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Abstract: Cuproptosis is a recently reported novel way of cell death. A comprehensive study regarding expression, 
function and mechanism of cuproptosis-related genes in breast cancer is still absent. In this work, a series of in 
silico analyses were employed and SLC31A1 was selected as the most potential cuproptosis-related gene in breast 
cancer, which was statistically upregulated and possessed significant abilities to predict diagnosis, prognosis and 
drug response. Moreover, SLC31A1 was significantly positively correlated with different immune cell infiltration lev-
els, immune cell biomarkers or immune checkpoints in breast cancer. Upstream G2E3-AS1/let-7a-5p and CDKN2B-
AS1/let-7b-5p pathways were found to be responsible for SLC31A1 upregulation in breast cancer based on compet-
ing endogenous RNA mechanism. Furthermore, we found that SLC31A1 overexpression might be also induced by its 
high copy number level in breast cancer. Collectively, our current data elucidated that cuproptosis-related SLC31A1 
might be a promising diagnostic/prognostic biomarker and drug responsive predictor in breast cancer.
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Introduction

Breast cancer is the most common cancer type 
and is also one of the leading causes of cancer-
associated deaths in women all over the world 
[1]. Huge advances have been achieved during 
the past decades in the aspects of breast can-
cer screening, diagnosis, therapy and recur-
rence monitoring [2]. However, the total out-
come of patients with breast cancer is still dis-
content. Identifying the molecular mechanism 
of breast carcinogenesis and progression is 
extremely meaningful for seeking and deve- 
loping therapeutic targets, thereby improving 
prognosis of patients with breast cancer.

As is known to all, copper is an important and 
essential cofactor for all organisms including 
human body [3]. However, when the copper 
concentrations have exceeded than a normal 
threshold, it will be toxic and induce cell death, 
namely copper-induced cell death called cupro-
ptosis [4]. Several genes are reported to be 
involved in this process, including FDX1 [3], 

NLRP3 [5, 6], SLC31A1 [7] and MTF1 [8, 9]. 
Aberrant regulation of some of these cupropto-
sis-related genes have been validated to play 
important roles in cancer initiation and progre- 
ssion [10-12]. However, to date, a comprehen-
sive study regarding the expression, prognosis, 
diagnosis, immune correlation and mechanism 
of cuproptosis-related genes in breast cancer is 
still and need to be further explored.

In this study, a total of 19 cuproptosis-related 
genes were firstly collected for subsequent 
research. Next, the expression levels and prog-
nostic and diagnostic values of them were 
determined and validated in breast cancer. 
Finally, the dysregulated mechanisms respon-
sible for SLC31A1 overexpression in breast 
cancer were explored, including ncRNAs, DNA 
copy number variation and promoter methyla-
tion. The findings from this study might provide 
key clues for identifying and developing effec-
tive therapeutic targets and promising bio- 
markers in breast cancer.

http://www.ajcr.us
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vival analysis of genes [38], which was em- 
ployed for further validating the prognostic 
value of SLC31A1 in breast cancer as previ-
ously reported [20].

ROC curve analysis

Receiver Operating Characteristic (ROC) curve 
was plotted to represent the diagnostic values 
of SLC31A1 or its related miRNAs in breast 
cancer. For SLC31A1, the expression data was 
downloaded from TCGA database, after which 
ROC curve analysis was performed by usage of 
GraphPad Prism software. For miRNAs, ROC 
curve was automatically drawn by Cancer- 
MIRNome (http://bioinfo.jialab-ucr.org/Cancer- 
MIRNome), which was an interactive analysis 
and visualization database [39].

STRING analysis

The interaction among SLC31A1-related genes 
was explored using STRING (https://cn.string-
db.org/cgi/input.pl), which is an online data-
base for customizable protein-protein networks 
and functional characterization of user-upload-
ed gene/measurement sets [40]. Only protein-
protein pairs with a combined score more than 
0.4 were included for subsequent analysis.

CTR-DB analysis

Cancer Treatment Response gene signature 
Database (CTR-DB, http://ctrdb.ncpsb.org.cn/), 
a unique tool for basic and clinical researchers 
to access, integrate and reuse clinical tran-
scriptomes with cancer drug response [41], 
was employed to determine the effect of 
SLC31A1 in predicting chemotherapeutic sen-
sitivity in breast cancer.

TIMER analysis

TIMER (http://cistrome.shinyapps.io/timer/) is 
a web server providing broad use for cancer 
researchers to comprehensively analyze tum- 
or-infiltrating immune cells [42], which was uti-
lized to assess the correlation of SLC31A1  
with tumor infiltrating immune cells, immune 
checkpoints or immune biomarkers in breast 
cancer.

cBioPortal analysis

cBioPortal (http://cbioportal.org), a widely-used 
database for comprehensive analysis of com-

Materials and methods

starBase analysis

starBase (http://starBase.sysu.edu.cn/) [34, 
35], a database for decoding miRNA-ceRNA, 
miRNA-ncRNA and RNA-protein interaction net-
works from CLIP-Seq data, was used for deter-
mine the expression levels of cuproptosis-relat-
ed genes, miRNAs and lncRNAs in breast can-
cer. starBase was also employed to assess  
the expression correlation of SLC31A1-miRNA, 
SLC31A1-lncRNA, miRNA-lncRNA, SLC31A1-
immune checkpoint as well as SLC31A1-im- 
mune cell biomarker pairs in breast cancer as 
previously described [17].

GEPIA analysis

Gene Expression Profiling Interactive Analysis 
(GEPIA, http://gepia.cancer-pku.cn/) is a re-
cently developed interactive web server for 
analyzing the RNA sequencing expression data 
of more than 9,000 tumors and more than 
8,000 normal samples from the TCGA and 
GTEx projects [36]. In this study, GEPIA data-
base was introduced to validate cuproptosis-
related genes’ expression levels and prognos-
tic values in breast cancer. Moreover, the ex- 
pression relationship of SLC31A1 with PDCD1, 
CD274, CTLA4, G2E3-AS1 or CDKN2B-AS1 in 
breast cancer was also evaluated by GEPIA 
database. Additionally, GEPIA database was 
also employed to confirm the correlation of 
SLC31A1 with various immune cell biomarkers 
in breast cancer.

