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Abstract: Backgroud: The hypoxic tumor microenvironment plays an important role in angiogenesis, drug resistance 
and metastasis, which are significant in the progression of cancer. The mechanism is complicated, while most pre-
vious studies on the progression of breast cancer have mainly focused on the epithelial cells of malignant tumors, 
and insufficient attention has been given to tumor stromal cells in the surrounding environment. Herein, we aimed 
to explore the role of stromal cell-derived factor-1α (SDF-1α) secreted by cancer-associated fibroblasts (CAFs) in the 
metastasis of breast cancer (BC) cells and to explore the involved single pathways. Methods: We collected tissue 
samples from patients who had been treated with modified radical mastectomy to analyze the correlation between 
the levels of SDF-1α and the clinicopathological parameters of all enrolled patients with breast cancer. CAFs ex-
tracted from cancer-associated patient breast tissues and breast cancer cell lines were cocultured in a Transwell 
chamber under hypoxic or normoxic conditions. Then, invasion and migration assays were conducted to explore 
the metastatic ability of breast cancer cells under different conditions. ELISA analysis was utilized to measure the 
concentration of SDF-1α secreted by CAFs into the culture media under hypoxia or normoxia. Recombinant SDF-1α 
was used to mimic paracrine proteins of CAFs in the tumor microenvironment to investigate the effect and mecha-
nism of SDF-1α on cancer cell metastasis in vitro and in vivo. Furthermore, we used siRNA or receptor blockade to 
inhibit the SDF-1α/CXCR4 axis to analyze the effect and molecular mechanism. Results: Overexpression of SDF-1α 
was correlated with tumor size, TNM stage and lymphatic invasion. Cancer cell metastasis was increased under 
hypoxia compared with normoxia when cocultured with CAFs. We also found that hypoxia stimulated the produc-
tion of SDF-1α by CAFs and upregulated CXCR4 expression in cancer cells. Exogenous SDF-1α enhanced cancer 
cell metastasis in vitro and in vivo. In addition, SDF-1α promoted the phosphorylation of Akt and Erk, which was 
reversed by obstructing the SDF-1α/CXCR4 axis. Inhibiting the phosphorylation of Akt and Erk also neutralized the 
effect of SDF-1α on cancer cell metastasis. Furthermore, we found that SDF-1α increased the expression of MMP2 
and MMP9, which could be reversed by blocking the PI3K/Akt or MAPK/Erk pathways. Conclusion: Hypoxia-induced 
SDF-1α enhanced breast cancer metastasis by increasing the expression of MMP2 and MMP9 through the PI3K/
Akt and MAPK/Erk pathways.
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Introduction

BC is the most frequently diagnosed type of 
malignant tumor and the main cause of cancer 
death among females worldwide. In December 
2020, the International Agency for Research  
on Cancer (IARC) of the World Health Or- 
ganization released global cancer data. Data 
shows that in 2020, there are 2.26 million new 
cases of breast cancer worldwide, becoming 

the most common type of cancer in the world, 
accounting for 11.7% of new cancer cases [1]. 
Drug resistance and metastasis are the two 
major causes of death in cancer patients [2]. 
Although mortality can be reduced if BC is 
detected early, the prognosis of metastasized 
BC remains poor in contrast to that of early  
BC. Previous studies on BC progression have 
mainly focused on the epithelial cells of malig-
nant tumors, paying little attention to tumor 

http://www.ijcem.com


SDF-1α promotes the invasion and migration of breast cancer cells

2497 Int J Clin Exp Med 2021;14(11):2496-2508

stromal cells in the surrounding environment. 
In fact, the intimate cross-talk between mam-
mary epithelia cells and the adjacent tumor 
stromal cells has an important effect on tissue 
homeostasis and cancer progression [3].

Recent studies suggest that the stromal cells, 
such as CAFs or tumor-associated macroph- 
ages, accelerate tumor progression by secret-
ing chemokines, growth factors and extracel- 
lular matrix components [4]. CAFs extracted 
from malignant breast tumor tissue promote 
tumor proliferation and angiogenesis by secre-
tion of SDF-1α [5]. SDF-1α is a chemokine 
expressed in the stromal fibroblasts of lungs, 
liver, breasts and brain and is involved in the 
metastasis, survival and proliferation of carci-
nomas [6, 7]. Furthermore, in tumor biology, 
when a tumor size reaches a diameter of 2  
mm, the microenvironment within the tumors 
usually becomes hypoxic. Hypoxia-inducible 
factor (HIF)-1α, stably expressed under hypoxia 
can regulate the transcription of over 60  
genes, including SDF-1α [8]. The chemotactic 
effects of SDF-1α act through its cognate 
receptor CXCR4, which can in turn influence  
the progression of a variety of tumor cell types. 
Hypoxia also elevates the expression of CXCR4 
in different types of cells, including macro-
phages, endothelial cells and cancer cells [9]. 
Thus, it is possible that the production of SDF-
1α in stromal cells and the increasing expres-
sion of CXCR4 in cancer cells in the hypoxic 
tumor microenvironment may play an impor-
tant role in the progression of BC.

