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Abstract: Objective: Copper, an essential metal element for humans, plays vital functions in cancer prognosis and 
immunity. SLC31A1, a high-affinity copper transporter, helps regulate copper homeostasis and has been implicated 
in tumor prognosis through mechanisms such as drug resistance, autophagy, ferroptosis, and cuproptosis. How-
ever, the role of SLC31A1 in breast cancer (BRCA) and its association with tumor immune infiltration has not been 
fully elucidated. This study aimed to investigate the expression pattern of SLC31A1, its clinical significance, and its 
effect on tumor immune infiltration in BRCA. Methods: We comprehensively analyzed multiple datasets, including 
Gene Expression Profiling Interaction Analysis (GEPIA), Tumor Immune Estimation Resource (TIMER), UALCAN, and 
Kaplan-Meier (KM) plotter, to assess the expression of SLC31A1 and its prognostic value in BRCA. Additionally, 
TIMER and TISIDB were used to explore the correlation between SLC31A1 expression and the extent of tumor 
immune infiltration. Results: SLC31A1 was significantly upregulated in BRCA tissues compared to adjacent non-
tumor tissues. Higher SLC31A1 expression levels were associated with poorer clinical outcome. Multivariate Cox 
regression analysis confirmed that SLC31A1 served as an independent prognostic indicator. Furthermore, SLC31A1 
expression showed significant associations with various immunomodulators, chemokines, chemokine receptors, 
and tumor-infiltrating lymphocytes (TILs), including CD8+ T cells, CD4+ T cells, regulatory T cells (Tregs), follicular 
helper T cells (Tfh), neutrophils, M2 macrophages, tumor-associated macrophages (TAMs), and monocytes. These 
findings suggest that SLC31A1 may regulate macrophage polarization and T cell exhaustion in BRCA, contributing 
to immune evasion and poor prognosis. Conclusion: Our study underscores the importance of further research to 
explore the therapeutic potential of targeting SLC31A1 and to uncover its additional roles in BRCA beyond the known 
mechanisms of drug resistance, autophagy, ferroptosis, and cuproptosis.
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Introduction

Worldwide, breast cancer (BRCA) has sur-
passed lung cancer as the leading cause of 
cancer incidence and mortality among women, 
with an estimated 2.3 million new cases and 
685,000 deaths annually [1]. In 2022, 287,850 
new BRCA cases and 43,250 BRCA deaths are 
projected to occur in the United States. It has 
been the leading cause of cancer incidence in 
women, representing 31% of all cancer cases in 
women. More importantly, incidence from 2014 
through 2018 continued a slow increase for 
BRCA (by 0.5% annually) [2]. BRCA is a hetero-

geneous tumor. The high degree of diversity 
within tumors as well as individuals determines 
the prognosis and therapeutic resistance of 
BRCA patients [3]. Thus, further identification 
of the heterogeneity of cancer cell populations 
and their microenvironment remains an urgent 
need.

As an essential metal element for humans, cop-
per was recognized early as a cofactor for many 
biochemical enzymes [4]. Indeed, the tradition-
al view of copper as solely an active site meta-
bolic cofactor has been challenged by emerging 
evidence that copper can induce various forms 
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of programmed cell death, including apoptosis, 
autophagy, ferroptosis and cuproptosis [5-7]. 
Interestingly, cancer cells have a higher de- 
mand for copper compared to normal cells, 
with elevated copper levels observed in various 
cancer types, including breast [8, 9], gastroin-
testinal [10-12], lung [13, 14], thyroid [15], oral 
[16], bladder [17] and prostate cancers [18]. 
Solute carrier family 31 member 1 (SLC31A1)  
is a high-affinity copper transporter that helps 
regulate copper homeostasis [19]. Copper 
influx enhances MEK1 phosphorylation of 
ERK1/2 through a Cu-MEK1 interaction, and 
reducing SLC31A1 levels inhibits BRAF(V600E)-
driven signaling and tumorigenesis [20]. In  
pancreatic cancer, blockage of SLC31A1-de- 
pendent copper absorption increases pancre-
atic cancer cell autophagy to resist cell death 
[21]. Recently, it was suggested that copper is 
an essential regulator of the autophagic kinas-
es ULK1/2. In lung cancer, genetic ablation of 
SLC31A1 decreases autophagy and prolifera-
tion to reduce tumorigenesis and sensitizes 
cancer cells to starvation [22]. SLC31A1 also 
affects ferroptosis and cuproptosis by altering 
intracellular Cu+ levels [23, 24]. Its expression 
is linked to platinum resistance in various can-
cers [25-29]. A phase I clinical trial combining 
trientine (a copper chelator) with carboplatin 
has shown promising results [30].

Recent advances in cancer immunotherapy 
have proven a prospective prognostic role of 
differential immune infiltrates densities in can-
cer patients [31]. Distinct oncogenic effect of 
the copper-SLC31A1 axis was found to not only 
target oncoproteins including MEK, ULK, Me- 
mo, and PDK1 but also modulate the immune 
response through manipulating immune cells 
such as T cells, B cells, natural killer (NK) cells 
and macrophages [32]. It also revealed that 
SLC31A1 expression was strongly correlated 
with the expression of PD-L1 across many can-
cers and intra-tumoral copper modulates PD- 
L1 expression and influences tumor immune 
evasion [33]. However, the relation between 
SLC31A1 and tumor-infiltrating immune cells in 
BRCA remains unclear. In summary, as an 
essential copper mediator, SLC31A1 is consid-
ered to play an important role in immune infil-
tration and might function as a prognostic bio-
marker in BRCA.