Kaplan-Meier plotter analysis

Kaplan-Meier plotter (http://kmplot.com/analy-
sis/) is an online tool for evaluating the eff- 
ects of genes, miRNAs and lncRNAs in 21 types 
of human malignancies, which sources was  
collected from GEO, EGA and TCGA databases 
[37]. In this study, the prognostic values of 
cuproptosis-related genes, miRNAs or lncRNAs 
in breast cancer were determined by Kaplan-
Meier plotter database. After entering the mol-
ecule names into the webpage, the survival 
analysis was automatically performed and the 
Kaplan-Meier plots could be directly down- 
loaded from the online website.

PrognoScan analysis

PrognoScan (http://dna00.bio.kyutech.ac.jp/
PrognoScan/) is a new database for meta-sur-
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Figure 1. Determination of cuproptosis-related genes in breast cancer by starBase. The expression levels of NFE2L2 
(A), NLRP3 (B), ATP7B (C), ATP7A (D), SLC31A1 (E), FDX1 (F), LIAS (G), LIPT1 (H), LIPT2 (I), DLD (J), DLAT (K), PDHA1 
(L), PDHB (M), MTF1 (N), GLS (O), CDKN2A (P), DBT (Q), GCSH (R) and DLST (S) in TCGA breast cancer samples 
compared with TCGA normal breast samples. *P<0.05; nsP>0.05.
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plex cancer genomics and clinical profiles [43], 
was utilized to determine the relationship be- 
tween SLC31A1 expression and its DNA copy 
number or promoter methylation levels in 
breast cancer.

UALCAN analysis

UALCAN (http://ualcan.path.uab.edu/index.ht- 
ml), a comprehensive, user-friendly, and inter-
active web resource for analyzing cancer 
OMICS data [44], was introduced to detect the 
promoter methylation of SLC31A1 in TCGA 
breast cancer and normal breast samples.

Statistical analysis

All the statistical analyses in this study were 
automatically performed by the online data- 
bases or tools as mention above. P-value <0.05 
or logrank P-value <0.05 was considered as 
statistically significant.

Discussion

Cuproptosis is a novel recently-reported way of 
cell death by partially targeting lipoylated TCA 
cycle proteins [3]. However, a comprehensive 
study regarding cuproptosis-related genes’ 
expression, diagnosis, prognosis and mecha-
nisms in breast cancer is still absent and need 
to be conducted.

In this study, 19 cuproptosis-related genes, 
including NLRP3 [5, 6], SLC31A1 [7] and MTF1 
[8, 9]. By performing expression analysis using 
several databases, three overexpressed genes 
in breast cancer, consisting of SLC31A1, GLS 
and CDKN2A, were selected for following study. 
After analyzing and confirming the prognostic 
and diagnostic values of them in breast cancer, 
SCL31A1 was chosen as the most potential 
cuproptosis-related gene in breast cancer. 
Despite no studies about SLC31A1 in breast 
cancer have been reported, SLC31A1 has been 

Figure 2. Validation of cuproptosis-related genes in breast cancer by GEPIA. The expression levels of NFE2L2 (A), 
NLRP3 (B), ATP7B (C), ATP7A (D), SLC31A1 (E), FDX1 (F), LIAS (G), LIPT1 (H), LIPT2 (I), DLD (J), DLAT (K), PDHA1 (L), 
PDHB (M), MTF1 (N), GLS (O), CDKN2A (P), DBT (Q), GCSH (R) and DLST (S) in TCGA breast cancer samples com-
pared with GTEx and TCGA normal breast samples. *P<0.05.

Figure 3. Survival analysis for SLC31A1, GLS and CDKN2A in breast cancer. The prognostic values of SLC31A1 (A), 
GLS (B) and CDKN2A (C) in breast cancer assessed by Kaplan-Meier plotter. The prognostic values of SLC31A1 (D), 
GLS (E) and CDKN2A (F) in breast cancer evaluated by GEPIA.
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found to modulate cisplatin resistance in sev-
eral types of human cancer. For example, Wu et 
al. suggested that SLC31A1 was involved in 
ZNF711-mediated suppression of cisplatin re- 
sistance in epithelial ovarian cancer [10]; 
Cheng et al. indicated that SLC31A1 was link- 
ed to PTBP1-caused chemoresistance to cis- 
platin in osteosarcoma [16]. Thus, we deter-
mined the relationship of SLC31A1 with che-
motherapeutic sensitivity in breast cancer. The 
results suggested that SLC31A1 expression 
was significantly upregulated in chemothera-
peutic non-response group and it also might  
be served as a promising indicator to predict 
chemotherapeutic sensitivity of breast cancer.

It has been widely acknowledged that tumor 
immune infiltration and immune checkpoint 

levels are closely associated with the efficacy 
of immunotherapy [17, 18]. Therefore, the asso-
ciation of SLC31A1 expression with different 
infiltrating immune cell levels or corresponding 
immune cell biomarkers in breast cancer were 
assessed. The results together suggested that 
SLC31A1 was significantly positively correlated 
with tumor infiltrating immune cells in breast 
cancer. Moreover, SLC31A1 was also positively 
linked to CD274 and CTLA4 expression, sug-
gesting that regulation of SLC31A1 might be a 
potential way to improve the efficacy of immu-
notherapy in breast cancer.