Akt is a downstream target of phosphatidylino-
sitol 3-kinase (PI3K) and plays a crucial role in 
regulating cell migration [10, 11]. Similarly, 
extracellular signal-regulated kinase (ERK) can 
transform a number of extracellular signals  
into intracellular responses and influence the 
cell chemotactic response [12]. Some studies 
have reported that exogenous SDF-1α medi-
ates the phosphorylation of Akt and Erk. When 
the CXCR4 receptor is blocked by an inhibitor  
or knocked down by siRNA, the effects of SDF-
1α on Akt and Erk are eliminated [13-15]. 
Therefore, SDF-1α may exert an effect on inva-
sion and migration through PI3K/Akt and 
MAPK/Erk pathways.

In fact, cytokines can activate various signaling 
pathways to regulate multiple functions, such 
as inflammation, cell adhesion and metastasis 

of cancers. Matrix metalloproteinases (MMPs) 
have been confirmed to regulate multiple cellu-
lar functions, including angiogenesis, apopto-
sis, proliferation, metastasis and immune 
responses, by regulating growth factors, cell 
adhesion molecules and other bioactive pro-
teins [16]. At present, MMP2 and MMP-9, whi- 
ch have been deeply researched, are involved 
in the mechanical removal of structural pro-
teins in the extracellular matrix and have been 
studied in several cancers and diseases. 
Interestingly, stimulation of the SDF-1α/CXCR4 
axis elevates the mRNA expression and secre-
tion of MMP2 and/or MMP9 in head and neck, 
prostate, pancreas and colorectal cancer cell 
lines, contributing to increased migratory and 
invasive potential of those tumor cells [17]. 
Therefore, SDF-1α produced by CAFs in a 
hypoxic microenvironment may promote the 
progression of cancer through MMP2 and 
MMP9.

In this study, we aimed to investigate whether 
CAFs could promote BC invasion and migration 
by secreting SDF-1α. To this end, we found that 
SDF-1α secreted by CAFs in a hypoxic microen-
vironment promoted BC metastasis by incre- 
asing the expression of MMP-2 and MMP-9 
through PI3K/Akt and Erk pathways.

Materials and methods

Statement of ethics

All clinical tissues were obtained from breast 
carcinoma patients in The First College of Cli- 
nical Medical Sciences at China Three Gorges 
University (Yichang, China), with approval of  
the hospital ethical committee (approval num-
ber: 2019CA18) and the patient’s written 
informed consent. All animal studies followed 
the guidelines of the National Institutes of 
Health and were approved by the Ethic Com- 
mittee of The First College of Clinical Medical 
Sciences at China Three Gorges University 
(approval number: 2019OB03).

Tissues samples

A total of 162 tissue samples were obtained 
from patients undergoing surgery at The First 
College of Clinical Medical Sciences at China 
Three Gorges University from August 2018 to 
July 2019. A total of 162 tissue samples were 
collected from patients who had received mo- 
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dified radical mastectomy. None of the pati- 
ents had received radiotherapy or chemothera-
py before the surgical excision. Tissue samples 
were stored in liquid nitrogen immediately after 
being obtained. 

Cell culture

MCF-7 and SK-BR-3 cells were purchased from 
American Type Culture Collection (ATCC, USA) 
were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, USA) supplemented 
with 10% fetal bovine serum (Sciencell, USA) 
and 1% Penicillin and Streptomycin.

