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Background: Breast cancer has become one of the most prevalent malignant neoplasms among women, poses a significant threat to 
public health. As a member of the tetraspanin family of proteins, CD151 is implicated in tumor progression and has been shown to 
regulate various cellular and molecular mechanisms that drive malignancy. However, the specific functions of CD151 in triple-negative 
breast cancer (TNBC) remain unclear. In this study, we aimed to investigate the pro-tumorigenic role of CD151 in TNBC by focusing 
on its interaction with integrin α3β1, which often forms a complex with CD151.
Methods: Our study first evaluated CD151 expression in clinical samples from TNBC patients and TNBC cell lines by immunohis
tochemistry and Western blotting analysis. Through RNA interference (RNAi) and constructed overexpressed plasmids, we further 
validated the impact of CD151 on the migration and invasion of TNBC cells. Then the differentially expressed genes were screened by 
single-cell RNA sequencing, and these genes were enriched and analyzed. Co-immunoprecipitation studies demonstrated the binding 
of CD151 with integrin α3β1. Western blotting analysis was used to evaluate the expression of proteins related to epithelial- 
mesenchymal transition (EMT) and Mitogen-activated protein kinase (MAPK) signaling pathway.
Results: CD151 is highly expressed in TNBC tissues and cell lines. It enhanced the migration and invasive ability of TNBC cells by 
promoting EMT. Co-IP demonstrated the binding of CD151 and integrin α3β1. In addition, we found that knockdown of either integrin 
α3β1 or CD151 reduced the migration and invasion of TNBC cells in vitro. Western blot analysis revealed that the CD151-integrin 
α3β1 complex could activate the MAPK signaling pathway in TNBC cells, subsequently leading to EMT of these cells.
Conclusion: Based on our findings, we propose a novel mechanism by which CD151 mediates tumor progression through the 
initiation of EMT. This suggests that CD151 could be considered a potential therapeutic target for TNBC.
Keywords: CD151, integrin α3β1, TNBC, MAPK signaling pathway, EMT

Introduction
Breast cancer poses a significant public health challenge, with metastasis being the leading cause of mortality. While early 
detection of breast cancer can enhance patient survival rates, it is often diagnosed only after metastasis has occurred.1 Recent 
epidemiological data reveal that in the United States, breast cancer accounts for 31% of all new cancer cases in women - the 
highest incidence among malignancies - while constituting 15% of cancer-associated deaths, positioning it as the second most 
lethal neoplasm.2 Triple negative breast cancer (TNBC) is characterized by the absence of estrogen receptors (ER), 
progesterone receptors (PR), and human epidermal growth factor receptor 2 (HER2), accounting for approximately 
10–15% of all breast cancer cases. TNBC is particularly aggressive, grows more rapidly, and has a higher risk of metastasis 
and recurrence compared to other breast cancer types, contributing to its elevated morbidity. The underlying mechanisms of 
this aggressiveness are still not fully understood.3 Chemotherapy remains a vital conventional treatment for TNBC following 
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surgery. Therefore, identifying drivers and predictors of its aggression and metastasis is crucial for gaining insights into the 
progression of the disease.

Tetraspanins form complexes through interactions with a range of transmembrane and cytosolic proteins, which are 
essential for their function. These include integrins, growth factor receptors, G-protein-coupled receptors and their 
associated intracellular heterotrimeric G-proteins, several peptidases, transmembrane proteins linked to tumor progres
sion, immunoglobulin superfamily members and cytosolic signal transduction molecules.4 Tumor progression depends on 
the interaction between the tumor and its microenvironment. In the tumor immune microenvironment, Tetraspanin-24 
(CD151) is highly expressed in both tumor cells and fibroblasts.5 CD151 regulates the post-adhesion events, ie, cell 
spreading, migration, and invasion.6 The molecular mechanism of CD151 in cancer, as with other tetraspanins, primarily 
involves meditating interactions with proteins such as: laminin-binding integrins (α3β1, α6β1, etc), growth factor 
receptors such as hepatocyte growth factor, epidermal growth factor receptor (EGFR), and transforming growth factor- 
β, and matrix metalloproteinases (MMP-2, MMP-7, and MMP-9). This highlights its significance in tumor 
development.7,8

Integrins are heterodimeric cell surface adhesion receptors composed of α- and β-subunits that bridge the extracellular 
matrix to the cytoskeleton. Binding of extracellular matrix ligands to integrins activates adhesion-dependent intracellular 
signaling pathways which are essential for tumor cell survival and invasion.9,10 Integrin-regulated cell migration is 
primarily mediated by signaling pathways involving members of the focal adhesion kinase (FAK)-SRC family of 
kinases.11 Activation of the FAK/SRC complex facilitates a multitude of vital signaling cascades associated with 
regulating cell motility.12,13 Moreover, integrins facilitate cell survival through additional environment-dependent path
ways, including the activation of P53, the upregulation of pro-survival molecules such as BCL-2 and FLIP, and the 
activation of the Mitogen-activated protein kinase (MAPK) pathways, phosphatidylinositol 3-kinase (PI3K)/protein 
kinase B (AKT) pathway, the c-Jun N-terminal kinase (JNK), and nuclear factor-κB (NF-κB) pathways, among others.14

