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Abstract: Objective: Breast cancer (BC) incidence continues to rise, and recurrence and metastasis remain ma-
jor contributors to mortality. The epithelial-mesenchymal transition (EMT), associated with the acquisition of inva-
sive functions by epithelial cells, also promotes resistance to anticancer therapies. Here, an EMT-based prognostic 
model was developed to enhance BC outcome prediction. Methods: Clinical and gene expression data from the 
TCGA were randomly assigned to discovery and validation cohorts. Univariate Cox regression and LASSO analy-
ses were utilized to develop a prognostic signature. The Cell-Type Identification by Estimating Relative Subsets of 
RNA Transcripts and ESTIMATE algorithms were applied to evaluate the tumor microenvironment (TME). Enriched 
immune-associated pathways were found using GSEA. SDC1 was knocked down and overexpressed in MCF-7 and 
MDA-MB-231 cells, and its effects on cell proliferation, apoptosis, migration, invasion and EMT key markers were 
evaluated by CCK-8, flow cytometry, Transwell and Western blot. Results: Ten EMT-related genes (TP63, TFPI2, 
ALX4, F2RL2, LEF1, PDLIM4, NDRG2, HMGB3, SDC1, and KRT17) showed significant links with overall survival. 
The resulting signature was used to allocate individuals into high- and low-risk groups with distinct prognoses in 
both cohorts. M0 macrophages, activated natural killer cells, memory-activated CD4+ T cells, and immunological 
scores were all lower in high-risk patients. GSEA revealed that the low-risk group demonstrated greater enrichment 
in immune-related pathways, including cell adhesion molecules, cytokine-cytokine receptor interactions, and T-cell 
receptor signaling. SDC1 expression was markedly raised in tumor tissues and correlated with several clinical and 
pathological features. Knockdown of SDC1 in vitro inhibited the proliferation, migration and invasion of BC cells, 
induced apoptosis and reversed EMT process. Overexpression of SDC1 had the opposite cancer-promoting effect. 
Conclusion: This ten-gene EMT-based signature reliably predicts BC prognosis and offers valuable insight into the 
tumor immune microenvironment.

Keywords: Breast cancer, epithelial-mesenchymal transition, prognosis, tumor microenvironment, immune, prog-
nostic signature

Introduction

Breast cancer (BC) is the most prevalent female 
cancer worldwide [1]. Moreover, its incidence 
continues to rise by roughly 0.5% annually, a 
trend partly linked to declining fertility rates 
and increasing body weight [1]. Despite consid-
erable progress in diagnostic methods, thera-
peutic options, and overall survival improve-
ments, BC still represents a major cause of 
cancer-related mortality in women [2]. Tumor 
size (T), lymph-node involvement (N), and dis-
tant metastasis (M) are all included in AJCC 
TNM staging, which is used extensively in clini-

cal settings to evaluate prognosis in BC patients 
[3]. However, this staging approach does not 
capture the profound molecular heterogeneity 
of BC, resulting in significant survival differenc-
es even among patients with similar stages. 
Thus, identifying novel biomarkers and thera-
peutic targets remains essential for enhancing 
prognostic precision and informing personal-
ized treatment plans.

Recurrence and metastasis are the leading 
contributors to BC mortality [4]. Multiple biologi-
cal processes drive metastatic spread, includ-
ing tumor invasion and migration, angiogenesis, 
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immune evasion, and the epithelial-mesenchy-
mal transition (EMT) [5-7]. Among these mech-
anisms, the EMT is considered an initiator of 
the metastatic cascade [8, 9]. The EMT involves 
the acquisition of mesenchymal features by 
epithelial cells, after which they lose both polar-
ity and adhesiveness, and become more inva-
sive and migratory [9, 10]. Cells undergoing 
EMT also demonstrate various forms of pheno-
typic plasticity, including stem-like properties, 
metastatic dormancy, and resistance to thera-
py [11]. Evidence suggests that BC cells can 
exploit EMT-related pathways to generate can-
cer stem-like cells, thereby promoting metasta-
sis and contributing to treatment resistance 
[12-14]. As a result, EMT is crucial in determin-
ing the prognosis of BC patients.