CAFs were extracted from cancer-associated 
breast tissues dissected from whole regions  
of the tumor determined by gross examination 
at the time of operation. Fresh tissues were 
minced in a culture dish and then digested  
with collagenase type I (1 mg/ml, Sigma, USA) 
for 12 hours at 37°C in Dulbecco’s Modifi- 
ed Eagle’s Medium (DMEM) with 2% bovine 
serum albumin (BSA). The digested suspen- 
sion was collected by centrifugation at 250 g 
for 5 min. The obtained cell pellets were sus-
pended in DMEM supplemented with 10%  
FBS, 10 ng/ml EGF (Epidermal Growth Factor, 
Peprotech, USA) and 10 ng/ml FGF (Fibroblast 
Growth Factor, Peprotech, USA). Then, the cell 
suspension was plated into cell culture flasks 
and placed in an incubator for 2 to 5 days.

All cell lines were cultured in a humidified incu-
bator at 37°C with 5% CO2. Hypoxia was induc- 
ed using 1% O2, 5% CO2, and 94% N2 at 37°C.

Identification of cancer-associated fibroblasts 
(CAFs)

Cells were cultured in 12-well plates for 24 h. 
After rinsing 3 times in PBS, cells were fixed  
in 4% paraformaldehyde and permeablized 
with 0.1% Triton X-100 for 15 minutes at room 
temperature and then incubated overnight at 
4°C with the following primary antibodies: 
α-SMA (Abcam, USA) and Vimentin (Cell 
Signaling Technology, USA). The next day, the 
cells were treated with FITC-conjugated sec-
ondary antibody (Boster, China) for 1 hour at 
room temperature. The cells were then mount-
ed with 4’, 6-diamidino-2-phenylindole (DAPI, 
Invitrogen). Images were captured using an 

Olympus IX71 fluorescence microscope (Olym- 
pus, Japan).

ELISA 

Primary cultured cancer-association fibroblasts 
from human BC were cultured in 12-well plates. 
After exposed to 1% O2, 94% N2, and 5% CO2 in 
a humidified variable aerobic workstation for 
48 h with DMEM, the conditional media was  
collected and detected by a human SDF-1α 
ELISA kit (NeoBioscience, China). Experiments 
were performed in triplicate.

Invasion/Migration assay

In vitro invasion assays were performed with 
Transwell chambers (8.0 μm pore size, Corn- 
ing, USA). Each Transwell filter was coated with 
the 40 μL of Matrigel (Sigma, USA). After the 
Matrigel was solidified at 37°C for 5 hours, a 
200 μL cell suspension (5×104) was seeded 
onto the Matrigel. The cells that crossed over 
the Matrigel to the lower surface of the filter 
were stained with 0.1% crystal violet after cul-
ture for 24 h in an incubator. Cotton swabs 
were used to gently wipe the upper surface of 
the Transwell membrane. Images of stained 
cells were captured using a bright-field micro-
scope. The migration assay was performed  
in a similar way without the Matrigel coating. 
For coculturing CAFs and BC cells, cancer cells 
were seeded in the upper chamber with CAFs 
preseeded in the lower chambers. The ratio of 
CAFs and BC cells were 7:3. These coculturing 
systems were incubated under hypoxic and nor-
moxic conditions for 24 h, and then invasion 
and migration analyses were performed in a 
similar way. All experiments were performed in 
triplicate.

Tail vein metastasis assays

A total of 2×106 MCF-7 cells or 2×105 SK-BR-3 
cells previously treated with 100 ng/ml of 
recombinant SDF-1α (Biolegend, USA) for 24 
hours were injected intravenously into four-
week-old female athymic nude mice (5 ani- 
mals per group). Mice were sacrificed, and the 
lungs were dissected for analysis after 30  
days. After a series of pretreatments, lung tis-
sue was embedded in paraffin. Sections were 
stained with hematoxylin and eosin (H&E), and 
the number of nodules per lung area was mea-
sured using a bright-field microscope.
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Western blot analysis

Cells were lysed in RIPA buffer (50 mM Tris  
pH 7.4, 1 mM EDTA, 1% Triton X-100, 0.1%  
SDS, 150 mM NaCl) supplemented with prote-
ase inhibitor cocktail (Roche) on ice for 30  
min. The protein extracts were separated by 
10% or 12% SDS-PAGE before transfer to poly-
vinylidenedifluoride (PVDF) membranes (Milli- 
pore, USA). After blocking in 5% skim milk and 
0.1% Tween 20 in TBS for 1 h, the PVDF mem-
branes were probed with primary antibodies 
overnight at 4°C followed by incubation with 
secondary antibodies for 1 h at room tempera-
ture. The following primary antibodies were 
used: P-Akt (Ser473), Akt, P-Erk, Erk, CXCR4, 
Vimentin, E-cadherin, MMP2, MMP9 (Cell Sig- 
naling Technology, USA) and β-Actin (Boster, 
China). The ECL method was used to detect  
the protein signals.

siRNA transfection

Small interfering RNAs (siRNAs) targeting 
CXCR4 were obtained from Ribobio (Guang- 
zhou, China). The nonspecific scramble siRNA 
duplexes were used as normal controls. Trans- 
fection was performed with Lipofectamine® 
RNAiMAX Transfection Reagent (Invitrogen 
Corp, USA). We extracted total RNA and pro- 
tein 48 h posttransfection. Real-time PCR and 
Western blotting were performed to confirm  
the effects of transient transfection. 

