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Background: Breast cancer is one of the most common malignancies threatening women’s 

health. Triple-negative breast cancer (TNBC) is a special type of breast cancer with high inva-

sion and metastasis. CXCL12 and its receptors CXCR4 and CXCR7 play a crucial role in the 

progress of breast cancer. The aim of this study was to investigate the effect of CXCR4 and 

CXCR7 on the function of TNBC.

Materials and methods: We used the CRISPR/Cas9 technique to carry out a single knockout 

of the CXCR4 or CXCR7 gene and co-knockout of CXCR4 and CXCR7 genes in the TNBC 

cell line (MDA-MB-231). The single knockout and co-knockout cells were screened and veri-

fied by PCR sequencing and Western blot assay, the effect of single knockout and co-knockout 

on the proliferation of TNBC cells was examined using the Cell Counting Kit-8 and colony 

formation assays, the migration and invasion of TNBC cells were examined by the transwell and 

wound-healing assays, the changes in the cell cycle distribution after knockout were detected 

by flow cytometry, and the difference in the migration and invasion of single knockout and 

co-knockout induced by CXCL12 was observed by adding CXCL12 in the experimental group.

Results: The single knockout of the CXCR4 or CXCR7 gene significantly reduced the cell 

proliferation, growth, migration, and invasion and delayed the conversion of the G1/S cycle, 

while the co-knockout inhibited these biological abilities more significantly. In both the knock-

out and control groups, the migration and invasion of CXCL12-added cells were significantly 

stronger than those of the non-CXCL12-added cells, and CXCL12 induced lesser migration 

and invasion in the CXCR4 and CXCR7 co-knockout group than in the single knockout groups.

Conclusion: The knockout of the CXCR4 and CXCR7 genes affects the binding capacity and 

functions of CXCL12, inhibits the malignant progression of TNBC cells significantly, and may 

become a potential target for the treatment of TNBC.
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Introduction
Breast cancer is one of the most common malignant tumors threatening women’s health 

and is one of the most common causes of cancer death in women;1 additionally, the 

number of new patients per year in China has increased by 3%–4%.2 Triple-negative 

breast cancer (TNBC), with negatively expressed ER, PR, and HER2, is a special 

type of breast cancer with high morphologic and prognostic heterogeneity.3 Its rates 

of invasion, distant metastasis, and mortality are higher than those of the other types 

of breast cancer.4 Because the effect of endocrine therapy on TNBC is unsatisfactory 

and no effective specific targeted therapy is available, the treatment and prognosis 

management of TNBC remains a clinical challenge.
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Chemokines and their receptors play important roles 