In this study, we explored the RNA and protein 
expression levels of SLC31A1 in BRCA patients 
and investigated the correlation between SLC- 
31A1 expression and patient prognosis. Our 
results uncovered an association of SLC31A1 
with tumor-infiltrating immune cells and high-
lighted the potential utility of its novel prognos-
tic role in BRCA.

Materials and methods

Gene expression analysis

The Gene Expression Profiling Interactive An- 
alysis (GEPIA) online database (e (http://gepia.
cancer-pku.cn/index.html)) was imported to 
analyze the SLC31A1 expression level in BRCA 
tissues and normal tissues [34]. The ROC curve 
(Receiver Operating Characteristic curve) and 
the expression of SLC31A1 in BRCA samples 
and adjacent normal tissue were assessed by 
utilizing Xiantao database (https://www.xian-
tao.love/). The immunohistochemistry image of 
SLC31A1 were found in the HPA database 
(https://www.proteinatlas.org/).

UALCAN analysis

UALCAN is a comprehensive, easily used, and 
interactive web resource for analyzing cancer 
OMICS data (http://ualcan.path.uab.edu/index.
html) [35]. In this study, UALCAN database was 
performed to explore the expression profile of 
SLC31A1 based on clinicopathologic factors, 
including sample types, individual cancer stag-
es, age, cancer subclasses, nodal metastasis 
status, and TP53 mutation status.

Kaplan-Meier plotter (breast cancer)

The Kaplan Meier plotter (http://kmplot.com/
analysis/index) is capable to evaluate the influ-
ence of the expression of all genes (mRNA, 
miRNA and protein) on prognosis in more than 
30,000 samples from 21 tumor types including 
breast, ovarian, lung and gastric cancer for the 
databases include GEO, TCGA and EGA [36]. In 
the study, the prognostic values of SLC31A1 
expression in BRCA, including overall survival 
(OS), relapse-free survival (RFS), distant metas-
tasis-free survival (DMFS) and post-progression 
survival (PPS) were assessed. The hazard ratio 
(HR) with 95% confidence intervals was also 
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estimated, as well as the log-rank p-value. 
Significance was defined as P < 0.05.

TIMER (Tumor Immune Estimation Resource) 
analysis

TIMER 2.0 database (http://timer.cistrome.
org/) is a comprehensive resource for system-
atical resource analysis of the interaction of 
immune infiltrates and gene expression, muta-
tion status, somatic CNV and clinical outcome 
across diverse cancer types [37]. In this study, 
we estimated the association between immune 
infiltrates and SLC31A1 expression in BRCA. 
Since tumor purity is negatively correlated with 
most immune cell types, tumor purity is adjust-
ed as a major confounding factor in this analy-
sis. Furthermore, the correlation between the 
SLC31A1 expression and gene markers of dif-
ferent tumor-infiltrating immune cells, including 
CD8+/CD4+ T cells, myeloid dendritic cell, B 
cells, monocytes, mast cell, macrophages, neu-
trophils, T cells, and related subtypes.

TISIDB

TISIDB (http://cis.hku.hk/TISIDB/index.php) is 
a repository portal with multiple heterogeneous 
data types for tumor and immune system inter-
actions. This database devotes to elucidate  
the interplay of tumor and immune cells, which 
would assist both the prediction of immuno-
therapy responses and the development of 
novel immunotherapy targets [38]. In this re- 
search, TISIDB was utilized to estimate the 
association of SLC31A1 expression with tu- 
mor-infiltrating lymphocytes (TILs), immunos-
timulators, immunoinhibitors, chemokines, and 
receptors in BRCA.

Statistical analysis

The survival curves were calculated by the KM 
plot with long-rank test. Univariate and multi-
variate Cox regression were performed to iden-
tify the prognostic value of clinicopathologic 
characteristics on survival. The nomogram 
model was constructed to predict the 3, 5-year 
survival probability. The calibration curves were 
to evaluate the concordance of the observed 
and predicted rates of 3, 5-year OS [39]. 
Spearman correlation analysis was utilized to 
assess the association of SLC31A1 expression 
and immune infiltration levels and gene mark-
ers of TILs. All the analyses were performed 

with SPSS (version 25.0). P < 0.05 was defined 
as significant.

Results

SLC31A1 is aberrantly upregulated in breast 
cancer

As presented in Figure 1A, compared with non-
neoplastic normal tissues, SLC31A1 expres-
sion levels were significantly higher in bladder 
urothelial carcinoma (P < 0.05), breast invasive 
carcinoma (P < 0.01), cervical squamous cell 
carcinoma and endocervical adenocarcinoma 
(P < 0.05), esophageal carcinoma (P < 0.01), 
glioblastoma (P < 0.001), head and neck squa-
mous cell carcinoma (P < 0.05), prostate ade-
nocarcinoma (P < 0.01), stomach adenocarci-
noma (P < 0.001), and uterine corpus en- 
dometrial carcinoma (P < 0.001), but lower in 
Cholangiocarcinoma (P < 0.001), renal cell car-
cinoma (P < 0.001), hepatocellular carcinoma 
(P < 0.001), lung cancer (P < 0.001), prostatic 
adenocarcinoma (P < 0.001), and thyroid carci-
noma (P < 0.001).

In breast cancer (BRCA), SLC31A1 expression 
was significantly elevated in tumor tissues  
compared to normal breast tissues (GEPIA, P < 
0.001; Figure 1B), and was upregulated in 
tumor tissues compared to paired para-cancer-
ous tissues (n=112; Figure 1C; P < 0.001). The 
AUC for SLC31A1 mRNA in BRCA was 0.801 
(95% CI 0.774-0.829; Figure 1D). Protein ex- 
pression analysis using the HPA dataset con-
firmed increased SLC31A1 levels in BRCA tis-
sues (Figure 1E). These results suggest that 
SLC31A1 may serve as a diagnostic biomarker 
for BRCA.