Real-time PCR

Total RNA was extracted using TRIzol reagent 
(Invitrogen, USA). All mRNAs were reverse tran-
scribed by using PrimeScript® RT Master Mix 
(TaKaRa, Japan) according to the manufactur-
er’s protocol, followed by qRT-PCR analysis  
with SYBR Premix Ex Taq II (TaKaRa, Japan). 
The primers were as follows: CXCR4: (For- 
ward) 5’-GAACCCTGTTTCCGTGAAGA-3’, (Re- 
verse) 5’-CTTGTCCGTCATGCTTCTCA-3’. MMP2: 
(Forward) 5’-TACAGGATCATTGGCTACACACC-3’, 
(Reverse) 5’-GGTCACATCGCTCCAGACT-3’, and 
MMP9: (Forward) 5’-AGACCTGGGCAGATTCCA- 
AAC-3’, (Reverse) 5’-CGGCAAGTCTTCCGAGTA- 
GT-3’. An ABI StepOne plus Real-Time PCR 
System was used to monitor the reactions. The 
PCR conditions were as follows: 30 s at 95°C, 
followed by 40 cycles of 95°C for 5 s and 60°C 
for 30 s. The expression of mRNAs was reflect-
ed by the threshold cycle (Ct), and the com- 

parative CT (2-ΔΔCT) method was used to calcu-
late the relative expression of mRNAs. All reac-
tions were performed in triplicate.

Statistical analysis

Independent trials were performed for each 
experiment at least three times. Statistical 
analyses for the results presented as the  
mean ± SEM were performed using Student’s 
t-test, while P < 0.05 was considered statisti-
cally significant. A chi-square test was per-
formed to analyze the statistical significance 
between SDF-1α expression and the patient 
clinical characteristics, and P < 0.05 was con-
sidered statistically significant.

Results

Overexpressed SDF-1α correlated with tumor 
size, TNM stage and lymphatic invasion

BC patients with SDF-1α expression levels 
below or above the 50th percentile were  
classified as the low or high group, respective- 
ly. We analyzed the relationship between the 
SDF-1α level and clinicopathological character-
istics. The results revealed that a high level of 
SDF-1α was related to tumor size, TNM stage 
and lymphatic invasion (Table 1).

Crosstalk between CAFs and cancer cells 
drives metastatic behaviors under hypoxic 
conditions

We extracted fibroblasts from primary cancer 
tissues of clinical patients. Primary fibroblast 
cells displayed spindle-shaped features. Im- 
munofluorescence staining was performed to 
verify the purity of various fibroblast cells us- 
ing anti-α-SMA and anti-Vimentin antibodies. 
We observed that the cells obtained from pri-
mary cancer tissues expressed fibroblastic 
markers such as α-SMA and Vimentin (Figure 
1A), indicating that the extracted fibroblast 
cells were considerably pure and suited for the 
following experiments.

To evaluate the effect of CAFs on cancer cell 
metastasis in vitro, we cocultured CAFs and 
MCF-7 or SK-BR-3 cells in Transwell chambers 
for 24 hours under different conditions with 
CAFs in the lower chamber and MCF-7/SK-BR- 
3 cells in the upper chamber. We found that  
the metastatic capacity of cancer cells cocul-
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tured with CAFs was increased under normo- 
xic and hypoxic conditions compared to that of 
the control group. In addition, compared with 
the normoxic group, the metastatic ability of 
cancer cells in the hypoxic group was signifi-
cantly increased (Figure 1B). These results 
revealed that CAFs promoted BC invasion and 
migration under hypoxic conditions.