In this work, a predictive signature, based on 
10 EMT-associated genes, was developed for 
BC. We evaluated variations in immune cell 
subsets and signaling between the high- and 
low-risk cohorts and confirmed their predi- 
ctive significance. This EMT-based model offers 
fresh insights for customized prognostic eva- 
luation and may inform tailored treatment 
approaches for BC.

Methods

Data and preprocessing

The UCSC Xena platform was used to obtain 
the log2(FPKM+1) gene expression profiles and 
associated clinical data for breast invasive car-
cinoma (BRCA) from TCGA. The following crite-
ria were applied to determine which samples 
were included: (a) a confirmed diagnosis of 
BRCA; (b) availability of both clinical and gene 
expression information; and (c) comprehensive 
clinical data, including survival status and 
duration.

Ensembl gene identifiers were expressed as 
gene symbols using the GENCODE annotation 
file (hg38, gencode v22 annotation gene probe-
map) to ensure accurate transcript mapping 
[15]. For further analysis, expression values 
expressed as FPKM were converted to tran-
scripts per kilobase million (TPM) [16]. All TCGA 
data are publicly accessible, and this study 
adhered to TCGA data usage and publication 
guidelines. The EMT Gene Database provided 
EMT-related genes.

Differential expression of EMT-associated gen- 
es between tumor and normal tissues was 

assessed using “limma”, with the criteria of  
P < 0.05 and |log2 fold change| > 1. To display 
differentially expressed genes (DEGs), volcano 
plots were generated using “ggrepel” and 
“ggplot2” in R.

Establishment and validation of EMT-associat-
ed prognostic signature

A total of 891 TCGA samples were randomly 
separated into discovery (n = 624) and valida-
tion (n = 267) cohorts in a ratio of 7:3. R was 
used to compile and compare the baseline in- 
formation of members of the two cohorts (Table 
1). Differences between groups were examined 
with chi-square tests, with statistical signifi-
cance defined as P < 0.05.

In the discovery cohort, univariate Cox propor-
tional hazards regression was applied to deter-
mine EMT-related mRNAs linked to overall sur-
vival (OS). Genes were deemed survival-related 
if their p-value was less than 0.01. LASSO re- 
gression was then utilized for further refine-
ment [17], implemented with the “glmnet” 
package, where the minimum cross-validation 
error determined the optimal λ value.

Risk scores (RSs) for individual patients were 
computed as:

RS = coef(mRNA1) × expression(mRNA1) + 
coef(mRNA2) × expression(mRNA2) + … + 
coef(mRNAn) × expression(mRNAn).

Where each coefficient corresponds to the 
weight assigned by the LASSO model, and each 
expression value represents the gene’s tran-
script level. Using the median RS, members of 
the discovery cohort were allocated to high-risk 
(HR) and low-risk (LR) groups. The same for- 
mula and cutoff were then utilized to stratify 
patients in the validation cohort. For compari-
son of OS between the HR and LR groups, sur-
vival was assessed using Kaplan-Meier curves 
with the “survival” and “survminer” packages. 
The “survivalROC” program was used to create 
ROC curves for evaluating the gene signature’s 
prognostic ability in both cohorts.

RS distributions, OS scatter plots, and heat-
maps displaying the expression of the 10 EMT-
associated genes were constructed to illustrate 
differences between the HR and LR subgroups. 
In addition, the “survival” package was utilized 
for univariate and multivariate Cox regression 
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to evaluate the risk score’s independence and 
relationship to other clinical variables.

Immunocyte infiltration analysis

The compositions of 22 immune cell subtypes 
in the discovery cohort were measured using 
CIBERSORT, with 1,000 permutations set [18]. 
For further analysis, only samples with p <  
0.05 were kept. Wilcoxon tests were applied to 
assess immune cell composition differences 
between the two risk groups.