Relationship of SLC31A1 expression with clini-
cal pathology in BRCA 

To clarify the relationship between SLC31A1 
expression and several clinicopathologic para- 
meters, analyses were performed on its asso-
ciation with sample types, individual cancer 
stages, patient age, breast cancer subclasses, 
nodal metastasis status and TP53 mutation 
status was analyzed (Figure 2; Table S1).

SLC31A1 expression was significantly higher  
in BRCA samples compared to normal tissues 
(Figure 2A, P < 0.001). No significant differ-
ence in SLC31A1 expression was observed 
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Figure 1. Expression pattern of SLC31A1 in breast cancer (BRCA). A. Differential expression of SLC31A1 in various 
cancers was analyzed by TIMER; B. Increased SLC31A1 in BRCA tissues compared with normal tissues in GEPIA; C. 
Increased SLC31A1 expression in BRCA compared with the matching normal tissue from Xiaotao dataset; D. The 
receiver-operating characteristic (ROC) curve analysis of SLC31A1 in BRCA patients; E. The expression of SLC31A1 
protein in BRCA patients from HPA dataset (*P < 0.05, **P < 0.01, ***P < 0.001).

among BRCA stages (Figure 2B), though stage 
4 patients were found to have higher expres-
sion levels than stage 2 patients (P=0.00281). 
Patients aged 21-40 years showed substan-
tially lower SLC31A1 expression compared to 

those aged 41-60 years and 61-80 years 
(Figure 2C, P < 0.001 for both). Higher SLC31A1 
expression was noted in HER2-positive pa- 
tients compared to luminal and triple-negative 
breast cancer patients (Figure 2D). No associa-
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Figure 2. Correlation between SLC31A1 mRNA expression and clinicopathologic data of BRCA through the UALCAN 
database. A. Sample type; B. Individual cancer stage; C. Patients’ age; D. Breast cancer subclasses; E. Nodal me-
tastasis; F. TP53 mutation status.

tion was detected between SLC31A1 expres-
sion and lymph node metastasis (Figure 2E). 
Elevated SLC31A1 levels were found in BRCA 
patients with TP53 mutations compared to 
those with TP53 wildtype (Figure 2F, P < 0.001). 
Furthermore, SLC31A1 expression was associ-
ated with race (P=0.004), histological type (P < 
0.001), ER status (P < 0.001), HER2 status 

(P=0.026), PAM50 (P < 0.001), and overall sur-
vival events (P=0.007; Table S1).

SLC31A1 is associated with poor prognosis 
and is an independent prognostic predictor in 
BRCA

A Kaplan-Meier plotter was used to assess the 
survival value of SLC31A1 in BRCA (Figures 3 
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Figure 3. KM survival curve to show the association between SLC31A1 and clinical outcome in BRCA in KM Plotter dataset. A. Survival curves of OS, RFS, PPS and 
DMFS in all datasets cohort; B. Survival curves of OS, RFS, PPS and DMFS in GSE20685 cohort. OS: Overall survival; RFS: Relapse-free survival; PPS: Post-progres-
sion survival; DMFS: Distant metastasis-free survival.
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Table 1. Association between clinicopathologic parameters and overall survival (OS) in BRCA by using 
Univariate and Multivariate Cox regression analysis

Characteristics Total (N)
Univariate Cox regression analysis Multivariate Cox regression analysis

HR (95% CI) P value HR (95% CI) P value
Pathologic stage 1059
    Stage I 180 Reference
    Stage II 619 1.697 (0.985-2.922) 0.057 4.038 (0.777-20.972) 0.097
    Stage III 242 2.962 (1.664-5.273) < 0.001 1.598 (0.609-4.196) 0.146
    Stage IV 18 11.607 (5.569-24.190) < 0.001 13.088 (1.027-166.827) 0.048
N Stage 1063
    N0 514 Reference
    N1 357 1.956 (1.329-2.879) < 0.001 0.862 (0.315-2.360) 0.772
    N2 116 2.519 (1.482-4.281) < 0.001 2.323 (0.400-13.486) 0.348
    N3 76 4.188 (2.316-7.574) < 0.001 4.334 (0.723-25.977) 0.108
M stage 922
    M0 902 Reference
    M1 20 4.254 (2.468-7.334) < 0.001 1.863 (0.733-4.733) 0.191
T stage 1079
    T1 276 Reference
    T2 629 1.334 (0.889-2.002) 0.164 0.639 (0.207-1.969) 0.435
    T3 139 1.572 (0.933-2.649) 0.089 1.216 (0.327-4.520) 0.770
    T4 35 3.755 (1.957-7.205) < 0.001 2.797 (0.531-14.733) 0.225
Age 1082
    ≥ 60 y 601 Reference
    < 60 y 481 2.020 (1.465-2.784) < 0.001 2.766 (1.309-5.845) 0.008
Radiation Therapy 986
    No 434 Reference
    Yes 552 0.576 (0.394-0.841) 0.004 0.480 (0.234-0.984) 0.045
Menopause status 931
    Pre 229 Reference
    Post 702 2.165 (1.302-3.600) 0.003 3.896 (1.218-12.468) 0.022
SLC31A1 (Median) 1082
    Low expression 540 Reference
    High expression 542 1.586 (1.146-2.196) 0.005 1.345 (1.068-2.651) 0.042

and S2). Increased expression of SLC31A1 
mRNA was significantly associated with re- 
duced OS (HR: 1.50; 95% CI: 1.23-1.83; 
P=6.7e-05), RFS (HR: 1.55; 95% CI: 1.40-1.73; 
P < 1e-16), PPS (HR: 1.50; 95% CI: 1.16-1.93; 
P=0.0017) and DMFS (HR: 1.37; 95% CI: 1.16-
1.62; P=0.00023) in all available datasets 
(Figure 3A). Analysis of GSE20685 (N=327) 
showed similar results (Figure 3B, N=327): 
higher SLC31A1 mRNA expression correlated 
with worse OS (HR: 1.78; 95% CI: 1.15-2.76; 
P=0.0086), RFS (HR: 1.65; 95% CI: 1.07-2.56; 
P=0.022) and DMFS (HR: 1.65; 95% CI: 1.07-
2.56; P=0.022). PPS showed a shorter tenden-

cy but was not significantly different (HR: 1.63; 
95% CI: 0.96-2.75; P=0.066).