SDF-1α promoted the metastasis of cancer 
cells in vitro and in vivo

Because CAFs can promote growth and angio-
genesis by secreting SDF-1α, we wondered 
whether CAFs may play a role in promoting  
cell metastasis through SDF-1α. We perfor- 
med ELISA analysis to determine the level of 
SDF-1α in CAFs-conditioned media under 
hypoxic or normoxic conditions. The results 
showed that hypoxia enhanced the secretion  
of SDF-1α by stimulating CAFs (Figure 2A). 
Then, recombinant SDF-1α was used to mimic 
this paracrine protein in the tumor microenvi-
ronment. We cultured MCF-7 or SK-BR-3 cells 

with SDF-1α (100 ng/ml) for 24 hours and 
found that SDF-1α increased Vimentin expres-
sion and decrease E-cadherin expression, 
which are closely related to epithelial-mesen-
chymal transition (Figure 2B). Furthermore, we 
found that cancer cells seeded (5×104) in the 
upper chamber with SDF-1α (100 ng/ml) in the 
lower chamber for 24 hours had a significantly 
higher capacity to invade and migrate than the 
control group without SDF-1α (Figure 2C). To 
further test the hypothesis that SDF-1α can 
increase cancer cells invasion and migration, 
we utilized an experimental model in which 
MCF-7 or SK-BR-3 cells were injected into mice 
through the lateral tail vein. We observed that 
the mice injected with cancer cells previously 
treated with SDF-1α had an increased number 
of lung metastases compared to the mice 
injected with cells treated without SDF-1α 
(Figure 2D). Taken together, these results sug-
gest that SDF-1α secreted by CAFs in tumor 
microenvironment promoted cancer cells me- 
tastasis. 

Table 1. Relationships between SDF-1α expression and clinicopathological characteristics of all en-
rolled breast cancer patients

Parameters Number of cases (162)
SDF-1α expression

χ2 P Value
High (90) Low (72)

Age
    ≤50 73 (45.1%) 43 (47.8%) 30 (41.7%) 0.603 0.437
    >50 89 (54.9%) 47 (52.2%) 42 (58.3%)
Tumor Size (cm)
    ≤2 112 (69.1%) 52 (57.8%) 60 (83.3%) 12.279 0.002*

    >2 and ≤5 32 (19.8%) 24 (26.7%) 8 (11.1%)
    >5 18 (11.1%) 14 (15.5%) 4 (5.6%)
Lymphatic invasion
    N0 99 (61.1%) 46 (51.1%) 53 (73.6%) 10.315 0.016*

    N1 29 (17.9%) 22 (24.4%) 7 (9.7%)
    N2 21 (13.0%) 15 (16.7%) 6 (8.3%)
    N3 13 (8.0%) 7 (7.8%) 6 (8.3%)
TNM Stage
    I 86 (53.1%) 40 (44.4%) 46 (63.9%) 6.679 0.035*

    II 40 (24.7%) 28 (31.1%) 12 (16.7%)
    III 36 (22.2%) 22 (24.5%) 14 (19.4%)
Histological Grade
    I 21 (13.0%) 12 (13.3%) 9 (12.5%) 0.174 0.917
    II 126 (77.8%) 69 (76.7%) 57 (79.2%)
    III 15 (9.2%) 9 (10.0%) 6 (8.3%)
Overexpression of SDF-1α was significantly associated with tumor size (P=0.002), lymphatic invasion (P=0.016) and TNM 
stage (P=0.035), but not with patient age (P=0.437) and poor tumor differentiation (P=0.917). The p-value represents the 
comparison between groups (*P < 0.05).
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The SDF-1α/CXCR4 axis plays an important 
role in BC metastasis

SDF-1α influences the growth and metastasis 
of a variety of tumor cell types through its 

CXCR4 receptor. Thus, we attempted to explore 
the roles of the SDF-1α/CXCR4 axis in BC 
metastasis. The results demonstrated that 
hypoxia upregulated CXCR4 protein levels in 
MCF-7 cells (Figure 3A). This indicated that 

Figure 1. CAFs are involved in driving invasive and migratory behaviors of cancer cells under hypoxic conditions. A. 
α-SMA and Vimentin were used to identify primary cultured fibroblast cells by immunofluorescence (×100). Nuclei 
were visualized by staining with DAPI. B. BC cells were cultured with or without CAFs in Transwell cambers under 
hypoxic or normoxic conditions for 24 h. The number of invading and migrating cells was quantified by counting the 
cells from 5 random fields at ×100 magnification. The values are presented as the means ± SEM of three indepen-
dent experiments. *P < 0.05. 
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hypoxia not only stimulated CAFs to secrete 
SDF-1α but also elevated the expression of 
CXCR4 in the tumor microenvironment. To fur-
ther verify these pathways, we performed 
CXCR4 siRNA transfection. After CXCR4-spe- 
cific siRNA transfection in MCF-7 cells, the 

mRNA (Figure 3B) and the protein levels (Figure 
3C) of CXCR4 were obviously reduced. MCF-7 
cells were pretreated with the CXCR4 inhibi- 
tor AMD3100 (1 μg/ml) for 2 hours or CXCR4 
siRNA for 48 hours, and we found that the 
effects of SDF-1α on the invasion and migra-