Multiple studies have reported that miRNAs 
participate in negative modulation of gene 
expression in various organisms [19-21]. The 

Figure 4. The prognostic value of SLC31A1 in breast cancer validated using GSE9893 dataset. A. The expression 
plot of SLC31A1 in breast cancer patients of GSE9893 dataset. B. The expression histogram of SLC31A1 in breast 
cancer patients of GSE9893 dataset. C. The P-value plot of SLC31A1 in breast cancer patients of GSE9893 data-
set. D. The Kaplan-Meier plot of SLC31A1 in GSE9893 dataset. E. The detailed survival time plot of SLC31A1 in 
GSE9893 dataset. F. The attribute plot of clinical features of breast cancer patients in GSE9893 dataset.
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upstream miRNAs of SLC31A1 were first pre-
dicted, after which correlation analysis, expres-
sion analysis, ROC curve analysis and survival 
analysis were performed. By combination of 
these results, let-7a-5p, let-7b-5p and miR-29a-
3p were considered as the most potential 
upstream binding miRNAs of SLC31A1 in breast 
cancer. Multiple studies have supported the 
tumor suppressive effects of the three miRNAs 
in breast cancer. For example, let-7a-5p could 
suppressed growth and metastasis of triple-
negative breast cancer [22]; let-7b-5p inhibited 
the cancer-promoting effects of breast cancer-
associated fibroblasts [23]; miR-29a-3p hin-
dered MCF-7 cell growth by targeting tumor 
necrosis factor receptor 1 [24].

Next, the upstream lncRNAs of let-7a-5p, let-7b-
5p and miR-29a-3p were forecasted by consid-
ering competing endogenous RNA mechanism 
[25, 26]. After performing correlation analysis, 
expression analysis and survival analysis, the 
potential upstream lncRNA G2E3-AS1 of let-7a-
5p and CDKN2B-AS1 of let-7b-5p were identi-
fied in breast cancer. Previous studies have 
showed that CDKN2B-AS1 functioned as an 
oncogenic lncRNA in several human malignan-
cies, including thyroid cancer [27], nasopharyn-
geal carcinoma [28], endometrial cancer [29], 
glioma [30] as well as breast cancer [31]. 
However, no reports regarding G2E3-AS1 in 
cancer have been found and deserve to be  
further explored.

Figure 5. The prognostic value of SLC31A1 in breast cancer validated using GSE19615 dataset. A. The expression 
plot of SLC31A1 in breast cancer patients of GSE19615 dataset. B. The expression histogram of SLC31A1 in breast 
cancer patients of GSE19615 dataset. C. The P-value plot of SLC31A1 in breast cancer patients of GSE19615 da-
taset. D. The Kaplan-Meier plot of SLC31A1 in GSE19615 dataset. E. The detailed survival time plot of SLC31A1 in 
GSE19615 dataset. F. The attribute plot of clinical features of breast cancer patients in GSE19615 dataset.
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Figure 6. The prognostic value of SLC31A1 in breast cancer validated using GSE12276 dataset and ROC curve 
analysis for SLC31A1 in breast cancer. A. The expression plot of SLC31A1 in breast cancer patients of GSE12276 
dataset. B. The expression histogram of SLC31A1 in breast cancer patients of GSE12276 dataset. C. The P-value 
plot of SLC31A1 in breast cancer patients of GSE12276 dataset. D. The Kaplan-Meier plot of SLC31A1 in GSE12276 
dataset. E. The detailed survival time plot of SLC31A1 in GSE12276 dataset. F. The diagnostic value of SLC31A1 in 
TCGA breast cancer.

Table 1. The expression differences between non-response and response groups and ROC AUCs 
discriminating the two groups in breast cancer under various therapeutic regimens across CTR-DB 
datasets
CTR-DB ID CTR_Microarray_85 CTR_Microarray_57 CTR_Microarray_104
Therapeutic regimen Cyclophosphamide + Epirubi-

cin + Fluorouracil +Docetaxel
Anthracycline + Taxane Cyclophosphamide + Epirubicin 

+ Fluorouracil + Paclitaxel
Sample size 16 36 71
LogFC -0.42 -0.52 -0.33
LogFC P-value 0.03 0.03 0.04
AUC 0.85 0.73 0.75
AUC P-value 6.1E-03 3.8E-02 8.9E-04
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Figure 7. Correlation analysis for SLC31A1 with tumor immune in breast cancer. (A) The infiltration level of different 
immune cells under various copy numbers of SLC31A1 in breast cancer. (B) The relationship of various immune cell 
infiltration level with SLC31A1 expression in breast cancer. The expression correlation of SLC31A1 with PDCD1 (C), 
CD274 (D) and CTLA4 (E) in breast cancer determined by TIMER. The expression correlation of SLC31A1 with PDCD1 
(F), CD274 (G) and CTLA4 (H) in breast cancer determined by GEPIA. The expression correlation of SLC31A1 with 
PDCD1 (I), CD274 (J) and CTLA4 (K) in breast cancer determined by starBase. *P<0.05; **P<0.01; ***P<0.001.
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Table 2. Correlation analysis between SLC31A1 
and biomarkers of immune cells in breast can-
cer determined by GEPIA database
Immune cell Biomarker R-value P-value
B cell CD19 0.05 5.3E-02

CD79A 0.14 2.5E-07***

CD8+ T cell CD8A 0.24 1.3E-19***

CD8B 0.18 1.6E-11***

CD4+ T cell CD4 0.36 9.0E-44***

M1 Macrophage NOS2 0.08 2.4E-03**

IRF5 0.19 9.3E-13***

PTGS2 0.00 8.5E-01
M2 Macrophage CD163 0.01 6.6E-01

VSIG4 0.00 8.8E-01
MS4A4A 0.07 7.7E-03

Neutrophil CEACAM8 -0.22 5.0E-17***

ITGAM 0.28 8.6E-26***

CCR7 0.10 1.0E-04***

Dendritic cell HLA-DPB1 0.23 7.3E-18***

HLA-DQB1 0.11 2.4E-05***

HLA-DRA 0.35 9.5E-41***

HLA-DPA1 0.30 9.6E-31***

CD1C 0.13 1.7E-06***

NRP1 0.06 3.0E-02*

ITGAX 0.17 5.4E-10***

*P-value <0.05; **P-value <0.01; ***P-value <0.001; The 
bold values indicate that these results are statistically sig-
nificant.

