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Background: Non-coding RNAs have received increasing attention in human tumors, with RNA interaction networks playing 
important roles in breast cancer. This study aims to explore novel circular RNAs and their mechanisms of biological function in 
breast cancer.
Methods: Six HER2-positive breast cancer tissues and paired normal tissues were obtained for the whole transcriptome RNA 
sequencing. Differentially expressed (DE) circRNAs, miRNAs and mRNAs were identified and Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of DERNAs were performed. DECircRNAs- DEmiRNAs- 
DEmRNAs networks were constructed and further verified by bioinformatics database analyses, luciferase assays and RIP assays. 
The expression level of circDOCK1 in breast cancer specimens was measured using qRT-PCR. Functional rescue experiments were 
conducted to explore the role of circDOCK1/miR-138-5p/GRB7 axis in breast cancer cells. The correlation of circDOCK1 expression 
and clinicopathologic features of 102 HER2 positive breast cancer patients was analyzed.
Results: A total of 6960 DEmRNAs, 133 DE miRNAs and 1691 DE circRNAs were identified from HER2-positive breast cancer 
tissues and paracancerous tissues. Enrichment Analysis showed that the differential mRNAs were associated with cell division in 
biological processes and cell cycle and signaling pathways. GO and KEGG analysis demonstrated that DE circRNAs were mainly 
enriched in double-strand break repair, positive regulation of transcription by RNA polymerase II, nucleoplasma, nucleus, chromatin 
binding and protein binding. Forty networks of competing endogenous RNAs (ceRNAs) were constructed and circDOCK1/miR-138- 
5p/GRB7 axis was verified. Functional experiments revealed that the axis promotes migration and invasion of breast cancer cells. 
CircDOCK1 expression was elevated in breast cancer patients and correlated with adverse clinicopathologic parameters. Patients with 
high circDOCK1 level had poor outcomes.
Conclusion: A novel circDOCK1/miR-138-5p/GRB7 axis promotes HER2 positive breast cancer metastasis and progression, 
providing a potential therapeutic target in the treatment of breast cancer.
Keywords: circular DOCK1, ceRNA, breast cancer, progression, patient survival

Introduction
Human epidermal growth factor receptor 2 (HER2) positive breast cancer accounts for 20–25% of all the breast cancer 
patients.1 With the development of targeted treatment strategies, the outcome of patients with HER-2 positive breast 
cancer has been markedly improved.2 However, advanced HER-2 positive breast cancer seriously jeopardized women’s 
health due to metastasis and treatment insensitivity.3 Thus, the molecular regulatory networks involved in breast cancer 
metastasis and treatment resistance remain to be further investigated.

The competitive endogenous RNA (ceRNA) hypothesis, which suggests that coding and non-coding RNAs sharing 
miRNA response elements (MREs) can regulate each other by competing for a limited pool of miRNAs, was a novel 
intrinsic molecular mechanism to regulate essential biological processes in cancer. Circular RNAs (circRNAs) are 
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generated by the back splicing of pre-mRNAs to form a structurally stable loop without a 5’-cap or a 3’-poly (A) tail, 
which are less exposed to degradation driven by exonucleases.4 They can be served as potential diagnostic and prognostic 
predictors for cancers because of their widespread expression, relatively high stability, and abundant presence in body 
fluid and exosomes.5,6 Moreover, circRNAs are particularly effective as sponges because they harbor a high number of 
MREs.7–9 Accumulating evidence demonstrated that circRNA-miRNA-mRNA regulatory axes are involved in cell cycle, 
apoptosis, proliferation, invasion, and migration in HER-2 positive breast cancer. For instance, circGFRA1 promotes 
malignant progression in HER-2 positive breast cancer and enhances AIFM2 expression by acting as a sponge for miR- 
1228;10 circ-ERBB2 promotes cancer progression through the circ-ERBB2/miR-136-5p/miR-198/TFAP2C axis;11 hsa- 
circ-001783 promotes breast cancer cell progression by sponging miR-200c-3p;12 circBCBM1 acts as an endogenous 
miR-125a sponge to upregulate BRD4 and is involved in breast cancer brain metastasis.13 Therefore, it is of great 
significance to explore ceRNA networks in HER2 positive breast cancer.