Based on the above findings, we further per-
formed univariate and multivariate Cox regres-
sion to identify the prognostic risk factors. As 
presented in Table 1, Stage III (HR: 2.962; 95% 
CI: 1.664-5.273; P < 0.001), Stage IV (HR: 
11.607; 95% CI: 5.569-24.190; P < 0.001); N1 
(HR: 1.956; 95% CI: 1.329-2.879; P < 0.001), 
N2 (HR: 2.519; 95% CI: 1.482-4.281; P < 
0.001), N3 (HR: 4.188; 95% CI: 2.316-7.574;  
P < 0.001), M1 stage (HR: 4.254; 95% CI: 
2.468-7.334; P < 0.001), T4 stage (HR: 3.755; 
95% CI: 1.957-7.205; P < 0.001), younger age 
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(HR: 2.020; 95% CI: 1.465-2.784; P < 0.001), 
post menopausal status(HR: 2.165; 95% CI: 
1.302-3.600; P=0.003) and high expression  
of SLC31A1 (HR: 1.586; 95% CI: 1.146-2.196; 
P=0.003) were associated with the worse OS 
by performing univariate Cox regression analy-
sis. On the contrary, radiation therapy indicat- 
ed better OS of patients (HR: 0.576; 95% CI: 
0.394-0.841; P=0.004).

Multivariate Cox regression analysis results 
uncovered that Stage IV (HR: 13.088; 95% CI: 
1.027-166.827; P=0.048), age (HR: 2.766; 
95% CI: 1.309-5.845; P=0.008), radiation 
therapy (HR: 0.480; 95% CI: 0.234-0.984; 
P=0.045), menopause status (HR: 3.896; 95% 
CI: 1.218-12.468; P=0.022) and SLC31A1 
mRNA expression (HR: 1.345; 95% CI: 1.068-
2.651; P=0.042) were all independent risk fac-
tor of OS in BRCA. Furthermore, a nomogram 
based on the risk predictors was constructed 
(Figure 4A). Calibration plots showed that the 
observed vs. predicted rates of 3- and 5-year 
OS showed perfect concordance (Figure 4B).

Correlation between immune infiltration and 
SLC31A1 expression in BRCA

TISIDB and TIMER datasets were utilized to 
evaluate the correlation between immune infil-
tration and SLC31A1 expression. In TISIDB, 
SLC31A1 expression were positively correlat- 
ed with the abundance of the several TILs 
(Figure 5A), including Central memory CD8  
T cell (Tcm_CD8, rho=0.107, P=0.000382), 
activated CD4 T cell (Act_CD4, rho=0.257, 

P=5.86e-18), effector memory CD4 T cell 
(Tem_CD4, rho=0.166, P=3.03e-8), T follicular 
helper cell (Tfh, rho=0.101, P=0.000848), Type 
2 T helper cell (Th2, rho=0.258, P=4.10e-18), 
regulatory T cell (Treg, rho=0.097, P=0.00129), 
activated dendritic cell (Act_DC, rho=0.198, 
P=4.05e-11), and myeloid-derived suppressor 
cell (MDSC, rho=0.064, P=0.0328). Correla- 
tions with 22 immune cells are shown in Figure 
5B, and the infiltrates estimation value with 
SLC31A1 expression is shown in Figures 5C 
and S1.

In the TIMER platform, SLC31A1 expression 
was positively correlated with infiltration levels 
of CD8+ T cell (Rho=0.263, P=3.06e-17), CD4+ 
T Cell (Rho=0.257, P=2.07e-16), myeloid den-
dritic cell (Rho=0.111, P=4.69e-4), Macropha- 
ge (Rho=0.247, P=2.88e-15), mast cell (Rho= 
0.183, P=5.65e-9), monocyte (Rho=0.154, 
P=1.02e-6), neutrophil (Rho=0.327, P=3.99e- 
26), Tegs (Rho=0.307, P=4.33e-23), Tfh (Rho= 
0.152, P=3.45e-3) and B cell (Rho=0.118, 
P=1.98e-4). Moreover, we found that SLC31A1 
was significantly associated with the majority of 
markers sets of M2 macrophages, TAM, neutro-
phils, Tregs, several functional T cells and T cell 
exhaustion in TIMER dataset (Table 2). We fur-
ther validated the connection of SLC31A1 
expression with the aforementioned markers of 
M2 macrophages, TAM, neutrophils, Tregs, Th1, 
Th2, Th17 and T cell exhaustion in the GEPIA 
dataset (Table S3). Similarly, SLC31A1 was 
assessed to be correlated with the gene mark-
ers of M2 macrophages, TAM, Tregs, Th1, Th2 