in the metastasis and development of tumors,5 but their 

specific mechanisms in affecting metastasis remain to be 

further clarified. CXCL12 (also known as stromal cell-

derived factor) is associated with the progression of many 

cells, especially tumor cells, and is highly expressed in 

many organs resulting in easy metastasis of breast cancer 

cells to these organs, such as the lymph node, liver, lung, 

and bone marrow. Moreover, its high expression in breast 

cancer cells is associated with invasion, metastasis, and a 

poor prognosis.6,7 CXCL12 interacts with its homologous 

receptors CXCR4 and CXCR7 to regulate cell prolifera-

tion, invasion, migration, and angiogenesis.8,9 CXCR4 is a 

G-protein-coupled receptor associated with the Gα subunit,10 

which has four different Gα subunits to activate different 

downstream signaling pathways, so that the transduction 

of the G protein-coupled receptor signal to different path-

ways affects the function of tumors.11 CXCR4 is expressed 

continuously in human breast cancer cells, and its ligand 

CXCL12 is preferentially expressed in the lung, liver, and 

lymphoma.12 Additionally, CXCL12 demonstrates a che-

motactic effect on tumor cells expressing CXCR4, which 

can cause specific metastasis of tumors to form metastatic 

foci.13,14 Therefore, the CXCL12/CXCR4 signaling axis 

is thought to play a key role in the development of breast 

cancer metastasis.15 CXCR7, another receptor of CXCL12, 

plays a more complex role in the progression of breast 

cancer and is highly expressed in the vascular system of 

primary tumors.16,17 CXCR7 activates tumor cells to secrete 

vascular endothelial growth factor to promote tumor angio-

genesis and enhance the adhesion of cancer cells to fibrin 

and endothelial cells, thus promoting the metastasis of 

cancer cells.17–19 Studies have shown that CXCR7 is highly 

expressed in breast cancer tissue, promoting the growth, 

proliferation, invasion, and metastasis of tumor cells, and 

its high expression is closely related to the metastasis of 

tumors to the lung.19 Additionally, CXCR7 can enhance 

cell adhesion, invasion, and angiogenesis in vitro, and it can 

promote tumor growth in vivo.20,21 Other studies have shown 

that CXCR7 can promote the proliferation and migration of 

in vitro-cultured tumor cells toward CXCL12.22–25 However, 

the specific mechanism of the CXCL12/CXCR7 axis in the 

invasion and metastasis of breast cancer remains unclear.

Compared with other types of breast cancer, TNBC 

has a higher distant recurrence, visceral metastasis, and 

death rate.26 Our previous studies have shown that the 

overexpression of CXCL12 and its receptors CXCR4 

and CXCR7 in breast cancer is associated with a poor 

prognosis and metastasis,27 and their expression levels 

are higher in TNBC than in other types of breast cancer.28 

Thus, whether the poor prognosis of TNBC patients is 

related to the high expression of these three factors has not 

been reported, and the exact mechanism underlying how 

the three factors affect the metastasis and development of 

TNBC is unknown. In this study, the CRISPR/Cas9 tech-

nique was used for the single knockout and co-knockout 

of the CXCR4 or/and CXCR7 target gene in TNBC cells 

(MDA-MB-231), to explore the change in the biological 

functions (such as proliferation, migration, and invasion) 

of TNBC cells, and to investigate the biological effects of 

CXCL12 on control and knockout cells, all of which can 

further elucidate the roles of chemokine CXCL12 and its 

receptors CXCR4 and CXCR7 in the metastasis process of 

TNBC and provide possible effective therapeutic targets 

for the gene therapy of TNBC.

Materials and methods
Establishment of stable cell lines of the 
single knockout and co-knockout of the 
CXCR4 and/or CXCR7 gene using the 
CRISPR/Cas9 double-vector lentivirus
Cell culture
The TNBC cell line MDA-MB-231 (Genechem Company, 

Shanghai, China) was cultured in L-15 medium (Keygen 

Biotech, Nanjing, China), and supplemented with 10% 

FBS (BioInd, Kibbutz Beit Haemek, Israel) in a humidi-

fied atmosphere at 37°C with 5% CO
2
 (kept in the Central 

Laboratory of Third Xiangya Hospital of Central South 

University).

Design of lentivirus
Double-vector lentivirus was designed and manufactured 

by Genechem Company, custom SgRNAs for CXCR4/

CXCR7 were designed using the website (http://zlab.bio/

guide-design-resources) with the sequence of CXCR4 

(NM_003467.2) and CXCR7 (NM_020311.3). The knockout 

target sequence of CXCR4 is located in exon 2, while the 

knockout target sequence of CXCR7 is located in exon 1 

(Figure 1A and B).

Vector lentivirus transfection 
We used the Cas9 lentivirus designed and produced by 

Genechem Company to transfect the MDA-MB-231 cells. The 

mixed clones with stable expression of Cas9 were screened 

using puromycin resistance and then SgRNA lentivirus for 

CXCR4 (with green fluorescence) or CXCR7 (with red 

fluorescence) gene single knockout was added (virus vol-

ume (10 µL) =multiplicity of infection (10) × Cell number 

www.dovepress.com
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Figure 1 Design of lentivirus, transfection, screening, and PCR sequencing of single-knockout (Sg-CXCR4 and Sg-CXCR7) and co-knockout (Sg-CXCR4+7) cell clones 
and verification of the protein expression level by Western blotting. (A and B) The knockout target sequence of CXCR4 is located in its exon 2, while the knockout 
target sequence of CXCR7 is located in exon 1. (C) In MDA-MB-231 cells, after transfection with Cas9/SgRNA lentivirus, the transfection efficiency was significant.  
(D–F) The PCR products of monoclonal cells after the knockout of CXCR4 and CXCR7 target genes were sequenced. (G) Western blotting was used to detect the expression 
of CXCR4 and CXCR7 in monoclonal cells.
Abbreviations: NC, negative control; ORIG, original; UNRE, unread; FRST, first; SCND, second; nt, nucleotide; MUTA, mutation.