ESTIMATE was utilized to determine stromal 
scores, immunological scores, and tumor purity 
[19], with p-values < 0.05 deemed significant.

GSEA

Gene Set Enrichment Analysis (GSEA) [20]  
was conducted to examine pathways associat-
ed with the prognostic signature in the two 
groups. Unlike methods that focus solely on 
individual DEGs, GSEA evaluates predefined 

gene sets, enabling the detection of broader 
biological processes, such as cancer-related 
pathways, metabolic networks, transcriptional 
programs, and stress-response mechanisms. 
This approach also improves reproducibility 
and facilitates clearer interpretation of molecu-
lar profiling results. The criterion for statistical 
significance was an FDR q-value < 0.25 and a 
p-value < 0.05.

Sampling

Between November 2021 and March 2023, 
100 BC tissues and the corresponding normal 
tissue samples were collected from the First 
Hospital of Qinhuangdao, China. The study was 
approved by the Ethics Committee of the First 
Hospital of Qinhuangdao, and all participants 
provided written informed consent.

qRT-PCR

Total RNA was collected from tissues using 
TRIzol (Thermo Fisher Scientific, USA), and its 

Table 1. Clinical characteristics of patients in discovery cohort and validation cohort (n = 891)
Variables Discovery cohort n (%) Validation cohort n (%) p
Age, years 0.334
    ≤ 60 341 (54.647) 156 (58.427)
    > 60 283 (45.353) 111 (41.573)
T 0.159
    T1 169 (27.083) 74 (27.715)
    T2 366 (58.654) 148 (55.431)
    T3 69 (11.058) 41 (15.356)
    T4 20 (3.205) 4 (1.498)
N 0.772
    N0 299 (47.917) 132 (49.438)
    N1 210 (33.654) 89 (33.333)
    N2 64 (10.256) 30 (11.236)
    N3 51 (8.173) 16 (5.993)
M 0.137
    M0 611 (97.917) 266 (99.626)
    M1 13 (2.083) 1 (0.374)
Stage 0.290
    I 114 (18.269) 49 (18.352)
    II 361 (57.853) 154 (57.678)
    III 136 (21.795) 63 (23.596)
    IV 13 (2.083) 1 (0.374)
Subtype 0.071
    Non-triple negative 528 (84.615) 212 (79.401)
    Triple negative 96 (15.385) 55 (20.599)
Abbreviations: T: tumor size; N: nodal status; M: metastases.
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concentration was assessed spectrophotomet-
rically (NanoDrop 2000, Thermo Fisher Sci- 
entific). Taq Pro Universal SYBR qPCR Master 
Mix (Vazyme, Nanjing, China) was utilized for 
qRT-PCR as directed. The primer sequences 
were: SDC1: forward 5’-CCACCATGAGACCTCAA- 
CCC-3’, reverse 5’-GCCACTACAGCCGTATTCTCC- 
3’; β-actin: forward 5’-CATGTACGTTGCTATCCAG- 
GC-3’, reverse 5’-CTCCTTAATGTCACGCACGAT-3’. 
Using β-actin for normalization, the 2-ΔΔCT tech-
nique was applied for calculating relative ex- 
pression of SDC1.

Cell grouping

Human normal breast epithelial cells MCF10A 
and human BC cell lines (MCF-7, BT-549, MDA-
MB-468 and MDA-MB-231) were purchased 
from SUNNCELL (SNL-225, SNL-060, SNL-271, 
SNL-061, SNL-073, Wuhan, China). All cells we- 
re cultured in DMEM complete medium (con-
taining 10% fetal bovine serum (FBS), 1% peni-
cillin-streptomycin solution and 90% DMEM 
medium). The culture conditions were 37°C, 5% 
CO2 in a sterile cell incubator. When the cell 
confluence reached 70-80%, the passage oper- 
ation was carried out, and then the cells in loga-
rithmic growth phase were taken for subse-
quent experiments.