MAPK pathways are distinguished by a highly conserved three-tier kinase module and regulate essential cellular 
processes in response to stress and growth factors.15 In a mouse model of breast cancer bone metastasis, ononin Inhibits 
tumor bone metastasis and osteoclastogenesis, suggested that ononin has therapeutic potential as a BCBM treatment by 
targeting the MAPK pathway.16 The SAPK/JNK cascade and the MEK/ERK cascade are two well-characterized MAPK 
pathways. The interaction between these two pathways gives rise to a comprehensive and interconnected signaling 
network that plays a pivotal role in regulating cell proliferation, migration, and invasion in breast cancer.17–21 It has been 
reported that the simultaneous elevation of the activity of both pathways has been observed in several cases of breast 
cancer.22–25

Previous studies in murine models have indicated that integrin α3β1-mediated signaling pathways are vital in the 
initiation and/or growth of breast tumors.26 The aim of this study was to investigate the role of the complex formed by 
CD151 and integrin α3β1 in the progression of TNBC. To this end, we verified in vitro the pro-tumorigenic role of 
CD151 in TNBC cell migration and invasion, as well as its impact in TNBC progression after forming a complex with 
integrin α3β1. Our results suggest that the CD151-integrin α3β1 complex plays a significant role in breast cancer tumor 
progression by contributing to epithelial-mesenchymal transition (EMT) through MAPK pathway.

Materials and Methods
Clinical Specimens
We obtained 64 pairs of paraffin-embedded tissues from invasive TNBC, consisting of 48 cases of ductal carcinoma and 
16 cases of lobular carcinoma, as well as 4 cases of normal breast tissue from the fourth affiliated hospital of China 
Medical University between January 2021 and December 2022. The pathological tumor stage was assessed according to 
the American Joint Committee on Cancer. The histological grade was determined according to the Bloom – Richardson 
classification scheme. All patients were initially treated in our hospital and had not received surgery, radiotherapy, 
chemotherapy, immunotherapy, molecular targeted therapy, etc. in the past, all cases had detailed information and well 
documented follow-up records, and carcinoma was approved by pathological diagnostic tools by two expert pathologists 
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who resided in the hospital. This project was confirmed by the Ethics Committee of the fourth affiliated hospital of China 
Medical University.

Cell Culture
All cell lines were purchased from Procell Life Science & Technology Co., Ltd (Wuhan, China). The human breast 
cancer cell lines HS578T, BT549, MDA-MB-453 and MDA-MB-468 were seeded and grown in dulbecco’s modified 
eagle medium (DMEM) (Procell, Wuhan, China), supplemented with 10% fetal bovine serum (Procell, Wuhan, China) 
and 1% antibiotics (Procell, Wuhan, China) at 37 °C in a humidified atmosphere with 5% CO2.

RNA Extraction and Quantitative Real-Time qPCR Analysis
Total RNA was extracted from cells using the SteadyPure Quick RNA Extraction Kit (Accurate Biotechnology, Hunan, 
China) in accordance with the manufacturer’s instructions.27 cDNA was synthesized using the Evo M-MLV RT Premix 
for qPCR (Accurate Biotechnology, Hunan, China).28 The primer sequences utilized for mRNA detection are as follows: 
CD151: 5′-CGAGACCATGCCTCCAACAT-3′(forward), 5′-CATGCCAAAGACCIGCACAC-3′(reverse); GAPDH: 5′- 
GCACCGTCAAGGCTGAGAAC-3′(forward), 5′-TGGTGAAGACGCCAGTGGA-3′(reverse). Real-Time PCR analysis 
was conducted using the SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology, Hunan, China)29 and the 
QuantStudioTM 3 Real-Time PCR system (Thermo Fisher Scientific, China). CT values of CD151 mRNA were 
equalized to the internal control, GAPDH. The relative expression was calculated by using the ΔΔCt method.

Transfection
HS578T cells were inoculated in T25 cell culture flasks. When the cells reached 70–80% confluence, we performed 
transfection using lipofectamine 3000 reagent (Thermo Fisher) according to the manufacturer’s instructions. Cells were 
collected 24–48h after transfection for further experiments. CD151 siRNA, CD151 overexpression plasmid and corre
sponding controls were purchased from OriGene Technologies (Wuxi, China), and integrin α3 (ITGA3) and integrin β1 
(ITGB1) siRNAs and corresponding controls were purchased from Starvio Biotechnology (Shanghai, China). The target 
siRNA sequences were as follows: CD151 siRNA: 5′-GCUGUUUACCUACAAUUGCUGCUTC −3′; ITGA3 siRNA: 5′- 
GGAUGAACAUCACAGUGAATT-3′; ITGB1 siRNA: 5′-GCAGCACAGAUGAAGUUAATT-3′.

