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ARTICLE INFO ABSTRACT
Keywords: Introduction: The close association between cuproptosis and tumor immunity in triple-negative
Cuproptosis-related genes breast cancer (TNBC) allows its monitoring for predicting the prognosis of patients with TNBC.
Biomarker Nevertheless, the biological function and prognostic value of cuproptosis-related miRNAs and
Prognosis i

e . their target genes have not been reported.
Bioinformatics

Purpose: To construct the miRNA and mRNA-based risk models associated with cuproptosis for
patients with TNBC.

Methods: Comparison of expression levels for genes associated with cuproptosis was executed
between patients in the normal individuals and the TCGA-TNBC cohort. Conducting differential
analysis resulted in the identification of differentially expressed miRNA (DE-miRNAs) and
differentially expressed genes (DEGs) between the TNBC and Control samples. Screening for
prognostic miRNAs and biomarkers involved employing univariate Cox analysis and least abso-
lute shrinkage and selection operator regression analyses. These methods were utilized to
construct risk models aimed at predicting the survival of patients with TNBC. Based on the me-
dian value of risk scores, patients were then stratified into low- and high-risk groups. Functional
enrichment analysis was employed to explore the potential function and pathways of prognostic
genes. Additionally, independent prognostic analysis was performed through univariate and
multivariate Cox regression. Immune infiltration analysis was performed to examine disparities in
the infiltration of immune cells between the two risk groups. Finally, the prognostic gene
expression was mined in key cell types of TNBC.

Results: We obtained 5213 DEGs and 204 DE-miRNAs related to cuproptosis between TNBC and
Control samples. Five prognostic miRNAs (miR-203a-3p, miR-1277-3p, miR-135b-5p, miR-200c-
3p, and miR-592) and three biomarkers (DENND5B, IGF1R, and MEF2C) were closely associated
with TNBC. Significant differences in the functions of prognostic genes between the two risk
groups were observed, encompassing adipogenesis, inflammatory response, and hormone meta-
bolic process. The prognostic gene regulatory network revealed that miR200C-3p regulated
ZFPM2 and CFL2, and miR-1277-3p regulated BMP2 and RORA. A nomogram was created based
on riskScore, cancer status, and pathologic stage to predict 1/3/5-year survival of patients with
TNBC. Immune infiltration analysis indicated that the immune microenvironment may be
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associated with the progression of TNBC. Interestingly, prognostic genes exhibited higher
expression levels in T cells, fibroblasts, endothelial cells, and monocytes compared to other cells.
Conclusions: Five prognostic miRNA (miR-203a-3p, miR-1277-3p, miR-135b-5p, miR-200c-3p,
and miR-592) and three biomarkers (DENND5B, IGF1R, and MEF2C) were significantly associ-
ated with TNBC, it provides new therapeutic targets for the treatment and prognosis of TNBC.

Simple Summary: Cuproptosis is closely related to tumor immunity in triple-negative breast cancer (TNBC). Analyzing the
expression of genes associated with cuproptosis, we identified 5213 genes and 204 miRNAs with differential expression in TNBC and
control samples using differential analysis. The prognostic miRNAs and biomarkers were screened using single factor Cox proportional
risk and least absolute shrinkage and selection operator regression analyses. The analysis of immune infiltration was conducted to
examine variations in the infiltration of immune cells within low- and high-risk populations. Five prognostic miRNAs and three

biomarkers were closely associated with TNBC. Therefore, potential therapeutic targets for TNBC encompass cuproptosis-related
miRNAs and their regulatory target genes.

1. Introduction

Breast cancer is the primary contributor to cancer-related morbidity, disability, and mortality in women worldwide. As of the year
2020, it remained the most prevalent malignancy in terms of incidence [1]. Breast cancer subtypes are delineated based on histo-
pathologic characteristics and the absence or presence of specific molecular markers, including human epidermal growth factor re-
ceptor 2 (HER2; also referred to as ERBB2), progesterone receptor (PR), and estrogen receptor (ER). However, a therapeutic challenge
persists in roughly 10%-20% of breast cancer cases where there is a negative expression for HER2, PR, and ER. This specific subtype of
breast cancer is commonly denoted as triple-negative breast cancer (TNBC), characterized by a lack of well-defined molecular markers.
It is linked to an aggressive clinical course, characterized by poor overall survival (OS) and a short progression-free survival. Patients
with TNBC show a median time to death of approximately 4.2 years and a median survival of 10 years after diagnosis. In contrast,
patients with other subtypes of breast cancer show time to death and survival of 6 and 18 years, respectively [2,3]. Studies on the
progression of TNBC are limited; therefore, investigating the underlying mechanism is essential. The rapid development of molecular
biological information technology makes the research on breast cancer break through to the molecular level and discuss the effective
targets of breast cancer proliferation and metastasis, which will lay an important foundation for the future breast cancer diagnosis and
treatment [4].

MicroRNAs (miRNAs) are small, noncoding, and single-stranded RNAs pivotal in the regulation of gene expression, and they hold
significance in the context of TNBC tumors. The biological behavior of TNBC cells is modulated by miR-543, which directly targets the
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ACTL6A gene. Therefore, it can be targeted for both diagnostic and therapeutic interventions for TNBC [5]. MiR-211-5p acts as a
tumor suppressor in the progression of TNBC by targeting the SETBP1 gene, indicating its prognostic and therapeutic potential for
TNBC [6].