In this study, differentially expressed circRNAs, miRNAs and mRNAs were identified through RNA sequencing in 
six cancer tissues and paired normal tissues from patients with HER2-positive breast cancer in our hospital. 
Subsequently, bioinformatic analyses such as functional enrichment analyses of DEmRNAs were performed. The 
ceRNA networks were constructed for DEcircRNA targeting DEmiRNA and DEmRNA. We found a novel 
circDOCK1/miR-138-5p/GRB7 ceRNA network presenting in breast cancer and promoting breast cancer progression. 
Our findings revealed that circDOCK1/miR-138-5p/GRB7 axis is a potential therapeutic target for breast cancer.

Materials and Methods
Patients and Tissue Collection
Tissue samples were collected from 108 female HER2 positive breast cancer patients who underwent mastectomy 
without preoperative chemotherapy at the First Affiliated Hospital of Jinan University, Guangzhou, China, from 2019 to 
2022. Among these samples, 6 cancer tissues and paired normal tissues were collected for whole transcripts RNA 
sequencing and 102 cancer tissues were stored for real time PCR. All experimental procedures were approved by the 
Ethics Committee of the First Affiliated Hospital of Jinan University. The samples were frozen in liquid nitrogen 
immediately after resection and stored at −80°C before use. All patients were free of any other forms of cancer, and all 
specimens were examined by two pathologists before storage in liquid nitrogen. Detailed patient information is given in 
Table S1.

Cell Culture and Transfection
SKBR3 cells were purchased from the American Type Culture Collection (ATCC, USA). Cells were cultured in DMEM 
media containing 10% FBS (Gibco) and 1% penicillin-streptomycin (Gibco) at 37°C with 5% CO2. All si-RNAs and 
plasmids used in this study were obtained from Guangzhou IGE Biotechnology Co, Ltd. Lipofectamine 3000 (Invitrogen, 
Carlsbad, CA, USA) was used for transfection assays in SKBR3 cells. Forty-eight hours after the transfection, cells were 
collected for further experiments.

RNA Extraction and Sequencing
Total RNA was extracted from frozen tumor tissues and their paired normal tissues with TRIzol according to the 
manufacturer’s protocol. Initial RNA concentration and purity were assessed with a NanoDrop 2000 spectrophotometer 
(Thermo Scientific), and precise quantification was performed with a Qubit (ABI). Purified RNA was stored at −80◦C. 
RNA-seq libraries were generated using the V AHTS Universal V8 RNA-seq Library Prep Kit for Illumina according to 
the manufacturer’s protocol. The quality of each library was controlled using an Agilent 2100 TapeStation (Agilent). 
Following the manufacturer’s protocol, libraries were pooled and sequenced in the Illumina PE150, resulting in 150bp 
paired-end reads.
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Quality Control and Comparison of RNA Sequencing Reads
Raw RNA sequencing reads were filtered using fastp to remove r-RNA for clean reads. The Q20, Q30, and GC contents 
of the clean reads were recalculated to assess the quality of the sequencing. Clean reads were aligned to the reference 
genome using Hisat2. To define novel RNAs with or without coding potential, transcripts from each sample were 
assembled by StringTie from mapped reads. To estimate mRNA and circRNA expression levels, TPM (Transcripts Per 
Million reads) was calculated by Salmon (https://combine-lab.github.io/salmon/): ie, the number of reads per million 
reads from a given transcript and the TMM (Trimmed mean of M-values). Trimmed mean of M-values): weighted 
truncated mean of M-values.

Identification of DE Transcripts
DESeq2 was analyzed for DE in cancer and paracancer. P value < 0.05, |log2FoldChange| >1 could be used as a threshold 
for significant identification of DE mRNAs, DE miRNAs and DE circRNAs. Volcano maps and heat maps were plotted 
on DE mRNAs, DEmiRNAs and DE circRNAs using the R package.