Gene copy number variation and aberrant pro-
moter methylation level are closely linked to 
dysregulation of gene expression [32, 33]. 
Thus, the relationship of SLC31A1 with its  
copy number variation or promoter methylation 
in breast cancer was determined. SLC31A1 
expression was markedly positively associated 
with high copy number level in breast cancer 
but no significant correlation of SLC31A1 
expression with promoter methylation was ob- 
served. These findings indicated that SLC31A 
copy number variation might be another mech-
anism accounting for SLC31A1 overexpression 
in breast cancer.

In conclusion, in this study, we identified that 
SLC31A1 was a potential cuproptosis-related 
gene in breast cancer, which was markedly 
upregulated, possessed promising abilities in 
predicting prognosis, diagnosis and drug sensi-
tivity in breast cancer. Besides, G2E3-AS1/let-

7a-5p axis, CDKN2B-AS1/let-7b-5p pathway 
and high copy number might be responsible  
for SLC31A1 overexpression in breast cancer. 
However, these findings should be further vali-
dated by much more basic experimental assays 
and large clinical trials in the future.

Table 3. The expression correlation of SL-
C31A1 with predicted miRNAs in breast can-
cer determined by starBase database
miRNA name R-value P-value
miR-29c-3p -0.215 7.85E-13
let-7a-5p -0.148 1.02E-06
let-7e-5p -0.093 2.09E-03
let-7b-5p -0.090 3.01E-03
miR-219a-5p -0.080 8.43E-03
miR-506-3p -0.076 1.20E-02
miR-139-5p -0.066 2.88E-02
miR-29a-3p -0.064 3.50E-02
miR-29b-3p -0.059 5.35E-02
miR-124-3p -0.051 9.46E-02
miR-375 -0.032 2.87E-01
miR-543 -0.031 3.00E-01
miR-665 -0.024 4.29E-01
miR-371a-5p -0.020 5.18E-01
miR-132-3p -0.018 5.51E-01
let-7f-5p -0.016 6.07E-01
miR-98-5p -0.007 8.13E-01
miR-212-3p 0.009 7.63E-01
let-7c-5p 0.018 5.64E-01
miR-147a 0.020 5.09E-01
let-7g-5p 0.021 4.86E-01
miR-129-5p 0.030 3.31E-01
miR-425-5p 0.036 2.41E-01
miR-31-5p 0.046 1.29E-01
miR-708-5p 0.055 6.97E-02
let-7i-5p 0.066 2.98E-02
miR-193a-3p 0.072 1.84E-02
miR-28-5p 0.081 7.68E-03
miR-193b-3p 0.083 6.14E-03
miR-196a-5p 0.097 1.43E-03
miR-105-5p 0.104 5.66E-04
let-7d-5p 0.114 1.78E-04
miR-616-3p 0.119 8.65E-05
miR-590-5p 0.144 1.93E-06
miR-505-3p 0.198 4.24E-11
miR-196b-5p 0.203 1.48E-11
The bold values indicate that these results are statisti-
cally significant.
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Results

Expression determination and validation of 
cuproptosis-related genes in breast cancer

By reviewing the literatures [13-15], a total of 
19 cuproptosis-related genes were included for 
subsequent analysis, consisting of NFE2L2, 

NLRP3, ATP7B, ATP7A, SLC31A1, FDX1, LIAS, 
LIPT1, LIPT2, DLD, DLAT, PDHA1, PDHB, MTF1, 
GLS, CDKN2A, DBT, GCSH and DLST. Firstly, 
the expression levels of the 19 genes in breast 
cancer were determined by starBase database. 
As presented in Figure 1, NFE2L2, NLRP3, 
ATP7A, FDX1, LIAS, LIPT1, LIPT2, DLD, DLAT, 
PDHA1, MTF1, GLS, DBT, GCSH and DLST were 

Figure 8. Correlation analysis and expression analysis for the potential miRNAs of SLC31A1 in breast cancer. The 
expression relationship of SLC31A1 with miR-29c-3p (A), let-7a-5p (B), let-7e-5p (C), let-7b-5p (D), miR-219a-5p (E), 
miR-506-3p (F), miR-139-5p (G) or miR-29a-3p (H) in breast cancer determined by starBase. The expression levels 
of miR-29c-3p (I), let-7a-5p (J), let-7e-5p (K), let-7b-5p (L), miR-219a-5p (M), miR-506-3p (N), miR-139-5p (O) or 
miR-29a-3p (P) in TCGA breast cancer tissues compared with normal breast tissues. *P<0.05; nsP>0.05.
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obviously downregulated but ATP7B, SLC31A1, 
PDHB and CDKN2A were markedly upregulated 
in breast cancer when compared with normal 
controls. For LIPT2, no statistical difference 
between breast cancer and normal breast  
samples was observed. Subsequently, GEPIA 
database was introduced to confirm the ex- 
pression of cuproptosis-related genes in breast 
cancer (Figure 2). The result indicated that only 
GLS (Figure 2O) was significantly lower and 
SLC31A1 (Figure 2E) and CDKN2A (Figure 2P) 
were statistically higher in breast cancer tis-

sues than that in normal breast tissues. Taken 
together, GLS, SLC31A1 and CDKN2A might be 
three most potential genes associated with 
cuproptosis in breast cancer.