Figure 4. Construction of nomogram based on SLC31A1 and clinical parameters. A. Construction of nomogram 
based on SLC31A1 and clinical data; B. Calibration plots of the nomogram for predicting the probability of OS at 3, 
and 5-years.
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Figure 5. Correlation of SLC31A1 expression with immune infiltration in BRCA. A. Correlation between the expres-
sion of SLC31A1 and the abundance of TILs in BRCA available at TISIDB database; B. Lollipop figure to show the 
correlation between SLC31A1 and infiltration degree in Xiantao dataset; C. Correlation of ITGAL expression with 
infiltration levels of CD8+ T cells, CD4+ T cells, Myeloid dendritic cells, macrophages, mast cells, monocytes, neu-
trophils, Treg cells, T cell follicular helper cells (Tfh) and B cells in BRCA available at TIMER2.0 database.
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Table 2. Correlation between SLC31A1 and gene markers of immune cells in TIMER 2.0 platform

Description Gene markers
BRCA

None Adjustment Purity Adjustment
Rho p value Rho p value

CD8+ T cell CD8A 0.113 < 0.0001 0.108 < 0.0001
CD8B 0.038 0.213 0.033 0.102

T cell (general) CD18 0.133 < 0.0001 0.132 < 0.0001
CD3D 0.045 0.133 0.033 0.302
CD3E 0.08 < 0.001 0.073 < 0.01

CD4+ T cell CD4 0.203 < 0.0001 0.208 < 0.0001
CD127 0.311 < 0.0001 0.341 < 0.0001

MDC LYZ 0.275 < 0.0001 0.298 < 0.0001
IRF7 -0.236 < 0.0001 -0.247 < 0.0001

TAM CCL18 0.174 < 0.001 0.196 < 0.001
CD163 0.305 < 0.0001 0.310 < 0.0001

IL10 0.238 < 0.0001 0.24 < 0.0001
CD206 0.269 < 0.0001 0.282 < 0.0001

M1 macrophage NOS2 0.097 < 0.001 0.094 < 0.001
IRF5 0.027 0.374 0.013 0.678

M2 macrophage VSIG4 0.201 < 0.0001 0.195 < 0.0001
MS4A4A 0.257 < 0.0001 0.264 < 0.0001
CLEC7A 0.333 < 0.0001 0.337 < 0.0001
CD273 0.306 < 0.0001 0.330 < 0.0001

Mast cell CST3 -0.350 < 0.0001 -0.361 < 0.0001
CPA3 0.104 < 0.0001 0.101 < 0.001

Monocyte CD86 0.244 < 0.0001 0.247 < 0.0001
CD115 0.173 < 0.0001 0.163 < 0.0001

Neutrophils CD66b 0.011 0.708 0.015 0.835
CD11b 0.252 < 0.0001 0.237 < 0.0001
CCR7 0.078 < 0.001 0.077 < 0.001

FCGR3B 0.199 < 0.0001 0.208 < 0.0001
CSF3R 0.026 0.396 0.008 0.886

Tregs FOXP3 0.217 < 0.0001 0.226 < 0.0001
CCR8 0.332 < 0.0001 0.334 < 0.0001

STAT5B 0.102 < 0.0001 0.088 < 0.001
TGFB1 -0.018 0.759 -0.048 0.234
CCR10 -0.16 < 0.0001 -0.175 < 0.0001
CD25 0.277 < 0.0001 0.286 < 0.0001
CD52 0.035 0.363 0.015 0.630

CMTM7 -0.02 0.516 -0.035 0.384
Tfh BCL6 0.131 < 0.0001 0.146 < 0.0001

IL21 0 0.998 -0.012 0.711
BATF -0.238 < 0.0001 -0.251 < 0.0001

CXCR5 0.047 0.117 0.035 0.276
Th1 TBX21 0.089 < 0.001 0.084 < 0.001

STAT4 0.152 < 0.0001 0.150 < 0.0001
STAT1 0.359 < 0.0001 0.351 < 0.0001
IFNG 0.159 < 0.0001 0.162 < 0.0001
TNF 0.095 < 0.001 0.094 < 0.001
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Th2 GATA3 -0.113 < 0.0001 -0.131 < 0.0001
STAT6 0.064 < 0.01 0.063 < 0.01

STAT5A 0.03 0.314 0.009 0.773
IL13 0.09 < 0.001 0.087 < 0.001

Th17 STAT3 0.367 < 0.0001 0.349 < 0.0001
IL17A 0.099 < 0.001 0.097 < 0.001

B cell CD19 -0.007 0.818 -0.031 0.322
CD79A 0.014 0.632 0 1.00
CD79B -0.063 < 0.01 -0.103 < 0.001
MS4A1 0.055 0.067 0.044 0.167

T cell exhaustion PDCD1 0.02 0.502 0.003 0.918
PDCD1LG2 0.306 < 0.0001 0.330 < 0.0001

CTLA4 0.142 < 0.0001 0.140 < 0.0001
LAG3 0.032 0.295 0.025 0.424

HAVCR2 0.265 < 0.0001 0.265 < 0.0001
GZMB 0.099 < 0.0001 0.094 < 0.001

Note: See Table S2 for exact p-values. MDC: Myeloid dendritic cells; TAM: Tumor-associated macrophages; Tregs: Regulatory T 
cell; Tfh: Follicular helper T cell; BRCA: Breast cancer.

and T cell exhaustion. Hence, SLC31A1 may 
regulate macrophage polarization and T cell 
exhaustion in BRCA.