SDC1 overexpression plasmid (SDC1) and its 
no-load control (Vector), as well as SDC1 knock-
down plasmid (sh-SDC1) and its negative con-
trol (sh-NC) were ordered by Jinkairui Bioeng- 
ineering Co., Ltd. (Wuhan, China). MCF-7 and 
MDA-MB-231 cells were inoculated into the 
well plate at a density of 5×105 cells/well one 
day in advance. The cell density was about 80% 
and the cells were evenly distributed and in 
good condition. Before transfection, the cells 
were starved. According to the instructions of 
transfection reagent, the transfection reagent 
LipofectamineTM 3000 (L3000001, Invitrogen, 
Waltham, MA, USA) was diluted with serum-free 
medium, and then mixed with sh-SDC1, sh-NC, 
SDC1 and Vector plasmids. After standing at 
room temperature for 5 min, the cells were 
incubated for 20 min to form a liposome-nucle-
ic acid complex. The old medium was removed 
and replaced with fresh conventional medium. 
The cells that need to be transfected were cul-
tured with the above working solution for 48 h 
for subsequent detection. At the same time, 
the cells were collected to extract total protein, 
and the efficiency of SDC1 overexpression and 
knockdown was detected by Western blot.

The transfected MCF-7 and MDA-MB-231 cells 
were seeded into 96-well plates at a density of 
1×103 cells/well, and the cells were routinely 
cultured in the cell incubator for 24 h. Sub- 
sequently, 10 μL of CCK-8 solution (SNK-010, 
SUNNCELL) was added to each well and incu-
bated in darkness for 2 h. The optical density of 
each group of cells at 450 nm was measured 
by a microplate reader (Cytation 5, Agilent, 
Santa Clara, CA, USA) to evaluate cell viability.

Western blot

Tumor tissues and cells were lysed with 900 μL 
RIPA (P0013B, Beyotime, Shanghai, China) and 
10 μL PMSF (ST506, Beyotime), and incubated 
on ice for 30 min. After centrifugation (4°C, 
12000 r/min, 15 min), the supernatant was col-
lected for the total protein. A small amount of 
supernatant was used to determine the pro 
tein concentration in the sample using the BCA 
protein assay kit (P0010, Beyotime). Each well 
was loaded with 30 μg protein, and sodium 
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) was performed. The protein 
was transferred to polyvinylidene fluoride 
(PVDF) membrane, blocked with 5% skim milk 
for 2 h, and then incubated with primary anti-
body and secondary antibody in turn. The color 
was developed by electrochemical lumines-
cence (ECL) (P0018M, Beyotime), and photo-
graphed in an automatic chemiluminescence 
imager (Chemi Doc XRS, Bio-Rad, Hercules, CA, 
USA). The image was analyzed by Image J, and 
the ratio of the gray value of the target protein 
to the internal reference protein (GAPDH) was 
semi-quantitatively analyzed. The antibody in- 
formation used in the experiment was as fol-
lows: SDC1 (DF6367, 1:2000, Affinity, Jiangsu, 
China), Ki-67 (ab92742, 1:5000, Abcam), PCNA 
(ab152112, 1:3000, Abcam), caspase 3 (ab- 
32351, 1:5000, Abcam), Cleaved-caspase 3 
(ab32042, 1:500, Abcam), Bcl-2 (ab117115, 
1:1000, Abcam), Bax (ab182734, 1:1000, Ab- 
cam), E-cadherin (ab40772, 1:10000, Abcam), 
N-cadherin (ab76011, 1:20000, Abcam), Vi- 
mentin (ab16700, 1:1000, Abcam), Slug (ab- 
27568, 1:1000, Abcam), Twist 2 (ab66031, 
1:1000, Abcam), ZEB1 (ab203829, 1:500, 
Abcam) and GAPDH (ab128915, 1:50000, 
Abcam).