(1×109)/Virus titer (1×108 TU/mL)). The SgRNA sequences 

were as follows: CXCR4, 5′ GTTTCAGCACATCATG-

GTTG 3′; CXCR7, 5′ CATGATTGCCAACTCCGTGG 3′. 
The cells expressing Sg-CXCR4 and Sg-CXCR7 stably were 

selected by a monoclonal technique. Briefly, the technique 

involves digestion and dilution of transfected cells (1×104/mL). 

Continue to dilute the cell fluid concentration to 10/mL, add 

100 µL to each hole in 96 holes, equivalent to one cell per hole. 

Then the cells are cultured at 37°C in a humidified incubator 

with 5% CO
2
 for 10–14 days until the cell mass formation 

occurs. Next, the cells were subjected to trypsin digestion, 

transfered to a 24-well plate, and continued to be cultured for 

7–10 days. Until cell convergence reached 70%–80% digesting 

to six-hole plate, when about 80% confluence is to be cultured. 

The final step includes trypsin digestion and extraction of DNA 

and protein for further validation.

Establishment of co-knockout cell lines 
For co-knockout, the CXCR7 SgRNA lentivirus (with red fluo-

rescence) was added to the cells with stable single knockout of 

the CXCR4 gene, and then the cell lines with stable co- knockout 

of CXCR4 and CXCR7 (CXCR4+7) were selected by using a 

monoclonal technique. A virus with Sg-NC as the scramble 

sequence (NC) was used to obtain the negative control.

Monoclonal screening and identification 
of cells with the single knockout and 
co-knockout of the CXCR4 and/or 
CXCR7 gene
PCR
The monoclonal cell DNA was extracted and subjected to 

PCR amplification, the PCR product was sequenced, and the 

knockout of the CXCR4 and/or CXCR7 gene was verified 
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at the DNA level. Monoclonal cell DNA was extracted 

using the DNA extraction kit (Omega, Norcross, GA, USA) 

and primer sequences were designed by Genechem Com-

pany: CXCR4-F: 5′-CTGACTATTCCCGACTTCATCTT 

TG-3′; CXCR4-R: 5′-CCAATGTAGTAAGGCAGCCA 

ACAG-3′; CXCR7-F: 5′-CATGCAACAGCAGCGACTGC 

ATCG-3′; CXCR7-R: 5′-CAGCGATAATGGAGAA 

GGGAACG-3′. PCR amplification was carried out accord-

ing to the following reaction conditions: 94°C for 5 minutes, 

followed by 94°C for 30 seconds, 55°C for 30 seconds, 

and 72°C for 40 seconds for 34 cycles and then 72°C for 

5 minutes. The PCR products were subjected to agarose gel 

electrophoresis to detect the target band and then were sent to 

Tsingke Biotech Company (Changsha, China) for sequencing.

Western blotting
Western blotting was used to verify whether the CXCR4 

and/or CXCR7 protein was expressed in the monoclonal 

cells. Total protein was extracted from the cell lines using 

RIPA buffer (Keygen Biotech) following the manufacturer’s 

protocol. The total protein lysates were heated with SDS-

PAGE sample loading buffer (Biosharp, Seoul, Korea) 

and then kept at -80°C until use. The denatured protein 

extracts (40 µg) were then subjected to 10% SDS-PAGE 

and were transferred to polyvinylidene difluoride (PVDF) 

membranes (EMD Millipore, Billerica, MA, USA) electro-

phoretically. After blockade with 5% degreased milk and 

washing with PBS for three times (each for 10 minutes), 

the membranes were incubated overnight at 4°C with pri-

mary antibodies: mouse anti-CXCR4 (1:500; Proteintech, 

Rosemont, IL, USA), rabbit anti-CXCR7 (1:1,000; Abcam, 

Cambridge, UK), and mouse anti-Tubulin (1:10,000; Pro-

teintech). The PVDF membranes were then washed with 

PBS for three times (each for 10 minutes) and incubated 

with infrared fluorescence-labeled secondary antibodies 

for 1 hour. Finally, the membranes were washed with PBS 

three times (each for 10 minutes). The protein band signals 

were detected and analyzed for the signal intensity using the 

Odyssey Clx system (Licor Company, Lincoln, NE, USA).