Figure 2. Exogenous SDF-1α promoted the metastasis of cancer cells in vitro and in vivo. A. The secretion of SDF-
1α by CAFs under normoxic or hypoxic conditions was detected by ELISA analysis. The data are representative of 3 
independent experiments. The results are depicted as means ± SEM. *P < 0.05. B. Exogenous SDF-1α (100 ng/
mL) was added to MCF-7 or SK-BR-3 cells for 24 hours. The expression of Vimentin and E-cadherin was investigated 
by western blot, which indicated the level of metastasis. C. MCF-7 or SK-BR-3 cells were seeded in Transwell upper 
chambers, and 30% FBS with or without SDF-1α (100 ng/mL) was placed in lower cambers. The number of invade 
and migrated cells was quantified by counting the cells from 5 random fields at ×100 magnification. The values are 
depicted as the means ± SEM of three independent experiments. *P < 0.05 compared with control; D. Mice were 
injected with MCF-7 or SK-BR-3 cells previously treated with or without SDF-1α for 24 h, and the number of metasta-
sis are expressed as the average number of sites per lung area. Results were depicted as means ± SEM. *P < 0.05.
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tion of MCF-7 cells were neutralized (Figure 
3D). Thus, the crosstalk between cancer cells 
and adjacent stromal cells under hypoxia had 
an important effect on BC metastasis through 
the SDF-1α/CXCR4 axis.

Effects of SDF-1α on invasion and migration of 
cancer cells through Akt and Erk pathways

To elucidate the underlying mechanisms of 
SDF-1α secreted by CAFs on BC cell metasta-

Figure 3. The SDF-1α/CXCR4 axis plays an important role in the metastasis of BC cells. (A) Western blot was per-
formed to estimate CXCR4 expression in cancer cells under hypoxic conditions. Hypoxia increased the expression 
of CXCR4 in MCF-7 cells. CXCR4 siRNA effectively knocked down the expression of CXCR4 at the mRNA level (B) 
and protein level (C). Neither AMD3100 nor CXCR4 siRNA influenced the migration and invasion of MCF-7 cells but 
neutralized the effect of SDF-1α on promoting metastasis (D). The results are depicted as means ± SEM. *P < 0.05.
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sis, we assessed the phosphorylation of Akt 
and Erk at different time points (0, 5, 10, 15, 
30, 60, 90 min). We found that SDF-1α-
mediated phospho-Akt and phospho-Erk pro-
teins changed in a time-dependent manner, 
reaching a peak at 10 minutes for phospho- 
Akt and phospho-Erk after treatment with 100 
ng/ml of SDF-1α (Figure 4A). MCF-7 cells were 
pretreated with AMD3100, an inhibitor of 
CXCR4 (1 μg/ml), for 2 h or with CXCR4 siRNA 
for 48 h to intercept the SDF-1α/CXCR4 axis 
and then stimulated with 100 ng/mL of SDF- 
1α for 10 min. We observed that the effects of 
SDF-1α on activation of Akt and Erk were obvi-
ously neutralized (Figure 4B and 4C). Moreover, 
we performed Tanswell analysis to determine 
whether blocking the PI3K/Akt or MAPK/Erk 
pathways could significantly decrease metasta-
sis. We added cancer cells in the upper cham-

ber and inhibitors alone or together with SDF-
1α to the lower chamber for 24 hours and  
found that LY294002 Akt inhibitor and 
PD98059 Erk inhibitor neutralized the effects 
of SDF-1α on cancer cells (Figure 4D and 4E). 
These results indicated that the SDF-1α/CXCR4 
axis plays a role in tumor metastasis through 
the PI3K/Akt and MAPK/ERK pathways.