Analysis of Functional Enrichment Pathways
GO and KEGG enrichment pathways of DE mRNAs and DE circRNAs were analyzed using the clusterProfiler package 
in R. GO terms and KEGG pathways enriched in ≥2 genes and with a significance threshold of p ≤ 0.05 were considered 
significant.

Construction of Protein-Protein Interaction Networks
The STRING database (version 12.0) was used to predict potential interactions between proteins translated by DE 
mRNAs. Upregulated mRNAs in cancer tissues were screened with Fold Change > 2, p-value < 0.05 and expression > 50 
in at least one cancer sample and visualized with Cytoscape (version 3.10). Protein networks with Hub gene association 
scores >0.4 (no more than 20) were predicted using the STRING database (version 12.0).

CircRNAs-miRNAs-mRNAs Network Construction
circRNA-miRNA-mRNA interactions were predicted using the following online bioinformatics tools: STARBASE 
(http://starbase.sysu.edu.cn/), miRanda (http://www.microrna.org/) and TargetScan (http://www.targetscan.org/vert_72/). 
The igraph package in R was used to construct the ceRNA networks.

RNA Extraction and qRT–PCR
Total RNAs were isolated from cell lines or tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and 
transcribed into cDNA using a PrimeScript RT Reagent Kit (TaKaRa Bio, Inc., China). The expression of 
circDOCK1, miR-138-5p and GRB7 was normalized to the GAPDH level and the U6 level. The primers were shown 
in Table S2. The fold change in RNA expression was assessed by the 2−ΔΔCt method.

Transwell Assays
Migration and invasion assays were conducted using transwell chambers with or without matrigel (100μL). Breast cancer 
cells (105 cells per well) were placed on the inserts in the upper chambers in 200μL serum-free DMEM. A 600μL of 
DMEM supplemented with 10% FBS was added into the lower chambers. Cells were cultured for 12h (migration) or 24h 
(invasion) in at 37°C in 5% CO2. And then, cells on the upper surface of the membrane filter were removed. The 
migrated and invaded cells that crossed the inserts to the lower surface were fixed with 4% formaldehyde stained with 
0.1% crystal violet solution, and counted as cells per field of view under an inverted fluorescence microscope.

Luciferase Reporter Assay
The circDOCK or GRB7 fragments with the mutant (MUT) or wild-type (WT) miR-138-5p binding sites were subcloned 
downstream of the Renilla gene in the dual-luciferase reporter vectors (Promega). SKBR3 cells were cotransfected with 
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the reporter vectors and the miR-138-5p mimic or NC mimic with the Lipofectamine 2000 reagent (Invitrogen). After 
incubation for 48h, a Dual-Luciferase reporter Assay System (Promega) was utilized to measure luciferase activity.

RNA Immunoprecipitation Assay
The Magna RIP binding protein immunoprecipitation kit (Millipore) was used to perform the RIP analysis. According to 
the instructions, after the initial lysis of the SKBR3 cells, the lysate was incubated overnight with anti-Ago2 or anti-IgG 
antibody-coated beads. Enrichment of circDOCK1 and miR-138-5p was measured by qRT-PCR.

Statistical Analysis
All experiments were performed with three technical replicates. Student’s t-test or one-way ANOVA were used to analyze 
differences between groups. Kaplan-Meier method and the Log rank test were used to analyze survival. Pearson 
correlation analysis were used to correlate among the levels of circRNA, miRNA and mRNAs. P < 0.05 was considered 
as a significant difference. Data were presented as means±standard deviations. All analyses were performed using SPSS 
20.0 software (IBM, USA).

Results
Differential Expression Analysis
Volcano plots showed that the differentially expressed mRNAs, miRNAs and circRNAs were clearly delimited in cancer 
tissues and paired normal tissues (Figure 1A-C). A total of 6960 DE mRNAs were determined according to the screening 
criteria, of which 3303 mRNAs were up-regulated and 3657 mRNAs were down-regulated. A total of 133 DE miRNAs 
were identified in breast cancer samples compared with normal control samples. Of these, 83 miRNAs were up-regulated 
and 50 miRNAs were down-regulated. Among 1691 DE circRNAs, 106 circRNAs were observed up-regulated and 1585 
circRNAs were down-regulated. In addition, hierarchical clustering analyses of DE mRNAs, DE miRNAs and DE 
circRNAs further explained the reliability of differential expression analysis (Figure 1D-F).