Colony formation assay
NC, CXCR4-ko, CXCR7-ko, and CXCR4+7-ko cells (each 

5×102 cells) were counted and seeded into six-well plates 

and then cultured at 37°C in a humidified incubator with 5% 

CO
2
 for 10–12 days until the colonies were visible. The cell 

colonies were fixed with methanol for 30 minutes and then 

were stained with 0.1% crystal violet for 30 minutes and pho-

tographed, followed by counting of the number of colonies.

Cell proliferation assay
L15 medium (100 µL) containing quantified 4,000 control 

(NC) or knockout (CXCR4-ko, CXCR7-ko, and CXCR4+7-

ko) cells was added to 96-well plates and cultured for 24, 48, 

72, and 96 hours after the cells were seeded. Next, 10 µL of 

Cell Counting Kit (CCK-8) solution (Dojindo, Kumamoto, 

Japan) was added to each well at each time point. The cells 

were cultured with CCK-8 for 3 hours, and then the absor-

bance at 450 nm was measured using the BioTek ELX800 

system (BioTek, Winooski, VT, USA).

Transwell assay for determining cell 
migration and invasion
For the migration assay, NC, CXCR4-ko, CXCR7-ko, and 

CXCR4+7-ko cells (2×105 in 200 µL of serum-free L-15 

medium) were seeded into the upper chamber of 24-well 

transwell plates with a pore diameter of 8 mm (Corning 

Costar, Corning, NY, USA). Next, 700 mL of medium 

containing 10% FBS was added to the bottom chamber as a 

chemoattractant. After 24–48 hours of culture, the cells were 

fixed with methanol for 30 minutes, and 0.1% crystal violet 

staining was performed. After dye staining for 30 minutes, 

the cells were rinsed with PBS, and a cotton swab was used 

to wipe off the residual cells in the apical membrane of the 

ventricle. Five random fields were visualized under a white-

light microscope (Olympus, Tokyo, Japan) and counted.

For the invasion assay, the top chambers were coated with 

basement membrane Matrigel (BD Biosciences, San Jose, CA, 

USA) at 37°C for 30 minutes. NC, CXCR4-ko, CXCR7-ko, 

and CXCR4+7-ko cells (3×105) with serum-free medium were 

added to the top chambers, and the bottom chambers were 

filled with medium containing 10% FBS. After 24–48 hours 

of culture, the cells were fixed with methanol and were stained 

with crystal violet solution. The remaining cells were removed 

from the top of the permeable membrane using a cotton swab. 

Next, the cells that migrated through the upper chamber were 

counted in five random fields under a light microscope (Olym-

pus), and the average value of the five fields was calculated.

Wound-healing assay
NC, CXCR4-ko, CXCR7-ko, and CXCR4+7-ko cells (5×105) 

were inoculated into a six-well plate with parallel horizontal 

lines on the back. The cells were incubated in an incubator 

(37°C, 5% CO
2
) overnight. After 80%–90% confluency was 

reached, the wells were rinsed with PBS, added to serum-

free medium, cultured in an incubator (37°C, 5% CO
2
), and 

photographed under a light microscope at 0, 12, 24, 36, 48, 

and 60 hours. The migration area and migration rate were 

calculated using AI software (Adobe Illustrator CC 2018).
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Cell cycle assay
The cells (NC, CXCR4-ko, CXCR7-ko, and CXCR4+7-ko) 

were trypsinized and fixed with 70% ethanol at 4°C over-

night. Next, 3×105 cells were resuspended in 0.5 mL of PI/

RNase staining buffer (BD Biosciences). After incubation 

in the dark at room temperature for 15 minutes, the cells 

were characterized using a BD FACS Verse apparatus, and 

the data were analyzed using Modfit LT 3.1 software. The 

experiments were carried out in triplicate.

Statistical analysis
Each trial was repeated at least three times, and the data 

were expressed as the mean ± SD. The data were compared 

between groups by independent sample t-test and paired 

sample t-test, and repeated measurements were made at dif-

ferent time points for a certain subject. The ANOVA was 

performed for repeated measurements. P,0.05 was consid-

ered to be statistically significant, and Graphpad Prism 7 was 

used for statistical mapping. 