Survival assessment and validation of cupro-
ptosis-related genes in breast cancer

Next, the prognostic values of the three poten-
tial cuproptosis-related genes GLS, SLC31A1 
and CDKN2A in breast cancer were assessed. 
Firstly, Kaplan-Meier plotter was employed to 
perform survival analysis (Figure 3A-C). The 

Figure 9. ROC curve analysis and survival analysis for the potential miRNAs of SLC31A1 in breast cancer. The di-
agnostic values of miR-29c-3p (A), let-7a-5p (B), let-7e-5p (C), let-7b-5p (D), miR-219a-5p (E), miR-506-3p (F), miR-
139-5p (G) or miR-29a-3p (H) in breast cancer assessed by CancerMIRNome. The prognostic values of miR-29c-3p 
(I), let-7a-5p (J), let-7e-5p (K), let-7b-5p (L), miR-219a-5p (M), miR-506-3p (N), miR-139-5p (O) or miR-29a-3p (P) in 
breast cancer evaluated by Kaplan-Meier plotter.
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result indicated that breast cancer 
patients with higher expression of 
SLC31A1 but with lower expression of 
CDKN2A had poorer prognosis. 
However, no statistical prognostic 
value of GLS in breast cancer was 
observed. Subsequently, GEPIA was 
used to validate the prognostic roles of 
the three cuproptosis-related genes in 
breast cancer (Figure 3D-F). Only 
increased expression of SLC31A1 in- 
dicated significant unfavorable prog-
nostic value in breast cancer. By com-
bination of the results from the two 
databases, SLC31A1 might be the 
most potential cuproptosis-related 
gene in breast cancer, which may be 
also a promising unfavorable prognos-
tic biomarker. Finally, three GEO datas-
ets, consisting of GSE9893, GSE19615 
and GSE12276, were introduced to 
further confirm the predictive value of 
SLC31A1 in prognosis of breast can-
cer. The results presented that breast 
cancer patients with high expression 
of SLC31A1 had poor overall survival 
(Figure 4), distant metastasis free sur-
vival (Figure 5) and relapse free sur-
vival (Figure 6A-E). Taken together, all 
these findings suggest that SLC31A1 
might be an unfavorable prognostic 
biomarker in breast cancer.

ROC curve analysis for SLC31A1 in 
breast cancer

In order to assess the diagnostic value 
of SLC31A1 in breast cancer, ROC 
curve of SLC31A1 was plotted by 
usage of TCGA breast cancer and nor-
mal breast samples. As shown in 
Figure 6F, SLC31A1 had the signifi- 
cant ability to distinguish breast can-
cer tissues from normal breast tis-
sues, with AUC value equal to 0.6499 
(P<0.0001), indicating that SLC31A1 
might be also a promising diagnostic 
biomarker in breast cancer.

Protein-protein interaction (PPI) net-
work and enrichment analysis for 
SLC31A1

To better understand the molecular 
action mechanism of SLC31A1, a PPI 

Table 4. The expression correlation of let-7a-5p with pre-
dicted lncRNAs in breast cancer determined by starBase 
database
lncRNA miRNA R-value P-value
SNHG16 let-7a-5p -0.174 8.52E-09
TMPO-AS1 let-7a-5p -0.157 1.88E-07
SNHG4 let-7a-5p -0.095 1.64E-03
G2E3-AS1 let-7a-5p -0.084 5.51E-03
LINC00885 let-7a-5p -0.069 2.26E-02
LINC02432 let-7a-5p -0.044 1.46E-01
TTTY15 let-7a-5p -0.038 2.06E-01
HOXA11-AS let-7a-5p -0.036 2.37E-01
SNHG12 let-7a-5p -0.033 2.82E-01
HELLPAR let-7a-5p -0.025 4.14E-01
TRG-AS1 let-7a-5p -0.018 5.57E-01
SLC9A3-AS1 let-7a-5p -0.016 5.92E-01
LINC01806 let-7a-5p -0.013 6.63E-01
LINC00294 let-7a-5p -0.003 9.10E-01
LINC00665 let-7a-5p -0.002 9.55E-01
LINC01978 let-7a-5p 0.000 9.94E-01
CDKN2B-AS1 let-7a-5p 0.002 9.60E-01
MIR99AHG let-7a-5p 0.013 6.64E-01
ARHGAP27P1-BPTFP1-KPNA2P3 let-7a-5p 0.018 5.58E-01
KCNQ1OT1 let-7a-5p 0.022 4.62E-01
ZNF571-AS1 let-7a-5p 0.031 3.02E-01
MEG8 let-7a-5p 0.036 2.38E-01
LINC01678 let-7a-5p 0.044 1.47E-01
HCG18 let-7a-5p 0.045 1.41E-01
OLMALINC let-7a-5p 0.049 1.08E-01
TMEM147-AS1 let-7a-5p 0.051 9.10E-02
LINC01001 let-7a-5p 0.057 6.12E-02
MUC20-OT1 let-7a-5p 0.063 3.73E-02
NUTM2A-AS1 let-7a-5p 0.063 3.80E-02
ZNF337-AS1 let-7a-5p 0.068 2.50E-02
LINC02242 let-7a-5p 0.076 1.21E-02
LINC02381 let-7a-5p 0.077 1.16E-02
IER3-AS1 let-7a-5p 0.102 8.08E-04
VASH1-AS1 let-7a-5p 0.107 3.96E-04
UBL7-AS1 let-7a-5p 0.116 1.36E-04
LMCD1-AS1 let-7a-5p 0.123 5.19E-05
LINC00265 let-7a-5p 0.123 5.15E-05
NEAT1 let-7a-5p 0.131 1.57E-05
DRAIC let-7a-5p 0.135 7.99E-06
RPARP-AS1 let-7a-5p 0.136 7.19E-06
LINC00894 let-7a-5p 0.143 2.42E-06
CARMN let-7a-5p 0.149 8.14E-07
OIP5-AS1 let-7a-5p 0.155 3.09E-07
HEIH let-7a-5p 0.164 6.06E-08
STAG3L5P-PVRIG2P-PILRB let-7a-5p 0.168 2.69E-08
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sub-network was constructed by con-
ducting PPI network analysis using 
STRING database. As presented in 
Figure S1A, SLC31A1 could interact 
with CP, CCS, ZBED3, ATOX1, SLC22A2, 
ATP7B, MTF1, SLC11A2, ATP7A and 
COX17. Subsequently, Gene Ontology 
(GO) enrichment analysis for these 
SLC31A1-related genes in the estab-
lished sub-network was performed. 
Two GO categories, involving biological 
process (BP) and molecular function 
(MF), were included. As suggested in 
Figure S1B, the top five enriched items 
for BP were copper ion export, protein 
maturation by copper ion transfer, cop-
per ion transmembrane transport, 
copper ion import and copper ion 
transport. For MF category, copper 
transmembrane transporter activity, 
copper chaperone activity, copper ion 
transmembrane transporter activity, 
copper-dependent protein binding and 
superoxide dismutase copper chaper-
one activity were the top five enriched 
items (Figure S1C).