Functional Enrichment Analysis and PPI Network for mRNAs
GO and KEGG enrichment analyses were performed to predict the potential biological functions of DE mRNAs. The top 
20 enriched terms by dysregulated DE mRNAs were shown in Figure 2. The results indicated that most of the up- 
regulated DE mRNAs were associated with nucleosome, immune response, extracellular matrix organization as well as 
cell division in GO enrichment analyses. Up-DEmRNAs were highly clustered in several signaling pathways such as 
systemic lupus erythematosus, neutrophil extracellular trap formation, cell cycle et al (Figure 2A and B). Most of the 
down-regulated DE mRNAs were involved in ion channel activity, ion transmembrane transport and chemical synaptic 
transmission (Figure 2C). Additionally, KEGG pathway analyses suggested that down-regulated DE mRNAs were 
mainly associated with neuroactive ligand-receptor interaction, cAMP signaling pathway and calcium signaling pathway 
et al (Figure 2D).

To better investigate the impact of protein interactions in breast cancer, a PPI network was constructed using STRING 
based on up-regulated DE mRNAs with expression >50 in at least one cancer sample, indicating 114 nodes and 761 
interaction pairs (Figure S1). Nodes with high degree of expression were considered as key proteins, including MMP9, 
FN1, COL1A1 and ERBB2. These proteins were involved in several important signaling pathways in cancer cells, 
suggesting their vital roles in breast cancer progression.

Functional Enrichment Analysis of miRNAs and circRNAs
Enrichment Analysis of GO and KEGG for DE miRNAs showed that target genes were highly enriched in intracellular 
signal transduction (Figure 3A). Bubble map results showed that the majority of target genes were involved in 
proteoglycans in cancer (Figure 3B). GO and KEGG enrichment analyses of DE circRNAs revealed that DE circRNA 
were related to lamellipodium, chromatin organization, positive regulation of GTPase activity, GTPase activator activity 
and DNA repair et al (Figure 3C). The most relevant pathways of DE circRNA were regulation of actin cytoskeleton, 
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Figure 1 Overview of DE mRNAs, miRNAs, and circRNAs. (A–C) Volcano plots of DE mRNAs (A), DE miRNAs (B), and DE circRNAs (C). (D–F) Heatmaps of DE 
mRNAs (D), DE miRNAs (E), and DE circRNAs (F). Red indicates up-regulation and blue indicates down-regulation.
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lysine degradation, adherens junction and EGFR tyrosine kinase inhibitor resistance according to the KEGG pathway 
analyses (Figure 3D).

CeRNA Networks Construction and circDOCK1/miR-138-5p/GRB7 Axis 
Identification
CircRNAs can competitively sponge miRNAs, indirectly regulating mRNAs expression. To construct circRNAs-miRNAs- 
mRNAs regulatory networks, we predicted DE mRNAs targeting miRNAs and DE circRNAs targeting miRNAs by starBase, 

Figure 2 The GO and KEGG enrichment analysis of DE mRNAs. (A) Top 20 GO terms enriched by up-regulated DE mRNAs. (B) Top 20 pathways enriched by up- 
regulated DE mRNAs. (C) Top 20 GO terms enriched by down-regulated DE mRNAs. (D) Top 20 pathways enriched by down-regulated DE mRNAs.
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Miranda and TargetScan based on DE circRNAs, DE miRNAs and DE mRNAs. Finally, forty ceRNA networks were 
constructed including 15 circRNAs, 9 miRNAs, and 17 up-regulated mRNAs (Table S3).