Immunohistochemistry
Sections were incubated overnight at 4 °C with CD151 antibody (dilution ratio 1:200, Proteintech, 66567-1-Ig) followed 
by incubation with the corresponding biotinylated secondary antibody. Reactions were performed with Elivision TM plus 
Polyer HRP IHC Kit (KIT-9902, MXB biotechnologies, Fuzhou, China), and sections were counterstained with 
hematoxylin. CD151 expression was independently reviewed and scored by two clinical pathologists. Differing cases 
were re-examined until a consensus was reached. CD151 expression was assessed semi-quantitatively using the IRS 
score, which is derived from the intensity score multiplied by the percentage of positive cell score. 6 points and more 
were judged to be IRS positive. Immunostaining intensity was scored on a scale of 0–3: negative, 0; weak, 1; moderate, 
2; and strong, 3. The percentage of positive cells was scored on a scale of 0–4: less than 1%, 0; 1–10%, 1; 11–50%, 2; 
50–80%, 3; 81 −100%, 4.30,31

Western Blot Assay
Cells were lysed by 1xRIPA buffer with protease inhibitor cocktail (Seven Biotech, Beijing, China) and phosphatase 
inhibitors (MCE) on ice for 30 min, and centrifuged at 4 °C, 12,000g for 15 min. The extracted proteins’ concentration 
was detected using the Ready-to-Use BCA Protein Concentration Assay Kit (Seven Biotech, Beijing, China), then 
separated using a 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis and subsequently transferred to 
PVDF membranes (Millipore, Billerica, MA, USA). Antibodies using in the analysis were as follows: anti-CD151 
(66567-1-Ig), anti-Integrin α3 (21992-1-AP), anti-Integrin β1 (12594-1-AP), anti-GAPDH (60004-1-Ig), anti-JNK 
(24164-1-AP), anti-p-JNK (80024-1-RR), anti-ERK1/2 (11257-1-AP), anti-p-ERK1/2 (28733-1-AP) and anti-mouse 
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(SA00001-1) or anti-rabbit (SA00001-2) secondary antibodies (Proteintech, Wuhan, China); anti-N-cadherin (13116), 
anti-Vimentin (5741), anti-Snail (3879) and were all purchased from Cell Signaling Technology (Danvers, MA, USA).

Co-Immunoprecipitation (Co-Ip) Assay
Co-ip experiments were performed according to the instructions of the immunoprecipitation kit (IK-1004, Biolinkedin, 
Shanghai, China).32 Briefly, HS578T breast cancer cells were cultured in 100mm plates to 90–100% confluence. The 
cells were washed twice by the pre-cooled phosphate buffer saline (PBS) and collected by scraping. Then lysed with 1mL 
of IP buffer containing PMSF and phosphatase inhibitor cocktail for 20 min. Collected cell lysates by centrifugation at 
14000×g at 4 °C for 10 min. In a centrifuge tube, 2 µg of Mouse anti-CD151 (66567-1-Ig, Proteintech, Wuhan, China) or 
Mouse IgG (B900620, Proteintech, Wuhan, China) and 25 µL of Protein A/G magnetic beads, previously washed with 
pre-cooled PBS, should be mixed gently and then rotated overnight in a refrigerator set at 4 °C. The magnetic beads were 
collected using a magnetic rack and washed three times with IP lysis. Subsequently, 100 µL SDS-PAGE Sample Loading 
Buffer (1x) was added to the centrifuge tube, and the sample was heated in a water bath at 60 °C for 15 minutes. The 
magnetic beads were then separated using a magnetic rack, and the supernatant was retained. Finally, 20 µL of the 
sample was loaded onto an SDS-PAGE gel for further Western blot analysis.

Single Cell RNA Sequencing
Breast cancer patients were recruited from the Fourth Affiliated Hospital of China Medical University, and their 
breast cancer tissue and adjacent tissue samples were collected for preparing single-cell suspensions. The prepara
tion of the scRNA-seq libraries was conducted using the SeekOne DD Single Cell 5′ Library Preparation Kit 
(SeekGene). The purified libraries were subsequently subjected to sequencing using an Illumina NovaSeq 6000 with 
a read length of PE150. The raw sequencing data were then processed by the SeekOne tools (V.1.2.0) software suite. 
Low-quality cells were excluded if the number of expressed genes was less than 200 or greater than 6,000, or if the 
number of unique molecular identifiers was less than 2,200, or if the proportion of mitochondrial genes was greater 
than 5%.

The single-cell RNA sequencing (scRNA-seq) data consists of one luminal B breast cancer sample (C1), two luminal 
A breast cancer samples (C2 and C4), one adjacent tissue sample of C2 (N2), and one TNBC sample (C3). ScRNA-seq data 
analysis and visualization were performed by SeekSoul Online (https://seeksoul.online/index.html#/login).