SDF-1α elevated the expression of MMP2 and 
MMP9 through the PI3K/Akt and MAPK/Erk 
pathways

MMP2 and MMP9, known as the gelatinases, 
have been identified as crucial contributors to 
the protein degradation of the extracellular 
matrix during tumor invasion [18]. Thus, we 
wished to assess whether the effects of SDF-
1α on cancer cells depended on elevating 

Figure 4. The SDF-1α/CXCR4 axis was involved in activation of the PI3K/Akt and MAPK/Erk pathways. (A) The 
SDF-1α-induced activation of Akt and Erk over time was determined by western blot. The effect of SDF-1α on the 
phosphorylation of Akt and Erk was neutralized by blocking the SDF-1α/CXCR4 axis using AMD3100 (1 μg/ml) (B) 
or siRNA (C). LY294002 (D) or PD98059 (E) was added together with SDF-1α (100 ng/mL) or alone to detect the 
invasion and migration abilities of MCF-7 cells. The number of invade and migrated cells was quantified by counting 
the cells from 5 random fields at ×100 magnification. The mean ± SEM of three independent experiments is shown. 
*P < 0.05.
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expression of MMP2 and MMP9, which has 
been proven to increase cancer cells invasion 
and migration. Cells were pretreated with 
serum-free medium for 6 h and then treated 
with 100 ng/ml of SDF-1α for 0, 4, 8, 12, 24, 48 
h. We found that the expression of MMP2 and 
MMP9 reached a peak at 24 h for mRNA and 

48 h for protein (Figure 5A). Then, we used dif-
ferent doses of SDF-1α, including 0, 10, 20, 50, 
100 and 200 ng/ml, to treat cells for 24 h.  
The results showed that with SDF-1α at 100 
ng/ml, the expression of MMP2 and MMP9 
reached the maximum (Figure 5B). To further 
clarify the influence of SDF-1α on the expres-

Figure 5. The SDF-1α/CXCR4 axis regulated the expression of MMP2 and MMP9 through PI3K/Akt and MAPK/Erk 
pathways. The effects of SDF-1α on the mRNA and protein expression of MMP2 and MMP9 at different times (A) and 
at different doses (B) were detected by RT-PCR and western blot. The expression of MMP2 and MMP9 induced by 
SDF-1α was neutralized by blocking the SDF-1α/CXCR4 axis using AMD3100 (1 μg/ml) or CXCR4 siRNA (C and D). 
LY294002 and PD98059 were used to inhibit the PI3K/Akt and MAPK/Erk pathways, respectively, and the mRNA 
and protein levels of MMP2 and MMP9 were detected by RT-PCR and western blot after treatment with these inhibi-
tors (E and F). The mean ± SEM of three independent experiments is shown. *P < 0.05.
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sion of MMP2 and MMP9, we blocked the SDF-
1α/CXCR4 axis with the receptor antagonists 
AMD3100 or transfected cells with CXCR4 
siRNA. The results showed that SDF-1α elevat-
ed the expression of MMP2 and MMP9, which 
could be reversed by blocking the SDF-1α/
CXCR4 axis (Figure 5C and 5D). 

To further determine whether the phospho- 
rylation of Akt and Erk induced by SDF-1α regu-
lates cancer cell metastasis by increasing the 
expression of MMP2 and MMP9, we used 
LY294002 and PD98059 to inhibit Akt and  
Erk activation, respectively, in response to  
SDF-1α. MCF-7 cells were pretreated with the 
LY294002 Akt inhibitor (20 μM) or the PD98- 
059 Erk inhibitor (20 μM) for 2 h, and 100 ng/
mL SDF-1α was added for 24 h. The data sug-
gested that both LY294002 and PD98059 sup-
pressed the increased expression of MMP2 
and MMP9 induced by SDF-1α (Figure 5E and 
5F). These analyses revealed that SDF-1α 
enhanced BC metastasis by regulating the lev-
els of MMP2 and MMP9 by activating the PI3K/
AKT and MAPK/Erk pathways.

Discussion 

Fibroblasts constitute most of the stromal cells 
in BC tissue and can secret SDF-1α when 
exposed to irradiation or hypoxic conditions 
[19]. Intratumoral hypoxia is one of the crucial 
events that mediate cancer metastasis [20, 
21]. In our study, we verified that CAFs play an 
important role in promoting the metastasis of 
cancer cells by secreting SDF-1α, especially 
under hypoxic conditions. SDF-1α exerts its 
effect by enhancing the expression of MMP2 
and MMP9 by activating the PI3K/Akt and 
MAPK/Erk pathways.