Flow cytometry experiments

MCF-7 and MDA-MB-231 cells were digested 
with trypsin without EDTA and washed twice 
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with PBS. Then, 500 μL of binding buffer was 
added and gently blown to prepare a single cell 
suspension. 5 μL of PI and 5 μL of Annexin 
V-APC (E-CK-A217, Elabscience, Wuhan, China) 
were added and gently mixed, and incubated  
in dark at room temperature for 15 min. Cell 
apoptosis was analyzed by flow cytometry 
(Attune NxT, Thermo Fisher).

Transwell experiments

The Matrigel gel was diluted at a ratio of 1:9 
and added to the Transwell chamber and incu-
bated in the incubator for 4 h. The density of 
MCF-7 and MDA-MB-231 cells was adjusted to 
1×104 cells/mL, and 200 μL cell suspension 
was inoculated into serum-free medium and 
added into Transwell chamber. 500 μL com-
plete medium containing 20% FBS was added 
to the lower chamber. After 24 h of culture in 
the cell incubator, the Transwell chamber was 
carefully removed, the upper and lower cham-
ber fluids were discarded, and PBS was washed 
twice to remove cells that did not cross the 
membrane. Subsequently, the chamber was 
fixed with 4% paraformaldehyde and the cells 
were stained with 0.1% crystal violet for 20 
min. After washing away the crystal violet dye 
solution, six different fields of view were ran-
domly selected under the microscope (CKX53, 
Olympus, Tokyo, Japan) for photo recording, 
and the number of invasive cells was analy- 
zed by Image J software. For the cell migration 
experiment, the cell suspension was inoculated 
in the Transwell chamber without Matrigel gel 
coating, and the operation steps were exactly 
the same as the invasion experiment.

Immunofluorescence

MCF-7 and MDA-MB-231 cells were inoculated 
into 24-well plates with sterile coverslips for 
cell climbing, and cell transfection was per-
formed after cell adherence. Cells were fixed 
with 4% paraformaldehyde for 20 min at room 
temperature, washed with PBS for 3 times, per-
meabilized with PBS containing 0.5% Triton 
X-100 for 15 min, and then blocked with block-
ing solution (P0260, Beyotime) for 1 h. Cells 
were incubated overnight with primary anti- 
bodies against E-cadherin (ab40772, 1:500, 
Abcam) and Vimentin (ab16700, 1:500, Abcam) 
at 4°C. After washing with PBS for 3 times,  
fluorescent antibody goat anti-rabbit IgG H&L 
(Alexa Fluor® 488) (ab150077, 1:1000, Abcam) 

was added and incubated at room tempera- 
ture for 2 h. Finally, DAPI staining solution was 
added dropwise and incubated at room tem-
perature in dark for 10 min. The cells were 
observed under a fluorescence microscope 
(BX53, Olympus) and the images were collect-
ed. The protein fluorescence intensity was ana-
lyzed by Image J software.

Statistical analysis

R (version 4.1.2) was utilized for all analyses.  
A two-tailed p-value < 0.05 was deemed statis-
tically significant unless otherwise indicated. 
The OS rates in the two groups were compared 
using Kaplan-Meier curves. Furthermore, fac-
tors independently predictive of BC outcomes 
were investigated using univariate and multi-
variate Cox regression. For cell experiments, 
data statistical analysis was performed using 
GraphPad Prism 9.0 software. All data under-
went normality and homogeneity of variance 
tests. One-way ANOVA analysis and Tukey post 
hoc tests were applied for comparisons among 
multiple groups, and the data of each group 
were expressed as mean ± standard deviation. 
A p value < 0.05 was considered statistically 
significant.

Results 

Screening of EMT-associated genes and prog-
nostic signature construction

The TCGA database was used to obtain tran-
scriptome profiles from 891 BC samples and 
113 normal breast tissues, together with com-
prehensive clinical data. EMT-associated DEGs 
were identified using “limma” in R. A volcano 
plot was used to display the 124 up-regulated 
and 186 down-regulated EMT-associated gen- 
es identified in this investigation (Figure 1A).