The role of SLC31A1 in predicting 
chemotherapeutic response in breast 
cancer

Considering the high expression and 
promising prognostic and diagnostic 
values of SLC31A1 in breast cancer, 
the effect of SLC31A1 in relation with 
chemotherapeutic sensitivity should 
be further determined. In this part, 
three drug trials from CTR-DB data-
base were collected for this analysis, 
including CEF (cyclophosphamide, epi-
rubicin, Fluorouracil) plus docetaxel, 
AT (anthracycline, taxane) and CEF 
(cyclophosphamide, epirubicin, Fluo- 
rouracil) plus paclitaxel, which were 
widely used in clinical practice. As list-
ed in Table 1, SLC31A1 expression 
was significantly decreased in non-
response group compared with res- 
ponse group in all the three drug trials. 
Moreover, SLC31A1 possessed the 
statistical abilities to distinguish non-
response groups from response gr- 
oups. These findings indicated that 
high expression of SLC31A1 might be 
negatively correlated with sensitivity  

LINC00963 let-7a-5p 0.169 1.94E-08
IQCH-AS1 let-7a-5p 0.174 8.61E-09
XIST let-7a-5p 0.178 3.82E-09
THSD4-AS1 let-7a-5p 0.180 2.31E-09
MIR29B2CHG let-7a-5p 0.183 1.21E-09
ZNF436-AS1 let-7a-5p 0.185 8.33E-10
TTC28-AS1 let-7a-5p 0.224 7.73E-14
MIRLET7BHG let-7a-5p 0.311 9.43E-26
The bold values indicate that these results are statistically significant.

Table 5. The expression correlation of let-7b-5p with pre-
dicted lncRNAs in breast cancer determined by starBase 
database
lncRNA miRNA R-value P-value
SNHG12 let-7b-5p -0.266 4.66E-19
TMPO-AS1 let-7b-5p -0.204 1.12E-11
ARHGAP27P1-BPTFP1-KPNA2P3 let-7b-5p -0.198 4.68E-11
TMEM147-AS1 let-7b-5p -0.172 1.13E-08
SLC9A3-AS1 let-7b-5p -0.157 1.98E-07
SNHG4 let-7b-5p -0.149 8.19E-07
SNHG16 let-7b-5p -0.149 8.58E-07
TRG-AS1 let-7b-5p -0.138 5.10E-06
LINC01978 let-7b-5p -0.138 5.27E-06
CDKN2B-AS1 let-7b-5p -0.107 4.18E-04
STAG3L5P-PVRIG2P-PILRB let-7b-5p -0.103 6.97E-04
LINC00885 let-7b-5p -0.08 8.41E-03
HELLPAR let-7b-5p -0.071 2.02E-02
LINC00294 let-7b-5p -0.067 2.67E-02
LINC01678 let-7b-5p -0.067 2.81E-02
HOXA11-AS let-7b-5p -0.065 3.21E-02
MUC20-OT1 let-7b-5p -0.059 5.08E-02
G2E3-AS1 let-7b-5p -0.059 5.20E-02
VASH1-AS1 let-7b-5p -0.057 5.86E-02
LINC02432 let-7b-5p -0.054 7.32E-02
LINC00665 let-7b-5p -0.042 1.63E-01
LINC01806 let-7b-5p -0.037 2.24E-01
LINC00894 let-7b-5p -0.034 2.67E-01
TTTY15 let-7b-5p -0.033 2.72E-01
ZNF571-AS1 let-7b-5p -0.025 4.10E-01
HCG18 let-7b-5p -0.024 4.24E-01
MIR99AHG let-7b-5p -0.016 5.96E-01
LINC02242 let-7b-5p -0.006 8.33E-01
ZNF436-AS1 let-7b-5p 0.006 8.47E-01
NUTM2A-AS1 let-7b-5p 0.006 8.36E-01
RPARP-AS1 let-7b-5p 0.008 8.00E-01
MEG8 let-7b-5p 0.012 6.83E-01
IER3-AS1 let-7b-5p 0.014 6.56E-01
NEAT1 let-7b-5p 0.020 5.15E-01
LINC02381 let-7b-5p 0.023 4.46E-01
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LINC00963 let-7b-5p 0.038 2.06E-01
LINC01001 let-7b-5p 0.039 1.97E-01
OLMALINC let-7b-5p 0.042 1.63E-01
TTC28-AS1 let-7b-5p 0.047 1.19E-01
HEIH let-7b-5p 0.051 9.59E-02
ZNF337-AS1 let-7b-5p 0.051 9.01E-02
LINC00265 let-7b-5p 0.054 7.48E-02
CARMN let-7b-5p 0.059 5.36E-02
KCNQ1OT1 let-7b-5p 0.065 3.35E-02
LMCD1-AS1 let-7b-5p 0.091 2.80E-03
UBL7-AS1 let-7b-5p 0.097 1.45E-03
IQCH-AS1 let-7b-5p 0.143 2.14E-06
DRAIC let-7b-5p 0.153 4.22E-07
THSD4-AS1 let-7b-5p 0.168 2.83E-08
MIR29B2CHG let-7b-5p 0.172 1.19E-08
XIST let-7b-5p 0.179 2.86E-09
MIRLET7BHG let-7b-5p 0.283 1.97E-21
OIP5-AS1 let-7b-5p 0.292 1.06E-22
The bold values indicate that these results are statistically significant.