Among these 40 ceRNA networks, we chose circDOCK1/miR-138-5p/GRB7 axis for further analyses (Figure 4A and B). 
GO annotation analyses showed that circDOCK1 was mainly enriched in double-strand break repair, positive regulation of 
transcription by RNA polymerase II (BP), nucleoplasma, nucleus (CC), chromatin binding, protein binding (MF), suggesting 
that circDOCK1 may have vital biological functions (Figure 4C-E). KEGG annotation analysis showed that circDOCK1 was 
predominantly enriched for Human T-cell leukemia virus 1 infection (Figure S2).

Figure 3 Bubble maps of enrichment analysis of miRNAs and circRNAs. (A) GO analysis of DE miRNAs. (B) Pathways analysis of DE miRNAs. (C) GO analysis of DE 
circRNAs. (D) Pathways analysis of DE circRNAs.
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GO Analyses for GRB7 indicated that it was mainly enriched in transmembrane transport, Golgi membrane, and ATPase 
activity. KEGG pathways analyses identified that GRB7 was closely related to ABC transporters, cell adhesion and tight 
junction, which were associated with breast cancer progression (Figure 5A-D). In addition, we found that GRB7 expression is 
closely correlated with ERBB2, GRB2, SHC1, EGFR, SRC and other proteins based on String website prediction with GRB7 

Figure 4 circRNA-miRNA-mRNAs interaction network. (A) Interaction network between DE circRNA and its target miRNA and target mRNA. Red color represents DE 
circRNA, yellow color represents DE miRNA, and blue color represents DE mRNA. (B) CircDOCK1-miR-138-50-GRB7 crosstalk. (C) Top 6 GO BP (biological process) 
enriched by DOCK1. (D) Top 6 GO CC (cellular component) enriched by DOCK1. (E) Top 6 GO (molecular function) enriched by DOCK1.
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association score above 0.4 (Figure 5E). To explore whether GRB7 could be served as a prognostic predictor, we validated the 
survival data of GRB7 in HER2-positive breast cancer in the METABRIC dataset. The results demonstrated that patients with 
low GRB7 expression had a better prognosis than those with high expression (p<0.01, Figure 5F). Collectively, these data 
suggests that circDOCK1/miR-138-5p/GRB7 may exhibit potential biological roles in HER2 positive breast cancer.

Figure 5 Functional enrichment analysis of GRB7 and its prognostic predictive value. (A) Top 6 GO BP (biological process) enriched by GRB7. (B) Top 6 GO CC (cellular 
component) enriched by GRB7. (C) Top 6 GO (molecular function) enriched by GRB7. (D) Top 6 pathways enriched by GRB7. (E) Cytoscape v3.10.0 A network of proteins 
related to GRB7 protein. Darker colors mean more relevant. (F) Kaplan-Meier analysis of the correlation between GRB7 expression and overall survival (OS) in METABRIC 
dataset.
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Verification of circDOCK1/miR-138-5p/GRB7 ceRNA Network
To further investigate roles of circDOCK1/miR-138-5p/GRB7 axis, we first examined the circDOCK1, miR-138-5p and 
GRB7 expression in HER2 positive breast cancer tissues. The results showed that the expression level of circDOCK1 and 
GRB7 were elevated in breast cancer tissues compared with paired normal tissues. On the contrary, the expression level 
of miR-138-5p was downregulated in cancer tissues compared with paired normal tissues (Figure 6A-C, n=20). Pearson 
correlation analyses revealed that circDOCK1 expression level was positively correlated with GRB7 level and negatively 
correlated with miR-138-5p expression level (Figure 6D and E). In addition, circDOCK1 level was higher in HER2+ 