Copper, an indispensable trace element, is requisite for numerous biological processes [7]. Cuproptosis, a distinctive and novel
mode of cell death, relies on copper and specific miRNAs. It occurs when copper binds to lipoylated enzymes within the tricarboxylic
acid cycle and triggers protein aggregation and proteotoxic stress, ultimately leading to cell death [8]. The influence of
cuproptosis-related genes (CRGs) on the clinicopathologic characteristics and prognosis of TNBC has been documented. CRGs exhibit a
close association with tumor immunity in TNBC and can serve as predictive markers for patient prognosis [9]. Current research en-
deavors have concentrated on exploring the potential prognostic significance of CRGs in TNBC, demonstrating a close correlation
between CRGs and tumor immunity in TNBC [9-11]. However, miRNAs associated with TNBC have not been explored to date.
Therefore, our study explored miRNAs associated with TNBC prognosis and their target genes to construct prognosis prediction
models.

This study employed least absolute shrinkage and selection operator (LASSO) and univariate Cox regression analyses to obtain
biomarkers. Subsequently, prognostic risk models were constructed and verified. Five prognostic miRNAs were obtained, namely
MIMAT0000617, MIMAT0003260, MIMAT0000758, MIMAT0005933, and MIMAT0000264. In addition, a new prognostic model was
established for patients with TNBC based on three prognostic genes, namely DENND5B, IGF1R, and MEF2C. Overall, our findings
revealed new potential prognostic markers and therapeutic targets for TNBC. Fig. 1 depicts the flow chart of the study.

2. Materials and Methods
2.1. Date sources

Acquiring the RNA-sequencing (RNA-seq) data for TNBC involved accessing the data on mRNA and miRNA from The Cancer
Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/). The mRNA dataset included 125 normal (Control) and 116 TNBC
samples, and the miRNA dataset included 75 Control and 81 TNBC samples. In addition, the TCGA database yielded somatic mutation
data for 97 samples of TNBC. In addition, 298 TNBC samples with complete survival information in the Molecular Taxonomy of Breast
Cancer International Consortium (METABRIC) database (https://www.mercuriolab.umassmed.edu/metabric)were included in the
training set. GSE38959, GSE157284, and GSE118389 datasets were acquired from the National Center for Biotechnology Information
database (https://www.ncbi.nlm.nih.gov/geo/). Comprising 13 normal samples and 30 samples from individuals with TNBC, the
RNA-seq dataset GSE38959 was utilized. The RNA-seq dataset GSE157284 included 82 patients with TNBC, and their clinical data
included the results of PD-L1 immunohistochemistry. Single-cell RNA-seq (scRNA-seq) data of six primary TNBC tumors were included
in the GSE118389 dataset. The dataset included 20 CRGs, namely MTF1, GLS, ATP7B, FDX1, LIAS, LIPT1, DLD, DLAT, CDKN2A,
ATP7A, PDHB, PDHA1, GCSH, LIPT2, DLST, DBT, SLC31A1 (CTR1), NFE2L2, NLRP3, and CTR2 [12-15].

2.2. Analysis of CRGs in TNBC

To extract the mutation types of TNBC samples, the somatic mutation data from the TCGA-TNBC cohort underwent analysis
through the maftools package (v 2.8.05) [16] to obtain the mutation types of TNBC samples. In addition, the mutation rates of genes in
TNBC samples were analyzed. The location of CRGs on 24 chromosomes was determined using the RCircos (v 1.2.2) package [17].
Next, a univariate Cox analysis was executed to derive the risk value score for each CRG. Furthermore, a network of protein—protein
interaction (PPI) involving these risk factors was established through the utilization of the STRING database (http://stringdb.org). The
somatic mutation rates of CRGs in TNBC samples were analyzed, and their expressions were compared between patients with TNBC
and Control samples. According to the CRG expression, patients were stratified into subgroups based on low and high levels. Sub-
sequent comparison of the survival between these two subgroups was conducted, and Kaplan-Meier (K-M) survival curves were
plotted.

2.3. Screening of differentially expressed genes (DEGs) and miRNAs

DEGs between 125 TNBC and 116 Control samples and differentially expressed miRNA (DE-miRNAs) between 75 TNBC and 81
Control samples of miRNA expression matrix were obtained using the limma (v 3.48.3) package (adj.p.value < 0.05& [log2FC| > 1)
[18]. The generation of heat maps was accomplished utilizing the pheatmap package (v 1.0.12), while the volcano maps were plotted
utilizing the ggplot2 package (v 3.3.5) [19]. The computation of the cuproptosis score for each patient with TNBC in the TCGA dataset
involved applying the gene set variation analysis (GSVA; v 1.44.5) package and utilizing the single-sample gene set enrichment
analysis (ssGSEA) algorithm. Correlations between the DE-miRNAs and the cuproptosis scores were computed utilizing the Spearman
method (p.value < 0.01). The candidate miRNAs were obtained based on the correlation values.

2.4. Screening of prognostic miRNAs
Candidate miRNA expression was used as a continuous variable, and univariate Cox proportional hazard regression analysis was

conducted utilizing the survival (v 3.2-13) package [19] to obtain survival-related miRNAs (p.value < 0.05). Furthermore,
survival-related miRNAs were analyzed with the LASSO algorithm using the glmnet (v 4.1-3) package to obtain prognostic miRNAs.
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Following the classification based on the median value of the risk score, the samples were stratified into low- and high-risk groups.

