coverslip for 20 min under a shear rate about 
2dyne/cm2. After the termination of perfusion, the flow 
chamber was washed with non cell culture medium for 
10 min to remove non-adherent cells. Then take pic-
tures under the microscope, and the adherent cells were 
counted and analyzed by SPSS software.

Antibody, Chemokine and Calcein
Here, integrin β1 antibody (Bioss, China) was used 

to block the role of integrin β1 on the breast cancer cells 
surface. After digestion of the tumor cells, the antibody 
was added in cell suspension (1:100) and incubated for 
30 min at 37°C. To remove the residual antibody, cells 
were washed by PBS for twice before applied to flow. 
Meanwhile, to explore the effect of SDF-1 (invitrogen, 
USA) on integrin β1 expression of the breast cancer 
cells surface, partial tumor cells were treated with SDF-
1 (20ng/ml,) for 6h. Calcein (invitrogen, USA) was 
used to distinguish the tumor cells from ECs under the 
microscope. The tumor cells were stained with calcein 
(2uM) for 30 min at 37°C in the dark, then washed twice 
with PBS. 

Flow cytometry
MDA-MB-231 were plated onto gels of four dif-

ferent rigidities and two wells of 6-well plates, and 
followed by culturing three days. Then, the cells were 
digested and counted to ensure that the number of cells 
in each tube exceed 106. After centrifuged at 1,000g for 
5 minutes to collect the cells, PE labeled integrin β1 
antibody (Abcam , England) was added into the four 
tubes that the cells was cultured on various gels, and 
PE labeled IgG antibody solution or PBS buffer were 
put into the other tubes for isotype control and nega-
tive control. After incubation at 4°C for 30minutes in 
the dark, cells were washed and diluted into 150ul PBS, 
and then counted using Flow cytometry (BD, USA).

Cell capture assays
For the cell capture assay, images of adherent cells 

were acquired using a fluorescent microscope equipped 
with a CCD camera (Olympus, Japan), and at least 9 
independent fields per flow experiment were recorded. 
All experiments were repeated at least three times inde-
pendently. Analysis of acquired images was carried out 
by the image analysis program, Image J software.

Table 1. The formula of different polyacrylamide substrates.

Figure 1. Schematic diagram of parallel plate flow chamber sys-
tem. 
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was markedly higher in the 5kPa gel groups than the 
other groups (P<0.01), and the number of adherent cells 
in 2kPa gel groups was the least (P<0.01) (Figure 3.A). 
After treating with integrin β1 antibody, the attached tu-
mor cells in each group were all significantly decreased 
(Figure 3.B). These results indicated that ECs, culturing 
on different rigidity substrates, affected the capture of 
tumor cells in bloodstream through the integrin β1. 

Effects of SDF-1 on tumor cells capture by shear 
stress

To investigate whether SDF-1 regulated the capture 
behavior of tumor cells, the flow chamber experiments 
were performed with the tumor cells by SDF-1 (20 ng/
ml for 6 hr) treatment. As expected, SDF-1 treatment 
dramatically augmented the tropism of tumor cells to en-
dothelial cells which cultured on different rigidity subs-
trates (P<0.01), and the number of attached cells was 
still the most in the 5kPa groups (Fig 4.A), consistent 
with the above results. Also, we found that the integrin 
β1 antibody blocked the SDF-1-induced augmentation 
of tumor cells capture (Fig 4.B). These results suggested 
that SDF-1 might enhance the preferentially capture of 
tumor cells via improving integrin β1 receptors. Then, 
we further determine whether SDF-1 affect the integrin 
β1 expression of tumor cells with different matrix rigi-
dity.

Effects of SDF-1 on integrin β1 expression of tumor 
cells by matrix rigidity 

Recent studies uncovered that SDF-1 upregulated 
the expression of integrin β1 and β3, two molecules clo-
sely related with cancer adhesion and metastasis (24). 
To determine whether SDF-1 promote the adhesion of 
MDA-MB231 to varying stiffness substrates by cell 
adhesion molecules, we detected the level of integrin 
β1 expression. The results appeared that the expression 
of integrin β1, on the surface of breast cancer cells, was 
very high (Fig 5.A). Without SDF-1 treatment, there 
was significant difference in the expression of integrin 

Statistical Analysis
All data were collected from at least three independent 

experiments and the data are expressed as mean ± SEM 
The statistical significance of differences between expe-
rimental groups was evaluated by student’s t-test and 
ANOVA, using the OriginPro (version 7.5) program. 
P<0.05 was considered to be statistically significant.