Figure 6 Verification of circDOCK1/miR-138-5p/GRB7 ceRNA Network. (A-C) The relative expression of circDOCK1 (A), miR-138-5p (B) and GRB7 (C) was 
determined by qRT-PCR in 20 paired HER2+ breast tissues and paired noncancerous tissues. (D-E) Pearson correlation analysis of circdock1 and GRB7 (D) and miR- 
138-5p (E) expression in HER2+ breast cancer. (F) Effects of miR-138-5p and circDOCK1 on the expression of GRB7. (G) The putative binding sites among circDOCK1, 
miR-138-5p and GRB7. (H) Luciferase reporter assay detecting the binding of miR-138-5p to circDOCK1 and GRB7 in SK-BR3 cells (normalized to miR-NC). (I) RIP with an 
anti-AGO2 antibody in the SK-BR3 cells evaluating the transcript levels of circDOCK1 and miR-138-5p. (**, p<0.01, ***, p<0.001).
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BT474 and SKBR3 cells than that in HER2− cells (Figure S3). Moreover, miR-138-5p mimics significantly decreased 
GRB7 expression, whereas circDOCK1 upregulated GRB7 expression and weakened the inhibitory effect of miR-138-5p 
mimics on GRB7 expression. The decrease of GRB7 caused by circDOCK1 siRNA transfection was reversed by 
transfection with miR-138-5p inhibitor in SKBR3 cells (Figure 6F).

The putative binding sites of miR-138-5p to circDOCK1 and GRB7 were identified through bioinformatics database 
analysis (Figure 6G). Next, dual-luciferase reporter assays were performed to verify the existence of the circRNA- 
miRNA-mRNA regulatory axis. We found that miR-138-5p directly binds to a site in circDOCK1 and a site in the 3’- 
UTR of GRB7 (Figure 6H). RIP was then performed using an anti-AGO2 antibody. We found that the amounts of 
circDOCK1 and miR-138-5p were higher in the anti-AGO2 precipitate than in the IgG precipitate (Figure 6I). Taken 
together, these data suggests that circDOCK1 may regulate GRB7 expression by sponging miR-138-5p.

circDOCK1/miR-138-5p/GRB7 Axis Promotes Breast Cancer Progression
We performed rescue experiments to investigate whether circDOCK1 promotes breast cancer progression by competi-
tively interacting with miR-138-5p and subsequently elevating the expression of GRB7. Briefly, cells with stable 
circDOCK1 silencing were transfected with the miR-138-5p inhibitor alone or in combination with sh-GRB7. The 
transwell assay results demonstrated that the inhibitory effects of circDOCK1 depletion on cells migration and invasion 
capacities were dramatically attenuated through miR-138-5p inhibitor. However, in cells with stable knockdown of 
circDOCK1, the suppressive effects of sh-circDOCK1 on cells migration and invasion capacities were restored after 
cotransfection with the miR-195-5p inhibitor and sh-GRB7 (Figure 7A). The results reveled the modulation effect of 
circDOCK1/miR-138-5p/GRB7 axis on the migration and invasion abilities of breast cancer cells.

Next, we evaluated the correlation of the circDOCK1 expression with the clinicopathologic parameters of breast 
cancer patients. As shown in Table 1, overexpression of circDOCK1 was correlated with adverse parameters in HER2+ 

breast cancer, including advanced grading, positive lymph nodes, large tumor size as well as distant metastasis. No 
significant relationship was found for other parameters such as age, HR status (Figure 7B-D). Kaplan-Meier survival 
analyses with the Log rank test were performed in breast cancer patients with high or low circDOCK1 expression (based 
on the median level) and revealed that patients with higher circDOCK1 expression levels exhibited worse disease-free 
survival and overall survival rates (Figure 7E and F). These data further revealed that circDOCK1/miR-138-5p/GRB7 
axis promotes breast cancer progression.

Discussion
HER2 positive breast cancer is highly metastatic accounting for 20–25% of all breast cancer patients.1 More than 30% 
HER2 positive patients may suffer relapse and metastasis even under anti- HER2 treatment, making it necessary to 
explore novel mechanisms underlying metastasis.14,15 Accumulating evidence have demonstrated that circRNA-miRNA- 
mRNA regulatory pattern plays crucial roles in malignancies including breast cancer.16–18 Herein, we constructed novel 
circRNA-miRNA-mRNA regulatory networks in HER2 positive breast cancer and circDOCK1/miR-138-5p/GRB7 axis 
was identified and confirmed. Functional analyses further validated the role of circDOCK1/miR-138-5p/GRB7 axis in 
promoting metastasis. Analyses of the clinicopathological characteristics of breast cancer patients revealed that 
circDOCK1 expression was positively correlated with lymph nodes involvement, HER2 status, distant metastasis as 
well as worse outcome. Therefore, our findings provided further evidence that circRNA-miRNA-mRNA axes played 
vital roles for breast cancer progression.