Evaluation of the prognostic value of the risk model was conducted utilizing the TCGA miRNA dataset. The calculation of the risk
score for each sample involved the utilization of the following formula: Riskscore = exp (f1X1 + p2X2 + ... + pnXn), of which X
represents the miRNA expression, and f refers to the regression coefficient. The risk curve of the heat map and the risk model of miRNA
expression were plotted. The K-M survival curve was drawn using the survminer (v 0.4.9) package, including disease-free and overall
survival, for both the risk groups. Finally, the receiver operating characteristic (ROC) curves were plotted for 1-5-year OS. In addition,
the ROC curves for each prognostic miRNA and the risk model were plotted to predict relapsed versus non-relapsed, survival, and death
outcomes in patients with TNBC.

2.5. Enrichment analysis and the construction of a regulatory network

Hallmark enrichment and gene ontology (GO) analyses were conducted on samples within the two risk groups utilizing org. Hs.eg.
db (v 3.13.0) and clusterProfiler (v 4.0.2) to delve deeper into potential biological mechanisms and relevant signaling pathways in
these groups [20]. We predicted the downstream mRNAs of the prognostic miRNAs from the miRTarBase (http://miRTarBase.mbc.
nctu.edu.tw/) miRWalk (http://mirwalk.uni-hd.de/), and miRDB (https://mirdb.org/) databases. The predicted outcomes from the
three databases were intersected to obtain the regulatory mRNAs (target genes) of the prognostic miRNAs. Because the prognosis of
miRNAs was significantly increased in patients, according to the theory of miRNA-mRNA, and significantly reduced genes in patients
were selected to intersect with predicted target genes of miRNA. Furthermore, GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were carried out utilizing clusterProfiler (v 3.14.3) [20] (p.adjust <0.05 and count >1) to explore
associated signaling pathways and functions of target genes. Finally, the ClueGo plug-in within the Cytoscape software was employed
to visualize the enrichment analysis of target genes.

2.6. Screening of biomarkers

The training set included 298 patients with TNBC in the METABRIC dataset with complete survival information. The external
validation set comprised 80 patients in the TCGA-TNBC dataset with complete survival information. We then created a risk model for
the training set using univariate Cox and LASSO regression analyses and validated the model in the validation set. In addition, uni-
variate proportional hazard Cox and LASSO regression analyses were performed on the target genes to identify biomarkers. Based on
the median risk score, samples in the METABRIC and TCGA datasets were stratified into high- and low-risk groups. The evaluation of
the prognostic value of the risk model occurred in the METABRIC dataset and underwent validation in the TCGA dataset. The formula
for calculating the risk score is included in section 2.4, where X is the expression of the biomarker. For the METABRIC and TCGA
datasets, the ROC curves for 1-5-year survival, K-M survival curves, heat map of miRNA expression, and risk curve of the risk model
were generated. Furthermore, the expression levels of biomarkers obtained using the regression analysis were analyzed in the TCGA
and GSE38959 datasets. Finally, we downloaded the results of immunohistochemical analysis of the prognostic genes from the Human
Protein Atlas database (https://www.proteinatlas.org/).

2.7. Independent prognostic analysis

We used ggalluvial (v 0.12.3) to map the Alluvial and show the relationship between clinical characteristics. We compared the
prognosis of two risk groups of the TCGA dataset containing complete clinical information of 72 samples. Furthermore, riskScore, age,
cancer status, and other clinicopathologic factors were incorporated into the risk model for univariate COX-independent prognostic
analysis. Next, the factors with p. value < 0.05 obtained in the univariate Cox analysis were incorporated into the multivariate Cox
analysis. A nomogram was created to forecast survival rates of patients with TNBC (1-, 3-, and 5-year survival) based on clinical factors
(p.value < 0.05) obtained from the above analysis. Further, a calibration curve was constructed to validate the nomogram utilizing the
aforementioned prediction model.

2.8. Functional enrichment and immune infiltration analyses

We downloaded the hallmark pathway gene set using the msigdbr (v 7.4.1) package and used it as the preset pathway to explore the
pathways activated in the two risk groups. The ssGSEA score of each pathway was obtained using the GSVA (v 1.44.5) package. The
limma package was used to compare the scores of biological signaling pathways in the two risk groups. In addition, the ssGSEA al-
gorithm was used to compute the abundance percentage of infiltrating immune cells in each TCGA sample (based on 24 immune cell
sets). Next, the Wilcoxon test was applied to analyze the disparities in immune cell infiltration between the two risk groups. Finally, the
relationship between immune cells and riskScore was analyzed utilizing the Pearson method.