Results
Screening and identification of CXCR4 
and CXCR7 gene single knockout and 
co-knockout cell clones
After adding Cas9 and SgRNA double-vector lentivirus to 

TNBC cells (MDA-MB-231), the rate of transfection cells 

was high, as seen from the green (for Sg-CXCR4) and red 

(for Sg-CXCR7) fluorescence, as shown in Figure 1C. After 

monoclonal screening, DNA from ~50 clones was extracted 

for PCR amplification. The PCR products in agarose gel 

electrophoresis showed that the target bands of Sg-CXCR4 

and Sg-CXCR7 were ~312 bp and 630 bp in length, respec-

tively, consistent with the expected design. The sequenc-

ing result of a Sg-CXCR4 clone (Figure 1D) showed that 

the front part was single-peaked, but the later nucleotides 

were double-peaked, indicating a difference between two 

alleles. On comparing the read and unread sequences with 

the original sequence, the sequences of the mutated alleles 

were obtained. The number of deleted nucleotides (1 and 8) 

was not threefold, indicating the read frame was shifted. 

The SgRNA recognition position was designed in the first 

exon; thus, the CXCR4 gene of this cell clone showed 

biallelic mutation, and then the CXCR4 knockout cell line 

was successfully constructed and termed CXCR4-ko. Like-

wise, the CXCR7-ko cell line was successfully constructed 

(Figure 1E). By adding Sg-CXCR7 to the CXCR4-ko cell 

line, another CXCR7 mutation was identified, whose both 

alleles had one nucleotide deleted (Figure 1F); thus, this cell 

clone showed the knockout of both CXCR4 and CXCR7 

genes and was termed as CXCR4+7-ko.

Verification of CXCR4 and CXCR7 gene 
knockout by protein detection
Western blot results (Figure 1G) showed that, compared 

with NC, CXCR4-ko or CXCR7-ko cells did not express 

CXCR4 or CXCR7 protein, respectively; CXCR4+7-ko 

cells expressed neither CXCR4 protein nor CXCR7 protein. 

Thus, the CXCR4 and CXCR7 genes single knockout and 

CXCR4+7 co-knockout stable strains were successfully 

verified at the protein level.

CXCR4 and CXCR7 gene knockout 
inhibits the proliferation of breast cancer 
cells and prolongs the cell cycle
The numbers of colonies formed after 10–12-day culture 

of NC, CXCR4-ko, CXCR7-ko, and CXCR4+7-ko cells 

was 204.3±3.18, 92.0±2.31, 94.7±5.78, and 57.67±3.18 

(mean±SD; n=3), respectively (Figure 2A and B). Com-

pared with the NC group, the colony formation abilities 
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Figure 2 (Continued)
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Figure 2 Knockout of target genes CXCR4 and CXCR7 can significantly inhibit cell proliferation and cell cycle changes. Colony formation (A and B) and CCK-8 (C) assays 
indicated that the knockout of CXCR4 and/or CXCR7 represses TNBC cell proliferation. Moreover, the co-knockout effect was more significant than that of single 
knockout. The representative images and quantification of flow cytometry analysis of cells after transfection is shown. Knockdown of CXCR4 and/or CXCR7 reduced 
the number of cells in the G1 phase but promoted the number of cells in the S and G2/M phases (D and E). The inhibition in the co-knockout group was more significant. 
Symbol “#” represents the comparison with the CXCR4+7-ko group. Symbol “*” represents the comparison with the NC group (****P,0.0001; ####P,0.0001, ###P,0.001, 
##P,0.01). The data were analyzed in triplicate, and similar results were obtained. Representative images are illustrated.
Abbreviations: CCK, Cell Counting Kit; TNBC, triple-negative breast cancer; NC, negative control.

of  CXCR4-ko, CXCR7-ko, and CXCR4+7-ko cells were 

decreased significantly by 55.5%, 53.7%, and 71.8%, 

respectively (P,0.01). The colony formation ability of 

CXCR4+7-ko cells decreased significantly compared with 

that of CXCR4-ko or CXCR7-ko cells (P,0.01).