SLC31A1 expression is associated with immu-
nomodulators and chemokines in BRCA

Immunomodulators and chemokines play criti-
cal roles in the function of immune system. 
Therefore, the association between SLC31A1 
expression and immunomodulators and che-
mokines was investigated. The results indicat-
ed that SLC31A1 was positively connected wi- 
th various immunoinhibitors (Figure 6A), such 
as CD274 (Rho=0.281, P=2.98e-21), HAVCR2 
(Rho=0.135, P=7.68e-6), IL10 (Rho=0.127, 
P=2.49e-6), IL10RB (Rho=0.142, P=2.18e-6), 
PCD1LG2 (Rho=0.177, P=3.84e-9), TGFBR1 
(Rho=0.428, P < 2.2e-16), and negatively cor-
related with immunostimulators (Figure 6B), 
including C10orf54 (Rho=-0.133, P=9.24e-6), 
TNFRSF4 (Rho=-0.198, P=3.47e-11), TNFRS- 
F13B (Rho=-0.133, P=9.24e-6), TNFRSF14 
(Rho=-0.401, P < 2.2e-16), TNFRSF18 (Rho= 
-0.286, P=3.6e-22) and TNFRSF25 (Rho= 
-0.272, P=5.1e-20).

Additionally, SLC31A1 was positively linked 
with various chemokines, including CCL7 
(Rho=0.174, P=6.84e-9), CCL8 (Rho=0.144, 
P=1.66e-6), CCL13 (Rho=0.107, P=4.01e-4), 
CCL18 (Rho=0.160, P=9.34e-8), CCL20 (Rho= 
0.130, P=1.53e-5), CXCL8 (Rho=0.187, P= 

4.08e-10), CXCL9 (Rho=0.141, P=2.55e-6), 
CXCL10 (Rho=0.181, P=1.44e-9), CXCL11 
(Rho=0.172, P=1.02e-8) and CXCL17 (Rho= 
0.164, P=5.01e-8) (Figure 7A). Correlations 
with chemokine receptors were also found 
(Figure 7B), such as CCR1, CCR4, CCR5, and 
CCR8. These results suggest that SLC31A1 
may participate in immune function regulation, 
contributing to tumor immune evasion.

Discussion

Breast cancer (BRCA) is the most prevalent 
cancer in women and the leading cause of can-
cer death, with about a half-million deaths 
annually despite advanced radiotherapy and 
chemotherapy treatments [40]. In this study, 
we comprehensively investigated the prognos-
tic value of SLC31A1 in BRCA. Our results sug-
gested that SLC31A1 was highly expressed in 
BRCA tissues compared with the adjacent nor-
mal tissue. High expression of SLC31A1 indi-
cated poor survival outcomes. Moreover, our 
data demonstrated that SLC31A1 expression 
was significantly associated with immune in- 
filtration degree, immunomodulators, chemo-
kines, and receptors in BRCA. Findings suggest 
that SLC31A1 might function as a prognos- 
tic biomarker linked with immune infiltration in 
BRCA.

Evidence is showing that copper is not only an 
active site metabolic cofactor but also a dynam-
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ic signaling metal and metalloallosteric regula-
tor [41]. Due to its induction in multiple forms  
of programmed cell death, including apoptosis, 
autophagy, ferroptosis and cuproptosis, the 
intracellular copper level has attracted tremen-
dous spotlight in the field of tumor treatment 
[42]. There is no doubt that SLC31A1, as an 
important copper importer, plays an important 
role in tumor progression. However, the possi-
ble function of SLC31A1 in regulating tumor 
immunity and its prognostic value in BRCA are 
still unclear.

In this present study, we comprehensively eval-
uated the clinical significance of SLC31A1 in 
BRCA using various databases. First, we re- 
vealed that SLC31A1 mRNA was aberrantly 
upregulated in BRCA tissues, compared with 
paracancerous normal tissues. The protein 
expression of SLC31A1 was also increased in 
BRCA samples, which was consistent with the 
mRNA expression pattern. These results sug-
gested that SLC31A1 might be a diagnostic 
indicator in BRCA. To investigate the prognostic 
value of SLC31A1 in BRCA. The association 
between clinical feathers and SLC31A1 expres-
sion was researched. Moreover, KM Plotter was 
performed to explore the influence of SLC31A1 
expression on OS, RFS, PPS and DMFS. The 
results suggested that higher expression of 
SLC31A1 indicated worse clinical outcome. By 
performing univariate and multivariate Cox re- 
gression analysis, SLC31A1 expressions were 
still related to OS, meaning that SLC31A1 was 
an independent prognostic factor. Besides, a 
high-performance nomogram, including SLC- 
31A1 expression was constructed. All these 
data proved that SLC31A1 could function as a 
prognostic marker in BRCA.

Although BRCA is not considered a highly immu-
nogenic tumor type, evidence is suggesting 
that TILs have may be a clinically relevant and 
highly reproducible biomarker capable of af- 
fecting BRCA prognosis [43, 44]. Intra-tumoral 
copper modulates PD-L1 expression and influ-
ences tumor immune evasion [33]. Recently, 
copper level was found to modulate the immune 
response through manipulating immune cells 
such as T cells, B cells, natural killer (NK) cells 

and macrophages [45]. However, the effect of 
SLC31A1 on tumor infiltration in BRCA was 
unknown. In the present study, we firstly identi-
fied that SLC31A1 was associated with immu- 
ne infiltration in BRCA. Our study proved that 
SLC31A1 had a significant correlation with dif-
ferent TILs, including CD8+ T cell, CD4+ T cell, 
Treg cell, Tfh cell, neutrophils, M2 macro-
phages, TAM and monocytes.