Advances in high-throughput transcriptome sequencing technology have facilitated the discovery of various non- 
coding RNAs (circRNAs and lncRNAs) and its ceRNAs networks.19–21 In our study, we chose circDOCK1/miR-138-5p/ 
GRB7 axis for further study for several reasons. First, the expression of cirDOCK1 and GRB7 were elevated, whereas 
the level was decreased in breast cancer tissues, which is consistent with the ceRNA theory.22–24 Second, the biological 
function of circDOCK1 in breast cancer is unknown. CircDOCK1 is located on chromosome 10:128,594,022–-
128,926,028 and is 2848 nucleotides in length. Here, GO annotation analysis displayed that circDOCK1 were primarily 
enriched in “positive regulation of transcription by RNA polymerase II”, “nucleoplasm” and “protein binding”. We found 
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that circDOCK1 was upregulated in breast cancer and correlated with adverse clinicopathologic parameters as well as 
worse patient outcomes.

CircRNAs have emerged as reliable and promising ceRNAs owing to their stable structures. Previous evidence 
demonstrated that circDOCK1 is mainly a cytoplasmic RNA and functions as ceRNA regulating progression of various 
malignancies. For instance, circDOCK1 has been shown to promote tumor proliferation, invasion and induce cisplatin 

Figure 7 The validation of the involvement of the circDOCK1/miR-138-5p/GRB7 axis in breast cancer progression and metastasis. (A) Transwell assays were performed to 
evaluate the effect of circDOCK1/miR-138-5p/GRB7 axis on the migration and invasion abilities of BT-474 cells. (B-D) The correlation of cirDOCK1 expression with lymph 
node involvement (B), metastasis (C) and HER2 status (D). (E) Kaplan-Meier analysis of the correlation between circDOCK1 expression and disease-free survival (DFS). (F) 
Kaplan-Meier analysis of the correlation between circDOCK1 expression and overall survival (OS). (*, p<0.05, **, p<0.01, ***, p<0.001).
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resistance through the miR-339-3p/IGF1R axis in osteosarcoma;25 In oral squamous cell carcinoma, circDOCK1 
regulates BIRC3 expression by acting as a ceRNA and is involved in the process of apoptosis;26 CircDOCK1 affects 
bladder cancer progression through circDOCK1/hsa-miR-132-3p/Sox5 axis.27 Our bioinformatics analyses and experi-
mental verification for the first time showed the regulatory role of circDOCK1/miR-138-5p/GRB7 axis in breast cancer 
progression. These findings indicated the potential application of molecular therapy targeting circDOCK1/miR-138-5p/ 
GRB7 axis in breast cancer.

MiR-138-5p, a tumor suppressor, has been reported to suppress metastasis and progression of various malignancies 
including breast cancer.28 Shadbad reported that ectopic expression of miR-138-5p inhibited the development of non- 
small cell lung cancer;29 Jing Xun reported that tumor cell-derived exosome miR-138-5p promotes breast cancer 
progression by inhibiting KDM6B expression in macrophages.30 Qi Zhang found that aerosolized miR-138-5p targeting 
PD-L1 can highly effective in preventing lung cancer development and progression, making it a potential treatment 
strategy for cancer.31 Furthermore, reports on the interactions between miR-138-5p and circRNAs in cancer are not a new 
phenomenon. For instance, circ-002136 functionally targeted miR-138-5p in an RNA-induced silencing complex (RISC), 
thereby regulating SPON2 expression and angiogenesis in Glioma;32 CircC16orf62 functions as an oncogene and 
promotes hepatocellular carcinoma progression through the miR-138-5p/PTK2/AKT axis;33 Circ-ERBIN promotes 
growth and metastasis of colorectal cancer through miR-138-5p/4EBP-1 axis.34 However, whether miR-138-5p interacts 
with circRNAs in breast cancer is unknown. In our study, miR-138-5p was for the first time identified as the potential 