Results

Effects of matrix rigidity on tumor cells capture by 
shear stress

As shown in Fig 2.A, tumor cells more likely adhe-
red to the 5kPa FN-coating gels, whose stiffness closer 
to the breast cancer tissue. Noticeably, the number of 
attached cells was 5kPa>10kPa>25kPa>2kPa, and the 
5kPa group was almost two times as much as that on 
the 2kPa (Fig 2.B). Moreover, the treatment with inte-
grin β1 antibody significantly decreased the number 
of adherent cells for all rigidity groups. Especially, the 
number of attached cells on 5kPa was reduced to about 
40% with integrin β1 antibody treatment, when compa-
red with non-specific antibody treatment. These results 
demonstrated that integrin β1 played a critical role in 
the process of tumor cells capture by flow, and matrix 
rigidity might regulate the arrest and adhesion of tumor 
cells by changing the active state of FN, which in turn 
affected the binding of FN to integrin β1. 

Effects of ECs with different rigidity substrates on 
tumor cells capture by shear stress

As we know, vascular cavity inner surface covered 
with a layer of ECs. Almehdi et al. used the in vivo 
video microscopy techniques and found that the metas-
tatic tumor cells were captured by ECs instead of the 
vessel wall in the capillaries of the lungs of rats (23). 
In the present study, we cultured ECs on different stif-
fness substrates for 3 days, and then challenged with 
shear stress. The effects of ECs on the capture of tumor 
cells were analyzed by immunofluorescence assay. The 
results showed that the number of attached tumor cells 

Figure 2. Effects of matrix rigidity on tumor cells capture by 
shear stress. (A) the photomicrographs of the adherent tumor 
cells, treated and untreated with integrin β1 antibody, captured by 
FN-coating substrate with different rigidity under flow; and (B) 
quantification of the data from the pictures, n = 9. ** P < 0.01.

Figure 3. Effects of ECs with different rigidity substrates on 
tumor cells capture by shear stress. (A) the photomicrographs 
of the adherent tumor cells, treated and untreated with integrin β1 
antibody, captured by endothelial cells, which cultured on subs-
trate with different rigidity under flow; and (B) quantification of 
the data from the pictures, n = 9. ** P < 0.01. 
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β1 between 5kPa group and 2kPa group, but no diffe-
rence was detected with other groups (Fig 5.B). Interes-
tingly, SDF-1 had an important impact in the integrin 
β1 of tumor cells. First, similar to the untreated groups, 
the expression of integrin β1 in 5kPa group was also the 
highest, and there was significant difference between 
the 5kPa groups and the other groups (P<0.01, P<0.05). 
Second, SDF-1 promoted the expression of integrin β1 
in 5kPa group more drastically than the other groups 
(Fig 5.B). Our results suggested that SDF-1 not only 
enhanced the expression of integrin β1 of tumor cells 

with different matrix rigidity, but also enlarged the diffe-
rences of tumor cells capture in each other groups.

Discussion

Understanding the mechanisms of cancer progres-
sion will facilitate the development of novel therapeutic 
strategies for unrespectable tumor. Tumor metastasis is 
the process of invasion and growth of malignant tumor 
cells from primary site to the distant organs. Many fac-
tors lead to the organ specificity of tumor metastasis. 
Among them, matrix rigidity is a vital component of the 
cancer microenvironment, and it has been proved as an 
important cause for the “tissue tropism”. In our study, 
we mainly investigated the capture activity of circu-
lating tumor cells to different stiffness substrates. The 
results demonstrated that breast tumor cells displayed 
an increasing number of adherent cells on the preferred 
substrate (about 5kPa) by a certain shear stress. Moreo-
ver, SDF-1 exacerbated the preferred capture of tumor 
cells. Besides, the preferred capture of tumor cells was 
in response to matrix stiffness via promoting the expres-
sion of integrin β1, and the increase was abolished by 
blockading the integrin β1. 

Mechanical forces are powerful regulators of tumor 
biology, and are key in the steps of cancer metastasis. 
Ghodsnia et al. found that tumor cells were round and 
showed radial spreading under static conditions, and the 
extent of axial spreading was strengthened under flow 
conditions (25). In particular, the selective adhesion of 
circulating cancer cells is highly dependent upon the 
flow induced shear stress. Liang et al. showed that shear 
stress changed the cell adhesion via regulating kinetic 
rates and affinity of integrin β2 on melanoma cells and 
ICAM-1 on neutrophils (26). Using a parallel-plate flow 
chamber, we also found that shear stress had an effect on 
the preferred capture of MDA-MB-231 cells to suitable 
stiffness substrates.