Cell Proliferation Analysis (CCK8)
Cell proliferation was determined using Cell Counting Kit-8 (CCK-8) (Seven Biotech, Beijing, China). Well-grown 
HS578T cells were inoculated into 96-well plates at an amount of 2×103 per well and cultured under normal culture 
conditions for 24, 48 and 72 h, respectively, and assayed according to the instructions. The experiment was repeated three 
times.

Migration and Invasion Assays
Transwell inserts with 8.0 μm pore (TCS003024, Biofil, Guangzhou, China) were utilized for the performance of cell 
migration and invasion assays. To perform the migration assay, 500 µL of DMEM medium with 20% FBS was added to 
each lower chamber of a transwell insert. 3×105 stable cells with medium containing 1% FBS were seeded into the upper 
chamber. The cells were then incubated at 37 °C for 24 h in a humidified atmosphere with 5% CO2. Subsequently, the 
cells that had migrated onto the lower surface of the insert were fixed with 4% paraformaldehyde for 20 minutes, air- 
dried for 10 minutes, stained with 0.1% crystal violet for 30 minutes, and washed with PBS third times, air-dried for 
10 minutes. Subsequently, photographed and counted the cells. For the invasion assay, the inserts were pre-coated with 
Matrix-Gel™ Basement Membrane Matrix (Beyotime Biotechnology, Shanghai, China) diluted with serum-free medium 
at a ratio of 1:8, then incubated at 37 °C for 3 h. The remaining procedures were performed in accordance with the 
migration assay. Each experiment was repeated three times.
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Wound Healing Assay
Inoculate HS578T stable cells at a certain density into 12-well tissue culture plates, they should then reach about 70–80% 
confluence. Use a new sterile 10µL pipette tip to gently and slowly scrape the monolayer through the center of the wells, 
aiming for the resulting gap distance to be equal to the outer diameter of the end of the tip. Subsequently, the detached 
cells were removed via two gentle washes in PBS. The well was refilled with fresh DMEM medium with 1% FBS, and 
the cells were cultured for an additional 24 hours. The cells were observed and imaged under a microscope (EVOS FL 
Auto 2 Cell Imaging System, Thermo Fisher Scientific) at the same magnification and settings. The width of the gap was 
subsequently quantified using ImageJ.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 10.1.2 (GraphPad, San Diego, CA, USA). Student’s t-test 
and ANOVA were used depending on experimental conditions. All data presented as means ± SD, P < 0.05 was 
considered statistically significant.

Results
Patient Characteristics and CD151 Expression
To evaluate CD151 expression patterns in TNBC clinical samples and cell lines and assess its clinical relevance. In 64 cases, 
the median age at diagnosis was 53 years, with a range from 30 to 86 years. The characteristics of patients are summarized in 
Table 1. Notably, overexpression of CD151 was observed more frequently in TNBC cases, accounting for 82.8% of the 
instances. There were no significant differences found in lymph node involvement (P=0.601) or the different stages of cancer 
(P=0.526), nor between ductal and lobular TNBC (P=0.169). Additionally, age did not appear to influence CD151 expression 
(P=0.248) (Table 1 and Figure 1A). In normal breast tissue, CD151 was expressed in only a few cells. In the adjacent tissue, 
CD151 was expressed in the basal-myoepithelial cell layer of some cells. However, in invasive cancers, the expression of 
CD151 was primarily localized to the membrane, with some cells also showing expression in the cytoplasm (Figure 1B).

Immunohistochemical analysis revealed that the expression of CD151 was significantly higher in TNBC tissues and 
adjacent tissues compared to normal tissues. However, data from the Proteinatlas database (https://www.proteinatlas.org/ 
ENSG00000177697-CD151/cell+line) indicated varying expression levels in different breast cancer cell lines (Figure 1C). 

Table 1 Characteristics of Patients with Invasive Breast Cancer Based on CD151 Expression

Characteristics Number of Cases CD151 P-value

n=64(%) Low n=11 (17.2%) High n=53 (82.8%)

Age at diagnosis (years) 0.248

<50 22 (34.4) 3 (13.6) 19 (86.4)
≥50 42 (65.6) 8 (19.0) 34 (81.0)

Lymph node involvement 0.601

Yes 11 (17.2) 1 (9.0) 10 (91.0)

No 53 (82.8) 10 (18.9) 43 (81.1)

Stage 0.526

I, II 56 (87.5) 8 (14.3) 48 (85.7)

III, IV 8 (12.5) 3 (37.5) 5 (62.5)

Pathological type 0.169

Ductal 48 (75.0) 7 (14.6) 41 (85.4)
Lobular 16 (25.0) 4 (25.0) 12 (75.0)

Abbreviations: TNBC, Triple negative breast cancer; EMT, Epithelial-mesenchymal transition; MAPK, ITGA3, Integrin α3; ITGB1, 
Integrin β1; ScRNA-sequencing, Single cell RNA sequencing.
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Our findings further confirmed these variations in the HER2-positive cell line MDA-MB-453, as well as in TNBC cell lines 
MDA-MB-468, BT549, and HS578T (Figure 1D and E). Notably, mRNA and protein levels of CD151 were highest in the 
HS578T cell line. These findings established CD151 as a biomarker overexpressed in aggressive TNBC, correlating with 
metastatic potential but independent of traditional prognostic factors like lymph node status.