2.9. Significance of riskScore

The riskScore values of patients with TNBC in the GSE157284 dataset were computed, and the patients were classified into the
groups of high and low risk levels based on the median riskScore. A comparison of the expression levels of immune checkpoint genes
was conducted between the two risk groups. Immunophenscores (IPS) for patients with TNBC were obtained from The Cancer
Immunome Atlas database (https://www.tcia.at/). IPS was based on the expression of suppressor cells, effector cells, MHC molecules,
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and immunomodulators [21,22]. The Wilcoxon test was utilized to assess the differences in IPSs between the two risk groups.
Chemotherapy is commonly used for the clinical treatment of malignant tumors; therefore, we used a predictive model to evaluate the
drug sensitivity in the two risk groups using the Genomics of Drug Sensitivity in Cancer (GDSC) database (https://www.cancerrxgene.
org/). The oncoPredict (v 0.2) package was used to assess the chemotherapy response in each patient based on the IC50 values. In
addition, the chemotherapy response of patients in the two risk groups was determined (the list of drugs was sourced from the GDSC
database). Specifically, IC50 values of four commonly used antibreast cancer drugs (5-fluorouracil, cisplatin, docetaxel, and paclitaxel)
were obtained from the GDSC database and compared in the two risk groups.
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We used Seurat (v 4.10) for quality control of the GSE118389 dataset (6 primary non-metastatic TNBC tumors). Genes that were
detected in <3 low-quality cells, cells with >10% mitochondrial expression genes, and cells with a <200 count number of gene
expression were excluded. We then reduced the dimension of the dataset and normalized the gene expression of the core cells using a
linear regression model and performed the JackStraw and ScoreJackStraw functions to analyze available dimensions and determine
whether the overall distribution of cells in each sample is consistent or there are significant outliers. Next, the tSNE algorithm was used
to perform an overall dimensionality reduction analysis of the principal components with p < 0.05, and core cell clustering results were
obtained. Furthermore, SingleR (v 1.6.1) was used to label different clusters in the Cellmarker database and identify each cell group.
Based on the results of tSNE annotation, the analysis of the expression of prognostic genes in different cell types was conducted. The
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Fig. 5. Enrichment analysis and the miRNA-mRNA regulatory network. (A) GO and hallmark enrichment analysis in the two risk groups (The
curves in the graph represent the running sum of the enrichment scores. The central portion of the graph delineates the position of genes associated
with specific pathways, while the bottom part displays the distribution of the metric along with the list.) (B) Downstream regulatory genes of the
prognostic miRNAs were predicted using miRDB, miRWalk, and miRTarBase. (C) Target genes of miRNAs based on the intersection of down-
regulated DEGs and target genes. (D) Construction of the PPI network of miRNA-mRNA. (E) GO enrichment analysis of target genes. (F) KEGG
Enrichment analysis of target genes. (G) Visualization of enrichment analysis of target genes using ClueGo.

Monocle 2 algorithm in the monocle (v 2.24.1) package was used for pseudotiming. Subsequently, the function “plot genes in pseu-
dotime” of monocle (v 2.24.1) was performed to analyze the trajectory-dependent expression of biomarkers for linear differentiation.
Finally, three types of regulators with high interaction confidence were selected using the dorothea (v 1.7.2) package. The TF activity
of each cell was calculated based on the regulator, and the TF activity of the cell population was computed after the cells were
reclustered according to the TF activity. Finally, the TFs with significant differences between different cell populations were compared.

3. Results
3.1. Expression of CRGs in TNBC and the associated mutations

We performed somatic mutation analysis to determine the genetic variation profile of CRGs in TNBC and found that most mutations
were missense mutations (Fig. 2A). TP53 had the highest mutation rate in the TNBC samples (Fig. 2B). CRGs were located on chro-
mosomes 1, 2, 3, 4, 7,9, 11, 13, 14, 16, and X (Fig. 2C). Ten risk factors, including ATP7A and LIPT2, and 11 favorable factors,
including GCSH and DLAT were observed in the PPI network (Fig. 2D). Four genes (ATP7A, DLAT, MTF1, and NLRP3) had missense
mutations in four TNBC samples; however, the mutation frequency of CRGs in TNBC samples was low (Fig. 2E). Seventeen CRGs were
significantly different between the TNBC and Control samples (Fig. 2F). The expression levels of GCSH, NLRP3, SLC31A2, and
SLC31A1 exhibited significant correlations with the prognosis of the patients with TNBC (Supplementary Fligure 1). Overall, these
results validated that cuproptosis was closely related to TNBC tumors.

3.2. Differential expression analysis

Overall, 5213 DEGs were discerned between TNBC and Control groups in the TCGA-TNBC cohort. Among these, 2053 exhibited
upregulation, while 3160 displayed downregulation in the TNBC samples (Fig. 3A). The heat map illustrates the expression levels of
DEGs between the TNBC and Control samples (Fig. 3B). In addition, 204 DE-miRNAs (138 upregulated and 66 downregulated) were
identified between the TNBC and Control groups (Fig. 3C), and the heat map shows their expression levels (Fig. 3D). The calculation of
cuproptosis scores for patients in the TCGA-TNBC dataset relied on the expression of CRGs (Supplementary Tlable 1). Spearman’s
correlation analysis yielded 173 candidate miRNAs based on the p-value of <0.01 (Fig. 3E).

3.3. Identifying prognostic miRNAs

We obtained seven survival-related miRNAs, namely MIMAT0000758 (MIR135B), MIMAT0004598 (MIR141), MIMAT0000617
(MIR200C), MIMAT0000264 (MIR203A), MIMAT0005933 (MIR1277), MIMAT0000432 (MIR141), and MIMAT0003260 (MIR592)
(Fig. 4A). LASSO regression analysis indicated five prognostic miRNAs (MIMAT0000617, MIMAT0003260, MIMAT0000758,
MIMATO0005933, and MIMAT0000264) (Fig. 4B). The expression of MIMAT0000264 exhibited higher levels in the high-risk group
(HR > 1) in contrast to the low-risk group. The expression of the remaining four miRNAs (MIMAT0000617, MIMAT0003260,
MIMATO0000758, and MIMAT0005933) was higher in the low-risk group in contrast to the high-risk group (Fig. 4C). Significant
differences in patient prognosis were observed between the two risk groups, with the high-risk group displaying a poorer prognosis
(Fig. 4D). Notably, the 1-5-year AUC values were greater than 0.6 (Fig. 4E). Moreover, the AUC values (relapse and non-relapse,
survival, and death) of the risk model were greater than 0.7, indicating the robust predictive capability of the model (Fig. 4F).