Table 6. The expression correlation of miR-29a-3p with 
predicted lncRNAs in breast cancer determined by star-
Base database
lncRNA miRNA R-value P-value
LINC01521 miR-29a-3p -0.196 7.09E-11
OIP5-AS1 miR-29a-3p -0.125 3.74E-05
CRNDE miR-29a-3p -0.115 1.48E-04
MIR193BHG miR-29a-3p -0.112 2.22E-04
EBLN3P miR-29a-3p -0.086 4.82E-03
TUG1 miR-29a-3p -0.079 9.32E-03
NPTN-IT1 miR-29a-3p -0.062 4.07E-02
LINC01224 miR-29a-3p -0.041 1.76E-01
HCG18 miR-29a-3p -0.035 2.46E-01
MIR4458HG miR-29a-3p -0.033 2.74E-01
CCDC144NL-AS1 miR-29a-3p -0.027 3.79E-01
LINC00879 miR-29a-3p -0.021 4.89E-01
LINC00638 miR-29a-3p -0.021 4.83E-01
DNAAF4-CCPG1 miR-29a-3p -0.021 4.90E-01
H19 miR-29a-3p -0.006 8.53E-01
DNAJC27-AS1 miR-29a-3p 0.001 9.73E-01
DUXAP8 miR-29a-3p 0.001 9.74E-01
LIFR-AS1 miR-29a-3p 0.011 7.14E-01
KCNQ1OT1 miR-29a-3p 0.013 6.72E-01
XIST miR-29a-3p 0.013 6.73E-01
NOP14-AS1 miR-29a-3p 0.015 6.31E-01
MIR29B2CHG miR-29a-3p 0.019 5.26E-01
PVT1 miR-29a-3p 0.034 2.58E-01
LINC00511 miR-29a-3p 0.057 5.84E-02

of these chemotherapeutic regimens 
in breast cancer.

The relationship of SLC31A1 with 
infiltrating immune cells or immune 
checkpoints in breast cancer

Next, the correlation of SLC31A1 with 
tumor immune infiltration in breast 
cancer was also evaluated. As shown 
in Figure 7A, in general, the infiltration 
levels of immune cells were gradually 
growing with the increase of the copy 
number of SLC31A1. SLC31A1 expres-
sion was significantly linked to B cell, 
CD8 positive T cell, CD4 positive T cell, 
macrophage cell, neutrophil cell and 
dendritic cell infiltration levels (Figure 
7B). Moreover, correlation analysis for 
SLC31A1 with biomarkers of immune 
cells revealed that SLC31A1 was sig-
nificantly positively correlated with 
multiple immune cell’s biomarkers 
(Table 2). Immune checkpoint was 
closely linked to immunotherapeutic 
effect and immune escape. Therefore, 
we also determined the relationship 
between SLC31A1 and immune check-
points (PDCD1, CD274 and CTLA4). 
Three databases, consisting of TIMER 
(Figure 7C-E), GEPIA (Figure 7F-H) and 
starBase (Figure 7I-K), were employed 
for this analysis. The results indicated 
that SLC31A1 expression was mark-
edly positively associated with CD274 
or CTLA4 levels in breast cancer.

Prediction and analysis of upstream 
miRNAs of SLC31A1 in breast cancer

Lots of lines of evidence have well doc-
umented that miRNAs are involved in 
negative regulation of target genes. To 
ascertain if SLC31A1 is modulated by 
corresponding miRNAs, the upstream 
miRNAs of SLC31A1 were predicted. 
Consequently, a total of 36 possible 
miRNAs of SLC31A1 were obtained. 
Correlation analysis suggested that 
SLC31A1 was markedly negatively cor-
related with 8 miRNAs in breast can- 
cer as listed in Table 3 and Figure 
8A-H. Expression determination for the 
8 miRNAs was subsequently conduct-
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ed (Figure 8I-P). 4 miRNAs (let-7a-5p, let-7b-5p, 
miR-139-5p and miR-29-3p) and 2 miRNAs (let-
7e-5p and miR-219a-5p) were significantly 
downregulated and upregulated in breast can-
cer tissues when compared with normal con-
trols. In addition, ROC curve analysis for the 8 
miRNAs was conducted to assess their diag-
nostic values in breast cancer (Figure 9A-H). 
Among the 8 miRNAs, let-7a-5p (AUC=0.60), let-
7e-5p (AUC=0.61), let-7b-5p (AUC=0.65), miR-
219a-5p (AUC=0.66), miR-139-5p (AUC=0.98) 
and miR-29a-3p (AUC=0.74) possessed poten-
tial diagnostic values in breast cancer. Survival 
analysis for the 8 miRNAs suggested that 
breast cancer patients with high expression of 
miR-29c-3p, let-7a-5p, let-7b-5p and miR-29a-
3p but with low expression of let-7e-5p, miR-
219a-5p, miR-506-3p and miR-139-5p had 
favorable prognosis (Figure 9I-P). Taken togeth-
er, let-7a-5p, let-7b-5p and miR-29a-3p might 

The results demonstrated that breast cancer 
patients with higher expression of G2E3-AS1 
(Figure 10D) and CDKN2B-AS1 (Figure 10H) 
and with lower expression of SNHG12 (Figure 
10E) had poorer prognosis. Furthermore, the 
expression SLC31A1 was statistically positively 
correlated with G2E3-AS1 (Figure 10L) or 
CDKN2B-AS1 (Figure 10M) expression in bre- 
ast cancer.