CD151 Promotes the Migration and Invasive Ability of TNBC Cells but Inhibits 
Proliferation
Knockdown of CD151 in TNBC Cells
To elucidate the functions of CD151 in TNBC, we knockdown the CD151 in the TNBC cell line HS578T. Following 
transfection with siRNA, a significant reduction in CD151 expression was observed at the mRNA levels (Figure 2A). 
Subsequently, the relative proliferation of HS578T cells was determined by CCK-8 assay, which demonstrated that 

Figure 1 CD151 expression is up-regulated in TNBC tissues and cell lines. (A), Characteristics of patients with invasive breast cancer based on CD151 expression. Data are 
presented in percent stacted column chart. There were no significant differences found in lymph node involvement or the different stages of cancer, nor between ductal and 
lobular TNBC. Additionally, age did not appear to influence CD151 expression. Comparisons were made within groups. (B), TNBC samples were immunostained with anti- 
CD151 antibody. The figures illustrate representative samples of TNBC, adjacent tissue, and normal breast tissue. In normal breast tissue, CD151 was expressed in only 
a few cells. In the adjacent tissue, CD151 was expressed in the basal-myoepithelial cell layer of some cells. In invasive cancers, CD151 expression was primarily localized to 
the membrane, with some cells also showing expression in the cytoplasm. (C), CD151 mRNA and protein expression level in different breast cancer cell lines, data from the 
Proteinatlas database (https://www.proteinatlas.org/ENSG00000177697-CD151/cell+line). (D), CD151 mRNA expression in human breast cancer cell lines were analyzed by 
RT-qPCR, GAPDH as an internal reference (n=3). (E) CD151 protein expression in human breast cancer cell lines were analyzed by Western blot, GAPDH as an internal 
reference (n=3). 
Abbreviation: ns, no significance.
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knockdown of CD151 enhanced HS578T cell proliferation (Figure 2B). The role of CD151 in regulating cell migration 
and invasion was further evaluated. Results of the transwell assay showed that both the migration and invasion abilities 
of HS578T cells were inhibited after the knockdown of CD151 (Figure 2C). The results of the wound healing assay 
confirmed that the migration of HS578T cells was inhibited following the knockdown of CD151 (Figure 2D). To 
elucidate further the mechanisms of CD151 promoting the migration and invasion ability of HS578T cells, we examined 
the expression of EMT biomarkers by Western blot. The results indicated that the expression of EMT biomarkers 
decreased after the knockdown of CD151 (Figure 2E–I).

CD151 Over-Expression in TNBC Cells
In addition to knocking down CD151, we evaluated the role of CD151 overexpression in regulating the proliferation, 
migration, and invasion of TNBC cells. CD151 expression has been significantly up-regulated, as confirmed by RT-qPCR 
and Western blot assay (Figure 3A). We found that CD151 overexpression inhibited cell proliferation by CCK-8 assay 
(Figure 3B). In addition, the results of the transwell assay and wound healing assay showed that CD151 overexpression 
enhanced cell migration and invasion (Figure 3C and D). Similarly, the expression of EMT biomarkers was up-regulated 
after overexpression of CD151 (Figure 3E–I). These results indicated that CD151 exhibits a dual role—enhancing 
metastatic capacity while paradoxically suppressing proliferation.