R software was then used to randomly divide 
the 891 BC patients into discovery (n = 624) 
and validation (n = 267) cohorts. The relation-
ships between EMT-associated DEGs and prog-
nosis were assessed using univariate regres-
sion, identifying 10 genes linked to OS (P < 
0.01) (Figure 1B). These candidate genes were 
further refined using LASSO regression analy-
sis (Figure 1C, 1D), ultimately resulting in a ten-
gene risk signature: NDRG2, ALX4, HMGB3, 
TP63, SDC1, LEF1, PDLIM4, TFPI2, KRT17, and 
F2RL2.
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Furthermore, the remaining genes function- 
ed as protective factors; however, SDC1 and 
HMGB3 were identified as risk genes, with haz-
ard ratios greater than 1. RS values for patients 
in the two cohorts were computed using the 
levels of these genes and the corresponding 
LASSO coefficients. RS = NDRG2 level × (-0.08- 
44622322463379) + ALX4 level × (-0.084462- 
2322463379) + HMGB3 level × 0.044598475- 
4563584 + TP63 level × (-0.0203039658242- 
269) + SDC1 level × (0.278688392836505) + 
LEF1 level × (-0.193642130476875) + PDLIM4 
level × (-0.147473623029924) + TFPI2 level × 
(-0.0673056776543878) + KRT17 level × (-0.0- 
227280886401868) + F2RL2 level × (-0.0553- 
600089080876). 

Patients were allocated to HR and LR groups 
using the median RS. The HR group showed 
markedly lower OS (P < 0.0001), as determined 
by Kaplan-Meier analysis (Figure 2A). With AUC 
values of 0.747 at three years and 0.745 at five 
years, the ROC analysis confirmed the good 
predictive accuracy of the model for BC survival 
(Figure 2B).

Plots of RS distributions and OS scatter plots 
illustrated the relationship between RS and 
survival, revealing that higher scores were as- 
sociated with worse outcomes (Figure 2C, 2D). 
A heatmap comparing gene expression pat-
terns between the HR and LR subgroups indi-
cated that HMGB3 and SDC1 were significantly 

Figure 1. The process of EMT-associated genes selection. A: Volcano plot of differentially expressed EMT-associated 
mRNAs between breast cancer and normal tissues. The blue are down-regulated genes, and the red are up-regulat-
ed genes. B: Forest map of ten candidate EMT-associated genes selected by univariate Cox regression analysis as-
sociated with BC overall survival in the discovery cohort. TFPI2, ALX4, TP63, KRT17, NDRG2, PDLIM4, LEF1, F2RL2 
are protective factors, and SDC1 and HMGB3 are risk factors. C and D: The performance of least absolute shrinkage 
and selection operator (LASSO) analysis.
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up-regulated in the HR group, whereas TFPI2, 
ALX4, TP63, KRT17, NDRG2, PDLIM4, LEF1, 
and F2RL2 showed higher expression in the LR 
group (Figure 2E).

The results of the univariate analysis indicated 
that the prognostic signature was strongly 
associated with OS (HR = 3.180, 95% CI = 
2.190-4.617, P < 0.001) (Figure 2F). After 
adjusting for additional factors, including age, 
T, N, M, and overall stage, and triple-negative 
breast cancer (TNBC), the signature remained 
independently predictive of prognosis (HR = 

2.423, 95% CI = 1.637-3.587, P < 0.001) (Fi- 
gure 2G).

The validation cohort was treated similarly to 
the treatment cohort. HR patients demonstrat-
ed significantly lower survival outcomes (P = 
0.0073), as indicated by Kaplan-Meier analysis 
(Figure 3A). ROC analysis once again indicated 
high predictive accuracy, with respective AUC 
values of 0.791 and 0.656 at 3 and 5 years 
(Figure 3B). Risk score and survival plots con-
sistently showed that higher RS correlated with 
poorer prognosis (Figure 3C, 3D). The heatmap 