Additionally, our data revealed an association 
between SLC31A1 and gene markers of vari-
ous types of immune cells. As is known to us, 
TAMs are the most abundant infiltrating im- 
mune cells [46, 47]. Due to their plastic nature, 
TAMs may polarize into two forms, including M1 
and M2 macrophages. In general, TAMs exhibit 
a M2-like phenotype, with high expression of 
CD163, CD206 and immunosuppressive factor 
IL10 to support immune escape and angiogen-
esis invasion and metastasis of cancer cells 
and remodeling of the extracellular matrix [48-
50]. Our data showed that SLC31A1 had a 
strong association with gene markers of TAM 
and M2 macrophages, including CD163, CD273 
and CLEC7A, while the correlation between 
SLC31A1 and M1 macrophages is very weak. 
All these results indicated that SLC31A1 may 
regulate macrophage polarization.

Although BRCA patients do not respond to 
immunotherapy and lung cancer and melano-
ma, a subset of BRCA, especially triple-negative 
breast cancer (TNBC), can benefit from the 
treatment of immune checkpoint inhibitors 
(ICIs). At present, atezolizumab in combination 
with the chemotherapeutic agent nab-paclitax-
el has been approved to treat PD-L1-positive 
unresectable, locally advanced, or metastatic 
TNBC [51, 52]. Our results demonstrated that 
SLC31A1 expression was connected with Tregs 
marker (FOXP3, CCR8) and T cell exhaustion 
markers (PD-L2, CTLA4, HAVCR2), indicating 
that SLC31A1 may serve as a biomarker to 
screen BRCA patients with a robust response 
to the anti-CTLA-4 antibody Yervoy (ipilimum-
ab). SLC31A1 was not only correlated with 
CTLA4 but also significantly correlated with sev-
eral chemokines and chemokine receptors. 
Studies have proven that chemokines and che-

Figure 6. Correlation between SLC31A1 expression and immunomodulators in BRCA. A. Correlation between SL-
C31A1 expression and immunoinhibitors in BRCA available at TISIDB database. B. Correlation between SLC31A1 
expression and immunostimulators in BRCA available at TISIDB database. 
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Figure 7. Correlation between the expression of SLC31A1 and chemokines in BRCA. A. Correlation between SLC31A1 expression and chemokines in BRCA available 
in the TISIDB database. B. Correlation between SLC31A1 expression and chemokine receptors in BRCA available in the TISIDB database.
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mokine receptors participate in immune re- 
gulation, tumor growth, angiogenesis, metasta-
ses, and drug resistance in BRCA [53]. In con-
clusion, SLC31A1 may play vital functions in 
tumor immune infiltration in BRCA and the 
mechanisms of SLC31A1 in regulating tumor 
microenvironment in BRCA are worth investi- 
gating.

There are some limitations to our study. Firstly, 
most data are based on the Online platform, 
which is prone to be affected by a data update. 
Also, the prognostic value of SLC31A1 was not 
validated by BRCA samples and the molecular 
mechanism of SLC31A1 in BRCA was not 
explored in vivo and in vitro experiments.

Conclusions

SLC31A1 was found to be significantly upregu-
lated in BRCA and linked to worse clinical out-
come, suggesting its potential as an indepen-
dent prognostic marker. It was associated with 
various immune cell types, including CD8+ T 
cells, CD4+ T cells, T follicular helper cells, reg-
ulatory T cells, and tumor-associated macro-
phages, indicating its role in immune regulation 
in BRCA. Further research is needed to explore 
SLC31A1’s therapeutic potential and its broad-
er impact in BRCA beyond drug resistance, 
autophagy, ferroptosis, and cuproptosis.
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Table S2. Correlation between SLC31A1 and gene markers of immune cells in TIMER 2.0 platform
CD8+ T cell CD8A 0.113 0.000172 0.108 0.000628

CD8B 0.038 0.213 0.033 0.102
T cell (general) CD18 0.133 1.14E-06 0.132 8.87E-07

CD3D 0.045 0.133 0.033 0.302
CD3E 0.08 0.00762 0.073 0.0214

CD4+ T cell CD4 0.203 1.18E-11 0.208 0.009098
CD127 0.311 5.13E-26 0.341 2.05E-28

MDC LYZ 0.275 1.60E-20 0.298 7.23E-22
IRF7 -0.236 2.20E-15 -0.247 2.92E-15

TAM CCL18 0.174 6.33E-09 0.196 4.43E-10
CD163 0.305 4.26E-25 0.31 1.18E-23

IL10 0.238 1.19E-15 0.24 1.65E-14
CD206 0.269 9.59E-20 0.282 1.32E-19

M1 macrophage NOS2 0.097 0.001335 0.094 0.003019
IRF5 0.027 0.374 0.013 0.678

M2 macrophage VSIG4 0.201 1.82E-11 0.195 5.81E-10
MS4A4A 0.257 5.44E-18 0.264 2.36E-17
CLEC7A 0.333 6.32E-30 0.337 7.86E-28
CD273 0.306 2.78E-25 0.33 1.02E-26

Mast cell CST3 -0.35 4.97E-33 -0.361 6.92E-32
CPA3 0.104 0.000555 0.101 0.001432

Monocyte CD86 0.244 2.45E-16 0.247 2.91E-15
CD115 0.173 7.93E-09 0.163 2.30E-07

Neutrophils CD66b 0.011 0.708 0.015 0.835
CD11b 0.252 2.01E-17 0.237 4.13E-14
CCR7 0.078 0.009258 0.077 0.015706

FCGR3B 0.199 2.73E-11 0.208 3.70E-11
CSF3R 0.026 0.396 0.008 0.886

Table S1. Correlation between SLC31A1 expression and clinicopathological parameters of BRCA

Clinicopathological characteristics Low expression of SLC31A1 
(n=541)