Figure 2 Knockdown of CD151 inhibits breast cancer cells migration and invasion but promotes proliferation in vitro via Epithelial–mesenchymal transition. (A), CD151 
mRNA levels in HS578T cells which transfected with negative control (si-NC) and CD151 siRNA (si-CD151), GAPDH as an internal reference (n=3). (B), CCK-8 assay of 
cell relative proliferation in HS578T cells (n=5). (C), Representative images of transwell assay results of cell migration and invasion of HS578T cells (si-CD151 vs si-NC) 
(n=3). (D), Wound healing assay was performed to observe the role of CD151 in HS578T cells migration. (E), Western blot assay showed changes in EMT biomarkers’ 
expression in HS578T cells after CD151 knockdown. (F-I), Results of statistical analysis of protein expression of CD151, N-cadherin, Vimentin, and Snail. GAPDH was used 
as an internal reference for homogenization (si-CD151 vs si-NC) (n=3). Data are represented as the mean ± SD. * P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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CD151 Promotes EMT by Activating MAPK Signaling Pathways
To elucidate the mechanism of CD151-mediated EMT, we performed differential gene enrichment analyses by scRNA-seq for 
the TNBC sample (C3, n=1), luminal A samples (C2, n=1 and C4, n=1), luminal B sample (C1, n=1) and luminal A breast 
cancer adjacent tissue sample (N2, n=1). After integrating the transcriptional data from all acquired cells, we first applied low- 
resolution Uniform Manifold Approximation and Projection plot (UMAP), clustering and generated 2D graphs with 6 clusters 
in 5 samples (Figure 4A). To identify the main cell types of this atlas, we annotated each cluster with their marker gene 
expression. All cells were divided into five cell types, including epithelial cells (COX6C, KRT19, TFF3, SCGB2A2, MUCL1), 
endothelial cells (PTPRC, FYN, CD52, IL7R, IGKC), fibroblast cells (DDCN, LUM, COL1A1, APOD), myeloid cells (CCL3, 
CCL3L1, CXCL8, CCL4L2, SPP1) and pericytes cells (MYL9, TAGLN, ACTA2, MYH11, RGS5) (Figure 4B). Considering that 
breast cancer cells originate from epithelial cells, we subsequently analyzed the differential gene enrichment in epithelial cells 
from C3 versus C1 and C2 breast cancer sample on Seeksoul Online. The results showed that the differential genes between 
TNBC and other types of breast cancer were mainly enriched in the MAPK signaling pathway, integrin binding, EMT, and cell 
migration (Figure 4C and D).

Therefore, we verified the changes in phosphorylation levels of key molecules on the MAPK signaling pathway by 
Western blot. Western blot analysis indicated that the levels of JNK and ERK phosphorylation were decreased when 
CD151 was knocked down and increased when CD151 was overexpressed in TNBC cells. Moreover, protein expressions 

Figure 3 Overexpression of CD151 promotes breast cancer cells migration and invasion but inhibits proliferation in vitro via Epithelial–mesenchymal transition. (A), CD151 
mRNA and protein levels in CD151-overexpressed HS578T cells, GAPDH as an internal reference (n=3). (B), CCK-8 assay of cell relative proliferation in HS578T cells 
(n=5). (C), Representative images of transwell assay results of cell migration and invasion of HS578T cells (CD151-overexpressed vs Vector) (n=3). (D), Wound healing assay 
was performed to observe the role of CD151 in HS578T cells migration. (E), Western blot assay showed changes in EMT biomarkers expression in HS578T cells after 
CD151 overexpressed. (F-I), Results of statistical analysis of protein expression of CD151, N-cadherin, Vimentin, and Snail. GAPDH was used as an internal reference for 
homogenization (CD151-overexpressed vs Vector) (n=3). Data are represented as the mean ± SD. * P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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of JNK and ERK remained unaltered (Figure 4E–J). Therefore, these findings demonstrated that CD151 could promote 
EMT by activating MAPK signaling pathways, especially JNK and ERK.

CD151 Activates the MAPK Signaling Pathway by Forming a Complex with Integrin 
α3β1
To further investigate the complex of CD151 with integrins, Co-ip experiments were performed. The results of Co-ip 
demonstrated that CD151 could bind to integrin α3 and integrin β1 in HS578T cells and form CD151-integrin α3β1 
complex (Figure 5A). Besides, the results of Western blot analysis demonstrated that the expression of integrin α3 and β1 
was not affected by the expression levels of CD151 (Figure 5B and C).

Based on the findings, we used specific siRNAs to disrupt the expression of integrin α3 and β1 in CD151- 
overexpression cells. The results of the transwell and wound healing assay showed that the migration and invasion 
capacity of HS578T cells was also suppressed following the knockdown of integrin α3 and β1. Nevertheless, CD151 
overexpression was not observed to reverse the diminished cell migration and invasion capacity (Figure 6A and B). The 
results of Western blot revealed that the phosphorylation levels of JNK and ERK were elevated in CD151 over- 

Figure 4 CD151 is associated with MAPK and integrin signaling pathway and abnormal expression of CD151 disrupts MAPK signaling. (A), UMAP plot of 54836 cells 
colored by major cell type in this study. (B), Bubble plots of marker genes expressed in major cell types. Dot colors reflect expression levels and dot sizes represent the 
percentage of cells expressing marker genes in different cell types. (C), Pathway analysis was used to identify the significant pathway of the differential genes according to the 
KEGG, HALLMARK and GO database between C3 (TNBC) and C1 (Luminal (B) samples. (D), Pathway analysis was used to identify the significant pathway of the 
differential genes according to the KEGG, HALLMARK and GO database between C3 (TNBC) and C2 (Luminal (A) samples. We used the Wilcoxon test to select the 
significant pathways, and the threshold of significance was defined by p.adjust. (E), Western blot of CD151, JNK, p-JNK, ERK, p-ERK expression in CD151 knockdown or 
overexpressed cells when compared to control cells. GAPDH was used as an internal control. (F-J), Results of statistical analysis of protein expression of JNK, p-JNK, ERK, 
p-ERK. GAPDH was used as an internal reference for homogenization (si-CD151 vs si-NC) (CD151-overexpressed vs Vector) (n=3). Data are represented as the mean ± 
SD. * P < 0.05; **P < 0.01; ***P < 0.001. 
Abbreviation: ns, no significance.
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expression TNBC cells. However, when integrin was interfered with specific siRNAs, the phosphorylation levels of JNK 
and ERK decreased (Figure 6C–I). Therefore, these results indicated that CD151-integrin α3β1 complex formation is 
essential for MAPK activation, revealing a non-canonical integrin signaling mechanism independent of α3β1 expression 
modulation.