The CCK-8 absorbance values after 4-day culture of 

NC, CXCR4-ko, CXCR7-ko, and CXCR4+7-ko cells were 

1.10±0.016, 0.75±0.011, 0.81±0.025, and 0.55±0.014 (n=3), 

respectively, as shown in Figure 2C. Compared with the NC 

group, the cell proliferation rates of CXCR4-ko, CXCR7-ko, 

and CXCR4+7-ko cells were reduced significantly by ~32%, 

26%, and 50%, respectively (P,0.01). The cell prolifera-

tion ability of CXCR4+7-ko cells decreased significantly 

compared with that of CXCR4-ko or CXCR7-ko cells 

(P,0.001).

Flow cytometry analysis showed the cell cycle G0+G1% 

distribution of NC, CXCR4-ko, CXCR7-ko, and CXCR4+7-ko  

cells (Figure 2D and E). Compared with the NC group, the 

G0 + G1% values of CXCR4-ko, CXCR7-ko, and CXCR4+7-ko  

cells were reduced significantly by ~32%, 26%, and 50%, 

respectively (P,0.01). The G0+G1% of CXCR4+7-ko cells 

was decreased significantly compared with that of CXCR4-ko 

or CXCR7-ko cells (P,0.01). Thus, CXCR4 and CXCR7 

knockout could delay the G1/S cycle conversion and promote 

the number of cells in the S and G2/M phases.

CXCR4 and CXCR7 knockout can 
inhibit the migration ability of TNBC cells
Transwell assays showed that the numbers of cells migrated 

from the upper chamber to the bottom chamber without 

CXCL12 were 477±6.245, 142±5.132, 179.3±2.848, and 

47.33±3.18 (n=3) for the NC, CXCR4-ko, CXCR7-ko, and 

CXCR4+7-ko cells, respectively (Figure 3A and C). Com-

pared with the NC group, the cell migration of CXCR4-ko, 

CXCR7-ko, and CXCR4+7-ko cells was inhibited by 70.2%, 

62.4%, and 90.1%, respectively, with a significant difference 

(P,0.01). The cell migration of CXCR4+7-ko cells was 

decreased significantly compared with that of CXCR4-ko 

or CXCR7-ko cells (P,0.01).

When CXCL12 cells were added to the bottom cham-

ber, the transwell assays showed that the numbers of cells 

that migrated from the upper chamber were 717.7±23.92, 

255.7±3.756, 331.7±3.18, and 100.3±2.186 (n=3) for the 

NC, CXCR4-ko, CXCR7-ko, and CXCR4+7-ko cells, 
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Figure 3 Knockout of the target genes CXCR4 and CXCR7 can significantly inhibit the migration ability of TNBC cells. The transwell migration assay showed that single 
knockout and co-knockout of CXCR4 and CXCR7 significantly inhibited the migration of TNBC cells, and co-knockout was more effective. Regardless of the control group or 
experimental group, the addition of chemokine CXCL12 significantly increased the migration ability of TNBC cells (A) no added CXCL12; (B) added CXCL12; (C) is an analysis 
of the results of graphs A and B. Wound healing showed that single knockout and co-knockout of CXCR4 and CXCR7 resulted in a significant decrease in cell migration (D 
and E). Symbol “*” represents the comparison with the NC group. Symbol “#” represents the comparison with the CXCR4+7-ko group (****P,0.0001; ####P,0.0001). The 
data were analyzed in triplicate, and similar results were obtained. Representative images are illustrated.
Abbreviations: TNBC, triple-negative breast cancer; NC, negative control; w/o, without.

respectively (Figure 3B and C). The cell migration capacity 

of CXCR4+7-ko cells was decreased significantly compared 

with that of CXCR4-ko or CXCR7-ko cells (P,0.01).

The initial scratch width observed in wound healing 

experiments was 1.8 mm. After 60 hours of culture, the 

wound width was found to be 0, 0.35±0.029, 0.365±0.032, 

and 0.82±0.012 mm (n=3) for NC, CXCR4-ko, CXCR7-ko, 

and CXCR4+7-ko cells, respectively. When compared with 

the NC cells, the percentage decrease of width values for 

CXCR4-ko, CXCR7-ko, and CXCR4+7-ko cells were 80.6%, 

79.7%, and 54.4%, respectively (Figure 3D and E), with a 

significant difference (P,0.01). Compared with CXCR4-ko 

or CXCR7-ko cells, the migration of CXCR4+7-ko cells was 

inhibited significantly (P,0.01).