High expression of SLC31A1 
(n=542) P value

T stage n, (%) 0.610
    T1 140 (13%) 137 (12.7%)
    T2 312 (28.9%) 317 (29.4%)
    T3 73 (6.8%) 66 (6.1%)
    T4 14 (1.3%) 21 (1.9%)
N stage n, (%) 0.251
    N0 266 (25%) 248 (23.3%)
    N1 179 (16.8%) 179 (16.8%)
    N2 60 (5.6%) 56 (5.3%)
    N3 30 (2.8%) 46 (4.3%)
M stage n, (%) 0.616
    M0 435 (47.2%) 467 (50.7%)
    M1 8 (0.9%) 12 (1.3%)
Age, median (IQR) 58 (48, 67) 58 (49, 67) 0.930
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Tregs FOXP3 0.217 3.46E-13 0.226 6.07E-13
CCR8 0.332 1.12E-29 0.334 2.63E-27

STAT5B 0.102 0.000726 0.088 0.005358
TGFB1 -0.018 0.759 -0.048 0.234
CCR10 -0.16 1.04E-07 -0.175 2.88E-08
CD25 0.277 8.88E-21 0.286 3.53E-20
CD52 0.035 0.363 0.015 0.63

CMTM7 -0.02 0.516 -0.035 0.384
Tfh BCL6 0.131 0.001036 0.146 0.002355

IL21 0 0.998 -0.012 0.711
BATF -0.238 1.41E-15 -0.251 8.46E-16

CXCR5 0.047 0.117 0.035 0.276
Th1 TBX21 0.089 0.002998 0.084 0.007957

STAT4 0.152 4.45E-07 0.15 2.04E-06
STAT1 0.359 8.28E-35 0.351 3.33E-30
IFNG 0.159 1.20E-07 0.162 3.06E-07
TNF 0.095 0.001535 0.094 0.002871

Th2 GATA3 -0.113 0.000165 -0.131 3.62E-05
STAT6 0.064 0.032748 0.063 0.047559

STAT5A 0.03 0.314 0.009 0.773
IL13 0.09 0.002724 0.087 0.00586

Th17 STAT3 0.367 1.99E-36 0.349 8.01E-30
IL17A 0.099 0.001022 0.097 0.002136

B cell CD19 -0.007 0.818 -0.031 0.322
CD79A 0.014 0.632 0 1
CD79B -0.063 0.035403 -0.103 0.001184
MS4A1 0.055 0.067 0.044 0.167

T cell exhaustion PDCD1 0.02 0.502 0.003 0.918
PDCD1LG2 0.306 2.78E-25 0.33 1.02E-26

CTLA4 0.142 2.28E-06 0.14 8.91E-06
LAG3 0.032 0.295 0.025 0.424

HAVCR2 0.265 4.17E-19 0.265 1.98E-17
GZMB 0.099 0.0009802 0.094 0.002890752
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Figure S1. Correlation between SLC31A1 mRNA expression and cancer stage in GEPIA dataset (A) and TISIDB da-
taset (B).
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Figure S2. The association between SLC31A1 expression and OS in BRCA in TIMER dataset (A), TISIDB dataset (B) 
and GEPIA dataset (C).
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Table S3. Correlation between SLC31A1 and gene markers of TAM, M1 macrophage, M2 macro-
phage, Neutrophils, Tregs, Th1, Th2, Th17 and T cell exhaustion in GEPIA dataset

Description Gene markers
BRCA

BRCA tissues Normal tissues
Rho p value Rho p value

TAM CCL18 0.13 ** 0.0069 0.94
CD206 0.05 0.1 -0.17 0.07
CD163 0.17 *** -0.17 0.074

IL10 0.21 *** -0.17 0.067
M1 macrophage NOS2 0.022 0.65 0.11 0.26

IRF5 0.13 * 0.15 0.1
M2 macrophage VSIG4 0.15 *** -0.17 0.067

MS4A4A 0.24 *** -0.19 *
CLEC7A 0.20 *** 0.38 ***
CD273 0.28 *** -0.036 0.71

Neutrophils CD66b -0.012 0.69 -0.058 0.54
CD11b 0.16 *** -0.052 0.58
CCR7 -0.0032 0.92 0.099 0.30

FCGR3B 0.0017 0.57 -0.1 0.29
CSF3R 0.00063 0.98 0.35 ***

Tregs FOXP3 0.12 *** 0.31 ***
CCR8 0.25 *** 0.062 0.52

STAT5B 0.102 *** 0.11 0.25
TGFB1 -0.018 0.759 -0.048 0.234
CCR10 -0.16 *** -0.175 ***
CD25 0.277 *** 0.286 ***
CD52 0.035 0.363 0.015 0.630

CMTM7 -0.02 0.516 -0.035 0.384
Th1 TBX21 0.089 ** 0.084 **

STAT4 0.047 0.12 0.150 ***
STAT1 0.28 *** 0.28 **
IFNG 0.16 *** 0.0084 0.93
TNF 0.07 * -0.032 0.74

Th2 GATA3 -0.13 *** 0.6 ***
STAT6 0.087 ** 0.55 ***

STAT5A 0.05 0.098 -0.34 ***
IL13 0.085 ** 0.0053 0.96

Th17 STAT3 0.3 *** 0.73 ***
IL17A 0.016 0.59 0.046 0.63

T cell exhaustion PDCD1 0.019 0.53 0.11 0.25
PDCD1LG2 0.28 *** -0.036 0.71

CTLA4 0.11 *** 0.13 0.18
LAG3 0.083 ** 0.17 0.079

HAVCR2 0.27 *** -0.048 0.62
GZMB 0.11 *** -0.15 0.12

Note: TAM: Tumor-associated macrophage; Tregs: Regulatory T cell; BRCA: Breast cancer; *P < 0.01; **P < 0.001; ***P < 
0.0001.