3.4. Enrichment analysis and the miRNA-mRNA regulatory network

GSEA indicated that samples in the two risk groups had significant differences in adipogenesis, inflammatory response, hormone
metabolic process, and other functions (Fig. 5A). MIR135B had 16 downstream regulatory mRNAs, and MIR200C had 71 downstream
regulatory mRNAs. Nine downstream regulatory mRNAs were screened for MIR203A, and MIR1277 had 8 downstream regulatory
mRNAs. We obtained 103 target genes (mRNAs) after removing duplicate genes (Fig. 5B). The intersection of 3160 downregulated
DEGs and 103 target genes revealed 33 target genes of miRNAs (Fig. 5C). MIR200C regulated ZFPM2 and CFL2, and BMP2 and RORA
were regulated by MIR1277 (Fig. 5D). The GO enrichment analysis unveiled that 33 target genes of miRNAs were mainly linked to
negative regulation of neuron death, negative regulation of neuron apoptotic process, and cellular response to transforming growth
factor-beta stimulus (Fig. 5E). The KEGG enrichment analysis indicated that the target genes participated in the MAPK signaling
pathway, basal cell carcinoma, and neurotrophin signaling pathway (Fig. 5F). Finally, ClueGo visualization indicated that the target
genes were mainly associated with positive regulation of protein-containing complex disassembly and negative regulation of fat cell
differentiation (Fig. 5G).
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3.5. Identifying biomarkers

DENND5B, IGF1R, and MEF2C were the three survival-related genes (p.value < 0.05; Fig. 6A). The same three key genes (bio-
markers) were identified using LASSO regression analysis (Fig. 6B). Moreover, these three biomarkers exhibited elevated expression
levels in the low-risk group of the METABRIC dataset (Fig. 6C). The high-risk group demonstrated an unfavorable prognosis (Fig. 6D).
AUC values surpassed 0.6, affirming the efficacy of the model (Fig. 6E). The biomarker expression patterns in the TCGA dataset were
consistent with those in the METABRIC dataset (Fig. 7A-C). These biomarkers were significantly reduced in patients with TNBC in the
TCGA and GSE38959 datasets (Fig. 7D-E). The immunohistochemical staining results of these biomarkers (downloaded from the
Human Protein Atlas database) revealed that the expression of biomarkers was lower in patients with TNBC than in Control samples
(Fig. 7F).

3.6. Independent prognostic analysis of the risk model

Supplementary Fligure 2Ashows the relationships between different clinical features The prognoses of patients with TNBC
exhibited significant differences in the two risk groups, indicating the well-constructed nature of the model and its applicability to
different clinical traits (Supplementary Fligure 2B). The p. values for cancer status, pathologic stage, pathologic T, and riskScore were
less than 0.05 (Fig. 8A). Finally, cancer status, pathologic stage, and riskScore were selected as the independent prognostic factors
(Fig. 8B). A nomogram for forecasting survival in patients with TNBC (1-, 3-, and 5-year survival) was constructed using cancer status,
riskScore, and pathologic stage (Fig. 8C). A calibration curve was plotted, indicating the robust predictive ability of the nomogram
model (Fig. 8D).

3.7. Functional enrichment and immune infiltration analyses between the two risk groups

Patients with TNBC in the two risk groups exhibited notable differences in functions such as glycolysis, DNA repair, and oxidative
phosphorylation. (Fig. 9A, Supplementary T1able 2). Eight types of immune cells (aDC, Tcm, Tgd, NK cells, Tem, helper T cells, TFH,

& 3 3 3 0 33333333333333333332
Variable HR lower 95%CIl upper 95%Cl  pvalue g N " g
g =
g /| %
T 8«
DENNDS5B  0.8023 0.6705 0.9601 0.01618 M 02 3 3 =
591 £a |
£ e i lambda.lse =
s = Lrttl 02
3 S | > = [ HHH HHRARRRRRaTEY)
IGF1R 0.7655 0.6075 0.9646 0.02349 I-‘-I o1 — S
S 5o
S L
[l
& - lambda.min =
MEF2C  0.8363 0.7141 0.9793 0.02644 H B h= 0.0
2
T T 1 T T T T r r T r
-5 4 -3 -2 -5 4 -3 -2
0 05 ™~ 1 1.5 Log Lambda Lo@)
1.0 METABRIC set
| METABRIC set Survival curve
o 05 1 1.00 SurvivalROC for metabric Set
8 0.0- Risk score : 4 High_risk ~
M - I . Loighfrisk =+ Low_risk -
2 -05 ’ 1 . —risk
! > 0.75
-1.0. ! £ =
. H -
8
9 2
S 050 T o |
-— o
& s 8o
o Y ® 025 & 59
o o PATCRR PN BN 2
L a o Y2 =
N A R A IR S RRIY A 34
0.00
Genes 0 2500 5000 7500 10000 S AUC for 1-Year Survival: 0.69814
een s = AEE LI SR e
MEF2C mis humber st isk - — AUC for 4-Year Survival:0.60357
1.0 High_risk| 149 67 37 12 0 S A — AUC for 5-Year Survival:0.60381
DENND5B ‘ 08 - T T T T T T
| %% Low_risk| 149 93 53 1 0 00 02 04 06 08 10
IGF1R el 0 2500 5000 7500 10000 False Positive rate
: ime
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Fig. 7. Screening of biomarkers. (A) Heat map of the risk score distribution, patient survival status, and biomarkers expressed in the TCGA dataset.
(B) K-M survival curves for patients with high/low-risk scores in the TCGA dataset. (C) ROC curves for 1-5-year survival for patients in the TCGA
dataset. (D, E) Comparison of expression levels of three biomarkers between control samples and patients with TNBC in the TCGA and GSE38959
datasets. *p < 0.05, **p < 0.01, and ****p < 0.0001. (F) Immunohistochemistry results for the prognostic genes (biomarkers) downloaded from the
Human Protein Atlas database.

and Eosinophils) displayed significant differences between the two risk groups (Fig. 9B). Moreover, the risk score exhibited a sig-
nificant association with four immune cell subtypes, namely Tcm, NK cells, Tem, and eosinophils (|R| > 0.3 and p < 0.05), reflecting
the key role of the immune microenvironment in TNBC (Fig. 9C).