CD151-Integrin α3β1 Complex Promotes EMT via MAPK Signaling Pathway
Combined with the results we obtained; we present a schematic representation of the role of the CD151-integrin α3β1 
complex in TNBC (Figure 7). In conclusion, the present study has demonstrated the pro-migratory and invasive ability of 
CD151 in TNBC cells. The pro-tumorigenic effects of CD151 are exerted through its binding to integrin α3β1, rather 
than through the promotion of integrin expression. The CD151-integrin α3β1 complex can activate a variety of signaling 
pathways, which in our study are the SAPK/JNK cascade and the MEK/ERK cascade. The activated MAPK signaling 
pathway subsequently promoted EMT in TNBC cells.

In summary, these findings suggest that CD151 contributes to EMT by forming a complex with integrin α3β1, thereby 
activating the MAPK pathway.

Discussion
As a member of the tetraspanin family of proteins, CD151 expression is typically higher in highly invasive cancer cells 
and cancer-derived exosomes.33–35 CD151 plays a regulatory role in interactions between stromal and tumor cells. This is 
achieved, in part, through binding and stimulation of pro-MMPs on cell membranes, which in turn promotes the 
degradation of ECM components, including collagen and laminin. This process facilitates tumor cell invasion and 

Figure 5 CD151 can form a complex with integrin α3β1. (A), Co-immunoprecipitation of CD151 and integrins is shown. (B), Western blot of effect of CD151 expression 
levels on IGTA3 and IGTB1 expression levels, respectively. (C), Results of statistical analysis of protein expression of IGTA3 and IGTB1. GAPDH was used as an internal 
reference for homogenization (si-CD151 vs si-NC) (CD151-overexpressed vs Vector) (n=3). Data are represented as the mean ± SD. Significant differences compared with 
the control. 
Abbreviation: ns, no significance.
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metastasis.8,36–42 Our results are consistent with past studies, as shown in Figure 1, CD151 expression was higher in 
TNBC tissues and cell lines. The results of the transwell and wound healing assays indicate that CD151 promotes 
migration and invasion in TNBC cells by promoting EMT. Interestingly, clinical samples revealed a high expression of 
CD151 in TNBC; however, this expression did not correlate with lymph node involvement or cancer stage.

CD151 is pivotal in regulating cell adhesion through binding to laminin integrins. The CD151-integrin complex is 
essential for signaling and is a prerequisite for CD151 to exert several biological effects.43–45 In breast cancer cells, 
CD151 activates RhoA via integrin α3β1, which controls ErbB2 dimerization and thus promotes breast cancer motility 
and metastasis.46 In hepatocellular carcinoma cells, CD151 interacts with integrin α3β1 and integrin α6β1 to form 
a complex, which further affects the biological function of hepatocellular carcinoma.47 Additionally, in non-small cell 
lung cancer, CD151 has been demonstrated to facilitate the development and progression of NSCLC by forming 
a complex with integrin α3β1, which in turn regulates EGFR/ErbB2 and its downstream signaling pathways.48 These 
studies prompted us to investigate a potential association between integrin α3β1 and CD151 in TNBC. Our findings 

Figure 6 Impact of integrin α3 and β1 expression in CD151 overexpression HS578T cells. (A), CD151 overexpression HS578T cells were seeded into 6-well plates and then 
treated with specific siRNA for transwell assay, respectively. (B), CD151 overexpression HS578T cells were seeded into 6-well plates and then treated with specific siRNA for 
wound healing assay, respectively. (C), Western blot assay showed the effect of integrin α3 or β1 knockdown on the MAPK signaling pathway in CD151 overexpression cells. (D-I), 
Results of statistical analysis of protein expression of IGTA3, IGTB1, JNK, p-JNK, ERK, p-ERK. GAPDH was used as an internal reference for homogenization (Vector vs Vector+si- 
IGA3/si-IGB1) (CD151-overexpressed vs CD151-overexpresse+ si-IGA3/si-IGB1) (n=3). Data are represented as the mean ± SD. * P < 0.05; **P < 0.01; ***P < 0.001. 
Abbreviation: ns, no significance.
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suggest that CD151 formed a complex with integrin α3β1 in TNBC cells; however, unlike in non-small cell lung cancer, 
the expression level of CD151 does not affect the expression level of integrin α3 or integrin β1.