CXCR4 and CXCR7 knockout inhibit the 
invasion ability of TNBC cells
The cell invasion abilities of CXCR4 and CXCR7 knockout 

cells were studied using the transwell assay with Matrigel 

in the upper chamber. The results showed that the num-

bers of cells that migrated from the upper chamber to the 

bottom chamber without CXCL12 were 392.7±13.54, 

125.7±5.812, 158.3±6.936, and 40.67±4.333 (n=3) for 

the NC, CXCR4-ko, CXCR7-ko, and CXCR4+7-ko cells, 

respectively (Figure 4A and C). Compared with the NC 

group, the cell migration rates of CXCR4-ko, CXCR7-ko, 

and CXCR4+7-ko cells were inhibited by 68.0%, 59.7%, 

and 89.6%, respectively, with a significant difference 

(P,0.01). The cell migration rate of CXCR4+7-ko cells was 
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Figure 4 Knockout of the target genes CXCR4 and CXCR7 can significantly inhibit the invasion ability of TNBC cells. The transwell invasion assay showed that single 
knockout and co-knockout of CXCR4 and CXCR7 significantly inhibited the invasion of TNBC cells, and co-knockout was more effective. Regardless of the control group 
or experimental group, the addition of chemokine CXCL12 significantly increased the migration ability of TNBC cells (A–C). Symbol “*” represents the comparison with the 
NC group. Symbol “#” represents the comparison with the CXCR4+7-ko group (****P,0.0001, ***P,0.001; ####P,0.0001, ###P,0.001). The data were analyzed in triplicate, 
and similar results were obtained. Representative images are illustrated.
Abbreviations: TNBC, triple-negative breast cancer; NC, negative control, w/o, without.

decreased significantly compared with that of CXCR4-ko 

or CXCR7-ko cells (P,0.01).

When CXCL12 cells were added to the bottom chamber, 

the transwell assay showed that the numbers of cell that 

invaded from the upper chamber were 734.7±4.702, 

262.7±1.333, 304±3.215, and 80.33±1.453 (n=3) for the NC, 

CXCR4-ko, CXCR7-ko, and CXCR4+7-ko cells, respec-

tively (Figure 4B and C). Compared with the NC group, 

the cell migration abilities of CXCR4-ko, CXCR7-ko, and 

CXCR4+7-ko cells were inhibited significantly (P,0.01). 

The cell migration rate of CXCR4+7-ko cells was decreased 

significantly compared with that of CXCR4-ko or CXCR7-

ko cells (P,0.01).

Discussion
TNBC is characterized by high metastasis and rapid progress 

compared with the other breast cancer subtypes. Metastasis 

is the main cause of death and an independent prognostic 

factor of breast cancer, which is a complex, ordered, multi-

step, nonrandom, highly organoselective pathophysiological 

process.29 The chemokine CXCL12 and its receptors CXCR4 

and CXCR7 play an important role in tumorigenesis and 

metastasis; CXCR4 and CXCR7 affect the progression of 

TNBC through different signaling pathways; however, the 

specific mechanism by which they exert their influence on 

TNBC needs to be further elucidated. In this study, the 

CRISPR/Cas9 technique was used in the TNBC cell line 

MDA-MB-231 to establish monoclonal stable cell lines 

with CXCR4 and CXCR7 single knockout and co-knockout 

methods. The clinical data also showed that high expression 

levels of CXCL12 and its receptors CXCR4 and CXCR7 

were associated with easy metastasis and poor prognosis of 

TNBC.27 Some studies have also shown that CXCR4 and 

CXCR7 promote cell migration, invasion, angiogenesis, and 

tumorigenesis through different modes of signal transduction 

based on their respective characteristics.19,30,31 By establish-

ing double-knockout cell lines of CXCR4 and CXCR7, we 

found that the co-knockout of CXCR4 and CXCR7 genes 

showed higher antitumor effects than the single knockout 

of CXCR4 or CXCR7 in vitro. Therefore, we suggest a new 

mechanism for breast cancer metastasis and support the 

theoretical basis of CXCR4/CXCR7 combined inhibition 

targeted therapy.