The correlation of SLC31A1 expression with its 
copy number variation or promoter methyla-
tion in breast cancer

Other dysregulated mechanisms that might be 
responsible for SLC31A1 overexpression in 
breast cancer were also explored. Firstly, the 
relationship of SLC31A1 expression with copy 
number variations in breast cancer was deter-
mined by usage of TCGA and METABRIC data. 
We found that SLC31A1 was significantly posi-

MIR4697HG miR-29a-3p 0.066 2.99E-02
HOXA10-AS miR-29a-3p 0.069 2.31E-02
NEAT1 miR-29a-3p 0.079 9.49E-03
THUMPD3-AS1 miR-29a-3p 0.083 5.94E-03
PCBP1-AS1 miR-29a-3p 0.092 2.44E-03
AFDN-DT miR-29a-3p 0.098 1.17E-03
MIRLET7BHG miR-29a-3p 0.108 3.73E-04
HOXA-AS3 miR-29a-3p 0.112 2.07E-04
MIR646HG miR-29a-3p 0.112 2.17E-04
RAD51-AS1 miR-29a-3p 0.113 1.88E-04
VASH1-AS1 miR-29a-3p 0.117 1.08E-04
MIR762HG miR-29a-3p 0.124 4.25E-05
SNHG17 miR-29a-3p 0.128 2.48E-05
SNHG20 miR-29a-3p 0.14 3.94E-06
LINC01907 miR-29a-3p 0.144 1.88E-06
ARRDC1-AS1 miR-29a-3p 0.144 2.02E-06
LINC01578 miR-29a-3p 0.167 2.94E-08
LINC01270 miR-29a-3p 0.181 1.85E-09
MIAT miR-29a-3p 0.183 1.23E-09
GAS5 miR-29a-3p 0.195 8.96E-11
STAG3L5P-PVRIG2P-PILRB miR-29a-3p 0.198 4.93E-11
SNHG15 miR-29a-3p 0.199 4.08E-11
LINC00689 miR-29a-3p 0.21 3.01E-12
HCP5 miR-29a-3p 0.224 8.91E-14
LINC00852 miR-29a-3p 0.229 2.24E-14
LINC00943 miR-29a-3p 0.257 7.13E-18
MIR497HG miR-29a-3p 0.267 3.71E-19
FAM30A miR-29a-3p 0.322 1.46E-27
The bold values indicate that these results are statistically significant.

be the three most potential upstream 
binding miRNAs of SLC31A1 in breast 
cancer.

Prediction and analysis of upstream 
lncRNAs of miRNA/SLC31A1 axis in 
breast cancer

Subsequently, the upstream lncRNAs 
of let-7a-5p, let-7b-5p and miR-29a-3p 
were predicted. A total of 53, 53 and 
52 possible lncRNAs were predicted to 
bind to let-7a-5p, let-7b-5p and miR-
29a-3p, respectively. As listed in 
Tables 4-6, let-7a-5p, let-7b-5p and 
miR-29a-3p expression were signifi-
cantly negatively correlated with 5 
(SNHG16, TMPO-AS1, SNHG4, G2E3-
AS1 and LINC00885), 16 (SNHG12, 
TMPO-AS1, ARHGAP27P1-BPTFP1-KP- 
NA2P3, TMEM147-AS1, SLC7A3-AS1, 
SNHG4, SNHG16, TRG-AS1, LINC0- 
1978, CDKN2B-AS1, STAG3L5P-PVR- 
IG2P-PILRB, LINC00885, HELLPAR, 
LINC00294, LINC01678 and HOXA11-
AS) and 7 (LINC01521, OIP5-AS1, 
CRNDE, MIR193BHG, EBLN3P, TUG1 
and NPTN-IT1) lncRNAs in breast can-
cer, respectively. Next, expression an- 
alysis for these lncRNAs in breast can-
cer was performed as suggested in 
Figure 10A. The prognostic values of 
upregulated lncRNAs in breast cancer 
were also evaluated (Figure 10B-K). 
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Figure 10. Expression analysis, survival analysis and correlation analysis for the potential upstream lncRNAs of 
miRNA/SLC31A1 axis in breast cancer. (A) The expression landscape of the potential lncRNAs in breast cancer 
determined by starBase. Red: high expression; green: low expression; grey: no statistical difference. The prognostic 
values of SNHG16 (B), TMPO-AS1 (C), G2E3-AS1 (D), SNHG12 (E), SLC9A3-AS1 (F), LINC01978 (G), CDKN2B-AS1 
(H), HOXA11-AS (I), CRNDE (J) and EBLN3P (K) in breast cancer assessed by Kaplan-Meier plotter. The expression 
correlation of SLC31A1 with G2E3-AS1 (L) or CDKN2B-AS1 (M) in breast cancer determined by GEPIA.

tively linked to its copy number levels in breast 
cancer (Figure 11A). As shown in Figure 11B, 
SLC31A1 expression was generally upregulat-
ed with the increase of copy number, indicating 
that copy number might partially account for 
SLC31A1 expression in breast cancer. It has 
been widely acknowledged that promoter 
hypermethylation might lead to downregulation 
of gene expression. Thus, the promoter meth-
ylation of SLC31A1 in breast cancer was also 
determined using TCGA and METABRIC data. 

No statistical correlation of SLC31A1 expres-
sion with its promoter methylation level or sig-
nificant differences between breast cancer  
and normal controls were observed as present-
ed in Figure 11C, 11D. The action mechanism 
graph of this study was vividly depicted in 
Figure 12.
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Figure 11. Analysis for the copy number alteration or promoter methylation level of SLC31A1 in breast cancer. The 
relationship of SLC31A1 mRNA expression with its copy number alterations in TCGA (A) or METABRIC (B) database. 
The relationship of SLC31A1 mRNA expression with its promoter methylation level in METABRIC (C) or TCGA (D) 
database. nsP>0.05.

Figure 12. The model of cuproptosis-related SLC31A1’s dysregulated and 
action mechanisms and its application values in breast cancer.
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Figure S1. The protein-protein interaction analysis and Gene Ontology analysis for SLC31A1-interacted proteins. A. The protein-protein interaction network of 
SLC31A1-interacted proteins. B. The top 5 enriched Biological Process (BP) items of SLC31A1-interacted proteins. C. The top 5 enriched Molecular Function (MF) 
items of SLC31A1-interacted proteins.