The two principal functions of integrins are mechanical attachment to the extracellular matrix (ECM) and the 
activation of signal transduction pathways that regulate a range of cellular processes essential for the initiation, 
progression, and metastasis of solid tumors.49 Integrins are capable of bidirectional signaling, and various cytoplasmic 
interactions control the activation of integrins, which in turn alters their affinity for extracellular ligands that transmit 
“inside-out” signals.50,51 Activated integrins increase their affinity for ECM ligands.52 Consequently, integrin-ECM 
interactions result in the recruitment of signaling molecules to the cytoplasmic structural domains of integrins, thereby 
facilitating the assembly of macromolecular complexes, which are also known as focal adhesions.53 It can be reasonably 
deduced that integrin-controlled cell migration is primarily mediated by a signaling pathway involving members of the 
adhesion patch kinase (FAK)-SRC family of kinases, which is highly dependent on integrin-specific mechanisms. In 
summary, integrin-ligand adhesion results in an increase in FAK tyrosine (Tyr) 397 phosphorylation, which generates 
binding sites for SRC kinase structural domains, namely SRC homology 2 (SH2) and SH3.54,55 The activated FAK/SRC 
complex facilitates various key signaling cascades that regulate cell motility.12 Integrins also play a role in cancer cell 
proliferation and survival, which, as previously described, is promoted through several complex and context-dependent 
pathways. In addition to P53 activation, integrin ligation has been demonstrated to trigger the up-regulation of BCL-2 
and FLIP pro-survival molecules, as well as the mitogen-activated protein kinase (MAPK)/extracellularly regulated 
kinase (ERK) pathway,56–58 the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway,59–61 the c-Jun 
N-terminal kinase (JNK),62–64 and the stress-activated MAP kinase (SAPK) or activation of nuclear factor-κB (NF-κB) 
signaling.65–67

Figure 7 Schematic representation of the functional role of the CD151-integrin α3β1 complex in TNBC. In TNBC, CD151 forms a complex with integrin α3β1. Then, the 
complex activates the MAPK pathway, which promotes EMT and enhances the migration and invasion of TNBC cells.
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To elucidate the mechanism by which the CD151-integrin α3β1 complex promotes EMT, we conducted 
a comprehensive analysis of differential gene enrichment utilizing single-cell RNA sequencing in a series of breast 
cancer samples, including TNBC and luminal A and B subtypes. Our findings revealed that the differentially expressed 
genes were mainly enriched in the MAPK signaling pathway, EMT and integrin binding (Figure 4A). This is consistent 
with our prediction and past findings that activation of the MAPK pathway is often involved in the progression of 
TNBC.68–70 As mentioned earlier, the SAPK/JNK cascade and the MEK/ERK cascade are two well-characterized MAPK 
pathways; the interactions between these two pathways form a comprehensive, interconnected signaling network that 
plays a key role in regulating the proliferation, migration, and invasion of breast cancer cells.17–20,25 Combining previous 
studies and our results, we conclude that binding of CD151 to integrins is required in TNBC progression. In TNBC, 
CD151 exerts a pro-tumor progression function mainly by activating various signaling pathways after forming a complex 
with integrin α3β1. In our study, the MAPK signaling pathway was activated, which in turn contributed to the promotion 
of EMT. Considering the practical limitations associated with CD151 gene deletion, the most common approach to 
targeting CD151 involves using a monoclonal antibody. Previous studies have shown that monoclonal antibodies directed 
against CD151 and integrin α6β1 complex binding inhibit HCC cell growth and invasion as well as tumor-induced 
angiogenesis through cytoplasmic and membrane-bound CD151 antigen responses.71 Our findings highlight the need for 
further investigation into the potential role of CD151 in the clinical management of TNBC.

While our current findings have shed light on the pro-tumorigenic role of CD151 in TNBC progression, several 
mechanistic aspects remain to be fully elucidated. Specifically, the precise cellular mechanisms by which CD151 promote 
EMT require deeper investigation at the molecular level, the pathophysiological relevance of these findings needs 
validation through appropriate in vivo models. To address these gaps, our future work will focus on employing CRISPR- 
based gene editing and proteomic approaches to map CD151’s interactome and downstream signaling networks in TNBC 
cells and establishing patient-derived tumor xenograft (PDX) and conditional knockout mouse models.

Conclusion
Our study establishes a novel link between the complex formed by CD151 with integrin α3β1 and the MAPK signaling 
pathway. Given the role of CD151 in TNBC progression, it suggests that CD151 could be a potential target for clinical 
treatment of this condition. A deeper understanding of these interactions and their effects on tumor progression may help to 
identify new prognostic markers for TNBC and new strategies to prevent cancer metastasis. Considering the practical 
limitations associated with CD151 gene deletion, the most common approach to targeting CD151 involves using 
a monoclonal antibody. This treatment effectively disrupts the binding between CD151 and integrin α6β1. In conclusion, 
our findings highlight the need for further investigation into the potential role of CD151 in the clinical management of TNBC.
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