3.8. Significance of riskScore in predicting response to immunotherapy and chemotherapy

The expression levels of LGALS9, PDCD1, and PD-L1 (CD274) were significantly different between the two risk groups (Fig. 10A).
EC, AZ, and IPS were significantly different between the two risk groups (Fig. 10B, Supplementary T1able 3). IC50 values of the three
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common chemotherapy drugs (5-fluorouracil, docetaxel, and paclitaxel) were significantly different between the two risk groups, and
patients in the high-risk group were more sensitive to these drugs compared with those in the low-risk group (Fig. 10C).

3.9. Analysis of cell subtypes and prognostic factors in TNBC using scRNA-Seq

We obtained 1191 high-quality cells (Fig. 11A) and identified 2000 genes with significantly different expression levels between
cells to determine cell types (Fig. 11B). The PCA results indicated that the overall distribution of the sample cells was the same. We did
not find any outlier sample, and all the p-values were less than 0.05; therefore, all core cells were analyzed (Fig. 11C) and grouped into
11 classes. The main six annotations included T cells, epithelial cells, endothelial cells, fibroblasts, monocytes, and smooth muscle cells
(Fig. 11D-F). Biomarkers were highly expressed in monocytes, fibroblasts, endothelial cells, and T cells; therefore, these four cell types
were considered key cells (Fig. 12A). Fibroblast was different into monocytes and T cells (Fig. 12B). DENND5B was highly expressed in
pseudotime 10-20, and IGF1R had a higher expression in pseudotime 0-10. In addition, MEF2C was highly expressed in pseudotime
0-25 (Fig. 12C). The heat map shows the top 25 differences in the TF activity across different cell types, and these TFs may affect the
development of TNBC. TBX21 had a higher expression in T cells, and LYL1 was highly expressed in T cells and monocytes (Fig. 12D).

4. Discussion

TNBC represents a poorly defined breast cancer subtype characterized by an aggressive clinical course. CRGs influence the clini-
copathologic characteristics, prognosis, and tumor microenvironment and show a significant association with tumor immunity in
TNBC [9]. A six-gene risk model demonstrated effective prognostic prediction for patients with TNBC [10]. Nonetheless, the biological
functions and prognostic significance of cuproptosis-related miRNAs and the target genes regulated by them have not been reported.

In our study, we obtained five survival-related and prognostic miRNAs (MIMAT0000617, MIMAT0003260, MIMAT0000758,
MIMATO0005933, and MIMAT0000264). Low miR-200c expression was linked to poor survival in patients with breast cancer, and
abnormal expression of miR-200c triggered apoptosis (indicated by increased cellular cAMP levels) [23]. MiR-592 played a sup-
pressive role in breast cancer by targeting TGFp-2, indicating its potential as a novel therapeutic target [24]. The prioritized gene list
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based on the robust rank aggregation method indicated the upregulation of miR-135b-5p. The target genes modulated by miR-135b-5p
exhibited association with processes, such as the regulation of transcription, DNA-dependent, and signal transduction. Notably, these
processes have been implicated in the progression of TNBC [25]. Upregulated miR-1277-3p is involved in various autism spectrum
disorder-related pathways associated with cell signaling, cell adhesion, and cancer metabolism [26]. The oncogenesis and develop-
ment of breast cancer may be enhanced by miR-203a-3p [27]. Similar to those of previous studies, our findings indicated that
MIMAT0000264 exhibited heightened expression in the high-risk group (HR > 1), whereas the expression of MIMAT0000617 and
MIMATO0003260 was elevated in the low-risk group compared to the high-risk group. However, the expression of MIMAT0000758 and
MIMATO0005933 was higher in the low-risk group compared to the high-risk group, and these findings were different from those of
previous reports. These two miRNAs may contribute to the regulation of breast cancer pathogenesis through involvement in multiple
tumor-related pathways.

In addition, we identified three biomarkers (DENND5B, IGF1R, and MEF2C). DENND5B is a guanine nucleotide exchange factor
that activates RAB39A and RAB39B. It has been recognized as one of the 13 loci significantly linked to the risk of colorectal cancer in
Asia [28]; however, its relationship with TNBC has not been confirmed. We explored the role of DENND5B in the progression of TNBC.
IGF-1R is a transmembrane receptor, belonging to the class of tyrosine kinase receptors. This receptor facilitates the binding to IGF-1, a
polypeptide protein hormone that shares a similar molecular structure with insulin. In the current study, 75% of patients with breast
cancer showed the activation of the insulin/IGF-1R signaling pathway. This signal transduction axis is related to the increase in cancer
progression, angiogenesis, and metastasis [29]. The IGF signal axis is implicated in TNBC, and the IGF gene signature is upregulated in
TNBC and TNBC cell lines. The IGF signaling pathway promotes the survival and proliferation of TNBC cells. The downregulation of the
IGF-1R signaling pathway enhances the IGF-II/IR-A signaling pathway, thereby promoting the typical Wnt signaling pathway [30].
Myocyte enhancer factor 2 (MEF2)C is an important transcription factor of the MEF2 family. This transcription factor is crucial in many
developmental processes. Its deregulation impacts cell differentiation, eventually resulting in heightened cell proliferation (particu-
larly important in cancer). MEF2C plays an important regulatory role in Ca2+, mitogen-activated protein kinase, Wnt, and phos-
phatidylinositol 3-kinase/protein kinase B (Akt) signaling pathways through direct interactions with effector proteins. Notably,
MEF2C silencing can significantly reduce TNBC cell migration [31]. Integrating findings from functional enrichment analysis, it is
inferred that these three genes could be involved in the onset and progression of TNBC via the Wnt signaling pathway.