Among the various factors secreted by tumor 
cells, the high expression of TGFβ, PDGF and 
FGF2 is related to the formation of tumor con-
nective tissue and is the main inducer of CAFs 
activation [22]. In our previous studies, we 
found that estrogen could stimulate SDF-1α 
secretion by CAFs to promote the progression 
of ER-negative BC [23]. As a potent hallmark of 
cancer, hypoxia plays a vital role in promoting 
tumorigenesis. Therefore, we hypothesized that 
hypoxia might have the same effect as estro-
gen in facilitating SDF-1α secretion by CAFs. 
When endogenous SDF-1α binds to its CXCR4 
receptor, multiple intracellular pathways are 

regulated, which play pivotal roles in regulating 
cell metastasis [24]. It has been reported that 
CAFs activated by tissue inhibitor of metallo- 
proteinase 1 (TIMP-1) can inhibit cancer cell 
apoptosis by activating the SDF-1α/CXCR4 
pathway in liver cancer [25]. A study has also 
shown that CAFs derived from EC (endometrial 
cancer) tissues promote the invasion and 
migration of EC cells in a paracrine or auto-
crine-dependent manner through the SDF-1α/
CXCR4 axis [14]. By coculturing CAFs with  
BC cells, we found that hypoxia significantly 
enhanced BC cell metastasis and promoted 
SDF-1α secretion by CAFs. By treating cancer 
cells with exogenous SDF-1α to imitate the 
effects of SDF-1α in the tumor microenviron-
ment, we demonstrated that SDF-1α could 
increase cancer metastasis in vitro. Mean- 
while, cells treated with SDF-1α grew in distal 
organs more easily. Thus, a potential mecha-
nism by which CAFs promote cancer cell metas-
tasis is that SDF-1α is involved in metastasis  
in a paracrine dependent manner in a hypoxic 
microenvironment.

Furthermore, we sought to investigate the 
underlying mechanism by which hypoxia-
induced SDF-1α/CXCR4 axis was involved in 
promoting BC cell metastasis. A study show- 
ed that the SDF-1α/CXCR4 axis could enhance 
the migration of human dental pulp stem cells 
(hDPSCs) through the FAK/PI3K/Akt pathway 
[26]. Phospho-Erk and phospho-Akt were sig-
nificantly enhanced in cardiac stem cells  
(CSCs) stimulated with SDF-1α [15]. In this 
study, SDF-1α induced the phosphorylation of 
Akt and Erk in a time-dependent manner. 
Blocking the SDF-1α/CXCR4 axis with siRNA  
or an inhibitor of CXCR4 decreased the activa-
tion of Akt and Erk. Moreover, LY294002 and 
PD98059 suppressed the activation of Akt  
and Erk, respectively, and neutralized the 
effects of SDF-1α on the metastasis of cancer 
cells. These results suggest the possibility that 
the SDF-1α/CXCR4 axis is involved in BC cell 
metastasis through the PI3K/Akt and MAPK/
Erk pathways. 

In fact, metastasis is an organized sequence  
of events with multiple steps and influencing 
factors, including the degradation of the base-
ment membrane mediated by MMP, the adhe-
sion of β1 integrin and angiogenesis induced by 
VEGF [27]. MMPs are potential regulators of 
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cell invasion and migration. The gelatinases 
MMP2 and MMP9 have been involved in meta-
static dissemination, tumor progression and 
poor survival in numerous cancers [16]. A study 
reported that MMP2 and MMP9 were upregu-
lated in cells exposed to exogenous SDF-1α 
[28]. The results of the present study also con-
firmed that SDF-1α upregulated the expres- 
sion of MMP2 and MMP9. Thus, we determined 
that SDF-1α possibly affects the metastasis of 
BC cells by increasing the expression of MMP2 
and MMP9 through PI3K/Akt and MAPK/Erk 
pathways.

In summary, hypoxia can stimulate stromal 
cells in BC patients to product SDF-1α and ele-
vate CXCR4 expression in BC cell lines. The 
crosstalk between mammary epithelia and 
adjacent stromal cells plays an important role 
in the metastasis of cancer cells through the 
SDF-1α/CXCR4 axis in hypoxic tumor micro- 
environment. SDF-1α mediates BC cell metas-
tasis by regulating the expression of MMP2  
and MMP9 through the PI3K/Akt and MAPK/
ERK pathways. Taken together, our results sug-
gest that disrupting the hypoxia-SDF-1α/
CXCR4-Akt/Erk-MMP2/MMP9 axis is a poten-
tial therapeutic strategy for BC treatment.
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