Figure 2. Evaluation of the prognostic signature in the discovery cohort. A: Kaplan Meier curve shows that the prog-
nosis of patients between high and low risk groups is different. B: Time-dependent receiver operating characteristic 
(ROC) curve of the risk score. C: The risk score distribution. D: The survival status distribution. The green are alive 
patients, and the red are dead patients. E: Heat map of the ten EMT-associated risk genes expression differences 
between high and low risk groups. F and G: Univariate and multivariate analyses of the signature and clinical factors.
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of gene expression in the validation cohort 
reflected the same pattern observed in the dis-
covery cohort: HMGB3 and SDC1 were up-regu-
lated in HR patients. LR patients also had high-
er levels of TFPI2, ALX4, TP63, KRT17, NDRG2, 
PDLIM4, LEF1, and F2RL2 (Figure 3E).

The ten-gene signature was substantially asso-
ciated with overall survival, as indicated by uni-
variate Cox analysis (HR = 2.511, 95% CI = 
1.251-5.038, P = 0.009) (Figure 3F). After ad- 
justments for age, tumor stage, nodal status, 

metastasis, clinical stage, and TNBC status, 
the risk signature remained independently pre-
dictive of survival in the validation cohort (HR = 
2.310, 95% CI = 1.052-5.068, P = 0.036) (Fi- 
gure 3G).

The prognostic signature and TME

The discovery cohort’s HR and LR groups’ 
immune cell proportions were compared using 
the Wilcoxon test. We found that the HR sub-
group had significantly higher levels of CD8+ T 

Figure 3. Evaluation of the prognostic signature in the validation cohort. A: Kaplan Meier curve shows that the prog-
nosis of patients between high and low risk groups is different. B: Time-dependent receiver operating characteristic 
(ROC) curve of the risk score. C: The risk score distribution. D: The survival status distribution. E: Heat map of the 
ten EMT-associated risk genes expression differences between high and low risk groups. F and G: Univariate and 
multivariate analyses of the signature and clinical factors.
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cells (P = 0.011), naïve CD4+ T cells (P < 0.001), 
resting memory CD4+ T cells (P < 0.001), mono-
cytes (P = 0.004), and resting dendritic cells  
(P < 0.001). In comparison, the same group 

showed a significant decrease in activated 
memory CD4+ T cells (P = 0.008), active NK 
cells (P = 0.005), and M0 macrophages (P < 
0.001) (Figure 4A).

Figure 4. Association between prognostic signature and tumor microenvironment. A: Relationship between the 
prognostic signature and immune cell infiltration. B: ESTIMATE score between high and low risk groups. C: Immunity 
score between high and low risk groups. D: Stroma score between high and low risk groups. E: Tumor purity between 
high and low risk groups.
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Elevated RS was negatively linked 
with ESTIMATE (P < 0.0001), immune 
(P < 0.01), and stromal scores (P < 
0.0001), but positively associated 
with enhanced tumor purity (P < 
0.0001), as determined by analysis 
using the ESTIMATE algorithm (Fi- 
gure 4B-E). These results imply a 
strong correlation between the TME 
and the prognostic signature in indi-
viduals with BC.

GSEA for prognostic signature func-
tional annotation 

According to our study, the LR group 
demonstrated a greater enrichment 
of immune-related biochemical path-
ways relative to the HR group. GSEA 
further identified three immunity-
associated KEGG pathways, CAMs, 
cytokine-cytokine receptor interac-
tions, and the T-cell receptor signal-
ing network, as significantly enriched 
(Figure 5).

External experimental validation of 
prognostic signature

The results of the GEPIA database 
showed that the expression level of 
SDC1 was significantly up-regulated 
in BC tissues (Figure 6A), suggesting 
that SDC1 might play an important 
role in the occurrence and develop-
ment of BC. To verify the results  
of bioinformatics analysis, we col-
lected 100 samples of BC tissues 
and adjacent normal tissues. The 
data showed that the mRNA and pro-
tein levels of SDC1 in BC tissues 
were significantly higher than those 
in adjacent normal tissues (Figure 
6B, 6C). Patients were allocated to 
two groups based on the median 
SDC1 level. Those in the high-expres-
sion group showed an increased risk 
of developing tumors larger than 2 
cm, lymph node metastases, and 
TNM stage III relative to those with 
low expression (P < 0.05) (Table 2). 
Subsequently, the protein expres-
sion of SDC1 was detected at the 
cellular level. Compared with nor- 
mal breast epithelial cells (MCF10A), 