This research revealed notable differences in patient prognoses between the two risk groups, with the high-risk group experiencing
poorer outcomes. Through functional enrichment analysis, significant variations were noted between the two risk groups in three key
functions: oxidative phosphorylation, DNA repair, and glycolysis. Oxidative phosphorylation represents a metabolic susceptibility in
chemotherapy-resistant TNBC [32]. Copper depletion modulates mitochondrial oxidative phosphorylation to impair TNBC metastasis
[33]. MYC and MCL1 cooperate to maintain chemotherapy-resistant cancer stem cells in TNBC by regulating mitochondrial oxidative
phosphorylation and ROS generation [34]. Most cases of TNBC have a DNA repair deficiency that can be identified using mutational
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Fig. 11. Expression of cell subtypes and prognostic genes in TNBC. (A) Violin plot screens high-quality cells in the GSE118389 dataset. Gene
expression levels are normalized using a linear regression model. (B) Identification of highly variable gene expression in core cells. (C) Overall
distribution of the sample cells using the JackStraw and ScoreJackStraw functions for PCA. (D, E) tSNE plot shows the clustering results for core
cells. Each point represents a single cell, colored according to cell type. The cells were clustered into six distinct types. (F) Expression profile of the
prognostic genes based on the cell cluster.

signature analysis and can be targeted with PARP inhibitors [35]. Studies on loss and gain of function demonstrated that FZD5 assisted
DNA damage repair in TNBC [36]. Myeloid-derived suppressor cells (MDSCs) and tumor immunity are regulated by aerobic glycolysis
through a specific CEBPB isoform in TNBC [37]. Overall, these three functions are associated with the prognosis and treatment of
TNBC.

Significant differences were observed between the two risk groups in eight types of immune cells (aDC, Tem, Tgd, NK cells, Tem,
helper T cells, TFH, and eosinophils). The purified naive Tcm and Tscm cell subsets exhibited enhanced persistence and antitumor
immunity when compared to ACT populations comprising Teff and Tem cells [38]. Lu et al. identified an association between
PRR7-AS1 expression and various immune cell types, including T helper cells, macrophages, NK CD56 bright cells, TFH cells, Th2 cells,
Th1 cells, aDC cells, cytotoxic cells, DC cells, neutrophils, Tgd cells, and Th17 cells, suggesting that PRR7-AS1 might be a potential
prognostic biomarker for patients with hepatocellular carcinoma [39]. We speculate that these cells have similar effects on the
development of TNBC; however, further studies are needed. Hollern et al. [40] reported that immune checkpoint therapy induces the
activation of Tth cells, which activate B cells to promote antitumor responses in mouse models of TNBC. The authors identified a novel
biomarker for immune checkpoint therapy and demonstrated B-cell-mediated activation of T cells and antibody production in response
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Fig. 12. Analysis of cell subtypes and prognostic factors in TNBC. (A) Analysis for the trajectory-dependent expression of biomarkers and its linear
differentiation. (B) Pseudochronologic analysis trajectories of the prognostic genes in different cell types inferred using Monocle2; each point
corresponds to a cell. (C) Analysis of the relative expression of DENND5B, IGF1R, and MEF2C in Pseudotime. (D) Heat map shows the TFs with

significant differences between cell populations.

to immunotherapy. Boieri et al. [41] demonstrated the critical role of CD4" Th2 cells in the immune response against breast cancer.
They highlighted the terminal differentiation of CD4 " Th2 cells as a distinctive effector mechanism for both cancer immunoprevention
and therapy. Additionally, the direct antitumor effects were attributed to the targeting of high-affinity NK cells towards PD-L1, which
resulted in the targeting of suppressive MDSC populations [42]. Manoochehri et al. reported an association between TNBC and al-
terations in the ratios or proportions of various leukocyte subtypes. Notably, a significant association was observed between TNBC and
decreased NK cell counts, indicating the strongest correlation of NK cells with TNBC among the examined leukocyte populations [43].

16



Y. Wang et al. Heliyon 10 (2024) e28242

Functional T follicular regulatory (Tfr) cells inhibited the activities of functional Tth cells through a mechanism involving the
glycoprotein A repetitions predominant (GARP) receptor and TGF-f. This inhibitory mechanism was dependent on the presence of
TGF-p and mediated by the association of GARP with TGF-f. The balance between functional Tfh tumor-infiltrating lymphocytes (TILs)
and functional Tfr TILs controlled the activity of tumor-associated TLS [44]. Grisaru-Tal et al. [45] identified a mechanism through
which the tumor microenvironment instructs eosinophils to acquire antitumorigenic properties. This significant finding opens up the
potential for the development of approaches that specifically target eosinophils for anticancer therapies. Overall, these findings
enhance our understanding of the immune system functioning and cuproptosis-related immune cells in TNBC, and immune cell
concentrations can be potentially used as a non-invasive marker for evaluating TNBC risk, facilitating detection, and implementing
preventive measures.