It is well known that an EC monolayer lines the 
lumen or inside of blood vessels, and tumor cells are 
actually captured by endothelial cells. Tumor cell adhe-
sion to vascular endothelium is a central component of 
the metastatic cascade. A wide variety of publications 
have demonstrated that ECM can regulate the morpho-
logy, cytoskeleton reorganization, stress fiber distribu-
tion and adhesion molecule expression of endothelial 
cells (27,28). Moreover, recent studies indicated that 
cell had much more traction forces on substrates of pre-
ferred rigidity (29,30). The altered mechanical property 
of tumor microenvironment increased integrin cluste-
ring and addition of focal adhesion proteins, and fol-
lowing by a change in cytoskeletal organization (31,32). 
From our data, we also found matrix-dependent diffe-
rence on the capture of circulating tumor cells to ECs 
by shear tress. The number of adherent cells on the 5kPa 
FN-coating gel was the most, then was the 10kPa gel, 
and at last was the 2kPa gel. The number of cells in 
5kPa group was even almost two times as much as that 
in 2kPa. It reminds that the circulating tumor cells are 
more likely to adhere to the substrates, whose stiffness 
is closer to the breast cancer tissue. 

The integrins, a family of adhesion receptors, are key 
molecules in tumorigenesis, invasion and metastasis of 
cancer (33).Many studies have shown that integrin β1 

Figure 4. Effects of SDF-1 on tumor cells capture by shear 
stress. (A) the photomicrographs of the adherent tumor cells (labe-
ling with Calcein), treated and untreated with SDF-1 or integrin 
β1 antibody, captured by ECs, which cultured on different rigidity 
substrate under flow; and (B) quantification of the data from the 
pictures, n = 9. ** P < 0.01, * P < 0.05. 

Figure 5. Effects of SDF-1 on the expression of integrin β1 on 
tumor cell surface by matrix rigidity. (A) the flow cytometry 
pictures of integrin β1 on tumor cell surface in different groups; 
and (B) quantification of the data from the pictures, n = 4. * p<0.05 
and **p<0.01 compared with 2 kPa group; @ p<0.05 compared 
with 10 kPa group; and ## p<0.01 compared with 25 kPa group.
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has been linked to tumor cell adhesion to endothelial 
cells or ECM (34-37). Our data further identified that 
the inhibition of integrin β1 was very effective in bloc-
king MDA-MB-231 cells adhesion to FN or ECs. After 
using the integrin β1 antibody, the number of adherent 
cells was reduced by 60%.

Notably, current evidence showed that SDF-1 stron-
gly contributed to cancer progression (38,39). Much 
had been done to explore the response of the tumor cells 
to SDF-1. Sun et al. reported that SDF-1 transfection 
increased the invasive ability of MDA-MB-231, and 
revealed that CXCL12-CXCR4 axis promoted the natu-
ral selection of breast cancer cell metastasis (40). Fur-
thermore, recent studies appeared that SDF-1 enhanced 
the expression of integrin on the transcriptional level 
in tumor cells (41,42). To test the effect of SDF-1 and 
substrates rigidity on the expression of integrin β1, we 
cultured MDA-MB-231 on top of the 3-dimensional 
polyacrylamide substrates with different rigidities for 3 
days. It was noteworthy that SDF-1 upregulated the ex-
pression of integrin β1 in every group, and the expres-
sion of integrin β1 in 5kPa group was higher than any 
of the other groups (P< 0.05) after stimulating tumor 
cells with SDF-1 for 6 hours. The findings indicated that 
SDF-1 could strengthen matrix-dependent differences 
through promoting the expression level of integrin β1 in 
various rigidity groups. 

In summary, the study demonstrated that matrix ri-
gidity played a critical role in promoting the preferred 
capture of breast cancer cell by flow. Suitable substrates 
rigidity facilitated the tumor cells adhesion to ECs. No-
ticeably, the increasing number of adherent cells was 
abolished by blockading of integrin β1. In addition, 
SDF-1 improved the capture of tumor cells to ECs via 
upregulating the expression level of integrin β1. Gene-
rally, matrix rigidity, endothelial cells and SDF-1 signi-
ficantly contributed to the organ-specific metastasis of 
tumor cells. The exploration of the capture activity of 
breast tumor cells in response to different substrate stif-
fness may provide novel views into the mechanism of 
“organ specificity” phenomenon in cancer metastasis, 
which contributes to a rational development of innova-
tive anti-cancer drugs in the future.
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