Table 1 Relationship Between circDOCK1 Expression and Clinicopathologic Features 
in Patients with HER2+ Breast Cancer No. (%)

Item Total No. circDOCK1 χ 2 p

Low High

Age(years) 0.048 0.84
≤50 42 (41.2) 17 (16.7) 25 (24.5)

>50 60 (58.8) 23 (22.5) 37 (36.1)

Tumor size 0.919 0.631
≤2cm 22 (21.6) 10 (9.8) 12 (11.8)

2–5cm 55 (53.9) 22 (21.6) 33 (32.4)

>5cm 25 (24.5) 8 (7.8) 17 (16.7)
Lymph node status 12.199 0.007

N0 20 (19.6) 14 (13.7) 6 (5.9)

N1 32 (31.4) 13 (12.7) 19 (18.6)
N2 28 (27.5) 6 (5.9) 22 (21.6)

N3 22 (21.6) 7 (6.9) 15 (14.7)

Grade 3.58 0.167
I 30 (29.4) 16 (15.7) 14 (13.7)

II 41 (40.2) 14 (13.7) 27 (26.5)

III 31 (30.4) 10 (9.8) 21 (20.6)
ER status 1.148 0.284

Positive 70 (68.6) 25 (24.5) 45 (44.1)

Negative 32 (31.4) 15 (14.7) 17 (16.7)
PR status 1.316 0.251

Positive 68 (66.7) 24 (23.5) 44 (43.1)

Negative 34 (33.3) 16 (15.7) 18 (17.6)
Ki67 status 1.689 0.194

low 38 (37.3) 18 (17.6) 20 (19.6)
high 64 (62.7) 22 (21.6) 42 (41.2)

Relapse 4.942 0.026

no 87 (85.3) 38 (37.3) 49 (48.0)
yes 15 (14.7) 2 (2.0) 13 (12.7)
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target of circDOCK1 in breast cancer. The binding relationship was further verified through bioinformatics analyses, 
pulldown assays and luciferase reporter assays.

Moreover, we found that GRB7 is a downstream target of miR-138-5p in breast cancer cells. Our study revealed 
a positive correlation of GRB7 expression with circDOCK1 expression and a negative correlation of GRB7 expression 
with miR-138-5p expression in breast cancer tissues, which was consistent with the competing endogenous RNA theory. 
GRB7 (Growth factor receptor bound protein 7), a gene commonly co-expressed with HER2 due to their proximity on 
chromosome 17 position q12, binds to phosphorylated tyrosine kinases to promote metastatic proliferative pathway such 
as PI3K/AKT/mTOR pathway through its C-terminal SH2 domain.35,36 Yun Ling reported that GRB7 mediated 
circCDYL2 induced trastuzumab resistance in HER2 positive breast cancer;37 Chune Yu found that GRB7 was 
a driver for MEK inhibitor resistance in KRAS mutant colon cancer;38 Pei YY reported that up-regulated GRB7 
correlated with increased stem cell properties in gastric cancer.39 Thus, peptide inhibitors targeting GRB7 SH2 domain 
may be promising molecular therapeutic in cancer. In our study, we found that high GRB7 expression was associated 
with poor patient survival in METABRIC dataset. In addition, functional rescue experiments revealed that circDOCK1 
promoted breast cancer cells migration and invasion through circDOCK1/miR-138-5p/GRB7 axis, emphasizing the value 
of this axis as a prognostic marker and a therapeutic target.

Conclusion
In summary, our finding elucidate a novel circDOCK1/miR-138-5p/GRB7 regulatory network that promotes metastasis 
and progression of patients with HER2 positive breast cancer. This axis may be a therapeutic target for breast cancer. 
However, further research on the role of circDOCK1/miR-138-5p/GRB7 in breast cancer is warranted.
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