Our findings indicated elevated expression levels of three target genes in four key cells, namely monocytes, T cells, endothelial cells,
and fibroblasts. Wu et al. calculated the TIL score using the xCell algorithm. Scores reached their peak in the TNBC subtype and were at
their lowest in the ER-positive/HER2-negative subtypes. This phenomenon was related to monocyte infiltration [46]. TNBC showed
heterogeneity between and within tumors, and tumor-related fibroblasts were one of the sources of this heterogeneity [47]. Wang et al.
found that fibroblasts can induce the formation of lipid-related macrophages, mediate immunosuppression, and participate in pro-
moting immune escape in TNBC [48]. Zhou et al. confirmed that extracellular adenosine triphosphate treatment increased the
expression of connective tissue growth factor (CTGF) in TNBC cells and endothelial cells by upregulating integrin 1 expression in
TNBC cells. VCAM-1 in endothelial cells stimulates TNBC cells to adhere to endothelial cells and mediates the migration of TNBC cells
through the endothelial cell layer (mediated by CTGF) [49]. Regulatory T cells (Treg) are enriched in TNBC tissues, CD8" T cells are
depleted, and some cytotoxic CD8™ T cells are in a state of transition to failure, indicating that their tumor-toxic activity is inhibited
[50]. These cells may be targeted for the treatment of TNBC.

Immunotherapy is the most popular treatment for malignant tumors, often regarded as the fifth fundamental modality in cancer
management, along with targeted therapy, radiotherapy, chemotherapy, and surgery [51]. Immune checkpoints are the molecular
structures on the surface of tumor cells or in the tumor microenvironment, which regulate the activity and function of immune cells to
protect tumor cells from the immune system. Immune checkpoint molecules mainly include CTLA-4, PD-L1, and PD-1 [52]. They are
located on the surface of T cells and tumor cells. These molecules can inhibit the activity of T cells through specific binding interactions
[53]. IPS, a system grounded in machine learning techniques, computes z-scores utilizing data from four cell types linked to immu-
nogenicity. According to their median risk score, Li et al. categorized patients with breast cancer into groups of high and low risk.
Patients with low risk exhibited a superior immune response and a higher presence of antitumor immune infiltrating cells compared to
those in the high-risk category [54]. In our study, the inhibitory concentrations of three chemotherapy drugs (5-fluorouracil, doce-
taxel, and paclitaxel) were significantly different between the two risk groups. Our findings indicate an increased sensitivity to certain
drugs among TNBC patients classified in the high-risk group. RBP7 may be used as a tumor microenvironment regulator to induce
5-fluorouracil resistance, affecting the prognosis of patients with colorectal cancer [55]. Docetaxel activates the antitumor immune
response in a CGA/STING-dependent manner and promotes T-cell infiltration. The combination of immunotherapy with docetaxel may
improve the clinical benefits of immunotherapy [56]. In addition, the cell death index (CDI) showed a correlation with key tumor
microenvironment components and immune checkpoint genes. Patients exhibiting a high CDI demonstrated resistance to standard
adjuvant chemotherapy (e.g., oxaliplatin and docetaxel) [57]. Paclitaxel acts by directly eliminating tumor cells and modulating a
range of immune cells [58]. Paclitaxel contributes to the reduction of Treg cells, aids in the production of interleukin-10, alters growth
factors via Tregs, and enhances antigen presentation mediated by DCs [59]. Therefore, these three drugs can be used in the treatment
of TNBC; however, their therapeutic effect and clinincal use need to be verified.

We found five prognostic miRNAs (MIMAT0000617, MIMAT0003260, MIMAT0000758, MIMAT0005933, and MIMAT0000264)
and three prognostic genes (DENND5B, IGF1R, and MEF2C). Moreover, we developed a novel prognostic model for patients with
TNBC, unveiled new candidates as prognostic markers and therapeutic targets for the management of the disease, and revealed that
cuproptosis is closely related to TNBC tumors. Although our results did not directly elaborate on the mechanism of cuproptosis, we
discussed the biological functions of cuproptosis-related miRNAs and their target genes for the first time. We conducted a quantitative
assessment of the expression levels of prognostic genes and the clinical features of patients to ascertain their survival rates. The
construction of the TNBC prognostic model may help predict the treatment response and survival time of patients to make individ-
ualized treatment decisions and improve the overall treatment efficacy. However, the use of prognostic models still needs to be verified
clinically.

5. Conclusions

In this study, we pioneered the investigation into miRNAs linked to the prognosis of patients with TNBC. Subsequently, we inte-
grated these miRNAs with their target genes to develop a risk model, enabling the assessment of patient prognosis. We screened five
predictive miRNAs (miR-203a-3p, miR-1277-3p, miR-200c-3p, miR-135b-5p, and miR-592) and three biomarkers (DENND5B, IGF1R,
and MEF2C) for patients with TNBC by analyzing the transcriptome data, single-cell data, and miRNA information. The outcomes of
our study will establish a theoretical foundation for the assessment of copper-mediated death’s role in TNBC in subsequent research
endeavors. In addition, our findings indicated a novel target for enhancing the prognosis and treatment of patients with TNBC.
Nevertheless, this study has some limitations. Firstly, the analysis in this study relied on a restricted number of samples from the public
database, and the clinical sample size should be expanded. In addition, it is important to further verify these findings in cell or animal
models, which is our next research focus. In addition, we will continue to focus on the role of prognosis-related miRNAs and target
genes in TNBC and further explore their mechanism of action.
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The following supporting information can be found in the zip file. Table S1: Correlation of the CRG score to DE-miRNAs; Table S2:
Hallmarkpathways with significant differences between the high- and low-risk groups; Table S3: IPSscore of samples in the GSE157284
dataset.
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