CRISPR/Cas9 is a gene editing technique developed in 

recent years that can efficiently and accurately knockout 

the genome;32 the CRISPR/Cas9 system consists of Cas9 

protein and SgRNA, targeting a pair of SgRNAs to target the 

upstream and downstream of the target gene and recruiting 

Cas9 nuclease for cleavage, resulting in the use of nonho-

mologous end-joining mechanism for DNA repair, which is 

not accurate and can easily produce frame-shift mutations, 

to achieve the role as a knockout target gene.33 Compared 

with other gene-editing technologies such as zinc-finger 

nucleases and transcription activator-like effector nucleases, 

CRISPR/Cas9 system is easier, faster, and more accurate; 

compared with the RNA interference technique, the miss 

effect is completely controlled, and the target protein level 

is completely eliminated. The target range is not limited to 

transcripts but involves all genomic sequences, such as exons, 

introns, promoters, enhancers, and intergenic sequences.34
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Chemokines and their receptors are very important to the 

progress of tumors.5 There are many reports on the effect 

of CXCR4 and CXCR7 gene silencing on tumor biological 

characteristics. For example, silencing the CXCR4 gene 

in the TNBC cell line can significantly inhibit the growth 

of tumor cells, reduce colony formation, and increase the 

sensitivity of cisplatin chemotherapy,9 and CXCR4 gene 

silencing can significantly block the metastasis of breast 

cancer.35 Additionally, the expression of the CXCR7 gene 

in breast cancer cells is silenced by RNA interference. The 

migration speed of breast cancer cells induced by CXCL12 

was slowed down, and the invasion and adhesion of breast 

cancer cells were obviously weakened;16 however, there 

are no studies on the progression of TNBC after CXCR4 

and CXCR7 single-target gene knockout and CXCR4 and 

CXCR7 target gene co-knockout.

In this study, we first used the CRISPR/Cas9 technique 

for single and co-knockout of the target genes of CXCR4 

and CXCR7 in the TNBC cell line MDA-MB-231, and the 

biological effect of CXCR4 and CXCR7 target genes on the 

TNBC cell line. It was verified that CXCR4 and CXCR7 have 

synergistic effects after knockout. Several studies have shown 

that CXCR4 and CXCR7 promote the growth, proliferation, 

invasion, and distant metastasis of tumor cells in many 

malignant tumors, including breast and prostate cancers.19,36,37  

Our results showed that, after the single knockout of the 

CXCR4 or CXCR7 target gene, the target protein is not 

expressed, significantly inhibiting the proliferation, growth, 

migration, and invasion of TNBC in vitro. At the same time, 

after we further knocked out the target gene of CXCR4 and 

CXCR7, the biological inhibition of TNBC was more sig-

nificant; therefore, we speculate that there is a synergistic 

effect between CXCR4 and CXCR7 on the progression of 

TNBC. The chemokine receptor binds to its ligand CXCL12 

and plays a corresponding role in promoting tumor progres-

sion. We conducted CXCL12 induction experiments during 

the migration and invasion assays. The results showed that 

both the control group and single knockout of the CXCR4 or 

CXCR7 target genome, the co-knockout of the CXCR4 and 

CXCR7 target genomes, and the addition of a certain concen-

tration of CXCL12 significantly enhanced the migration and 

invasion functions. Therefore, the co-knockout of the CXCR4 

and CXCR7 target genes is more effective in inhibiting the 

progression of TNBC and may provide a theoretical basis for 

the targeted treatment of TNBC. Through the results of this 

experiment, we can further study the specific signal pathways 

and mechanisms that affect TNBC after CXCR4 and CXCR7 

knockout and the mechanism of inhibition of TNBC progress 

after co-knockout and single knockout, which may provide 

a new target for the treatment of TNBC.

Conclusion
In conclusion, the knockout of the CXCR4 or CXCR7 target 

gene can significantly inhibit the proliferation, growth, migra-

tion, and invasion of TNBC cells, and delay the progression 

of TNBC, but co-knockout of CXCR4 and CXCR7 target 

genes is more effective. The addition of CXCL12 enhanced 

the migration and invasion ability of TNBC, regardless of 

whether CXCR4 or CXCR7 was knocked out or not. These 

results suggest that CXCL12, CXCR4, and CXCR7 play 

an important part in the progression of TNBC, providing 

a potential target therapy for TNBC; however, its specific 

mechanism remains to be further investigated.
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