Figure 5. Gene set enrichment analysis (GSEA) for functional annota-
tion of the prognostic signature. A: Cell adhesion molecules (CAMs). 
B: T cell receptor network. C: Cytokine-cytokine receptor association.
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SDC1 protein was highly expressed in four BC 
cell lines (MCF-7, BT-549, MDA-MB-468 and 
MDA-MB-231), and the expression level was 
the highest in MCF-7 and MDA-MB-231 cells 
(Figure 6D), so these two cells were selec- 
ted for subsequent experiments. In summary, 
SDC1 might be involved in the progression of 
BC as an oncogene.

Knockdown of SDC1 expression inhibited BC 
cell proliferation and promoted apoptosis

We explored the effect of SDC1 on the malig-
nant phenotype of BC cells. SDC1 was knocked 
down and overexpressed in MCF-7 and MDA-
MB-231 cells, respectively, and the correspond-
ing negative controls were used as controls. 
The level of SDC1 protein in sh-SDC1 group 
was significantly decreased, and the level of 
SDC1 protein in SDC1 group was significantly 
increased (Figure 7A), which confirmed the 
effectiveness of transfection. The viability of 
BC cells decreased significantly after knock-
down of SDC1, but increased significantly after 
overexpression of SDC1 (Figure 7B, 7C). The 
results of flow cytometry showed that the apop-
tosis rate increased significantly after knock-
down of SDC1, and decreased significantly 

Subsequently, Transwell assay results showed 
that after knocking down SDC1, the migration 
and invasion abilities of MCF-7 and MDA-
MB-231 cells were significantly weakened, and 
the number of migration and invasion cells 
passing through the basement membrane was 
significantly reduced. In contrast, overexpres-
sion of SDC1 promoted cell migration and  
invasion (Figure 8A, 8B). Western blot results 
showed that knockdown of SDC1 significantly 
increased the expression of epithelial marker 
E-cadherin, decreased the expression of mes-
enchymal markers N-cadherin, Vimentin and 
core transcription factors Slug, Twist 2, ZEB1. 
Overexpression of SDC1 showed a completely 
opposite trend, inducing EMT phenotype (Fi- 
gure 8C-E). Immunofluorescence staining sho- 
wed that in the sh-SDC1 group, the fluores-
cence intensity of E-cadherin was significantly 
enhanced, while the fluorescence intensity of 
Vimentin was significantly decreased. Over- 
expression of SDC1 resulted in a decrease in 
E-cadherin signal and an increase in Vimentin 
signal (Figure 8F, 8G), suggesting a more in- 
vasive mesenchymal transition. In summary, 
knockdown of SDC1 effectively reversed the 
EMT process of BC cells and significantly inhib-
ited their migration and invasion ability.

Figure 6. Up-regulation of SDC1 in BC. A: The expression level of SDC1 in BC 
tissues in the GEPIA database. B: qRT-PCR was used to detect the expres-
sion level of SDC1 in BC tissues and adjacent normal tissues. C: Western 
blot was used to detect the expression of SDC1 protein in BC tissues and 
adjacent normal tissues. D: Western blot was used to detect the protein 
expression of SDC1 in human normal breast epithelial cells (MCF10A) and 
BC cell lines (MCF-7, BT-549, MDA-MB-468 and MDA-MB-231). *P < 0.05, 
**P < 0.01, ***P < 0.001.

after overexpression of SDC1 
(Figure 7D). This indicated that 
knockdown significantly inhi- 
bited the proliferation of BC 
cells and promoted apoptosis. 
After knocking down SDC1, the 
protein levels of Ki-67 and 
PCNA, the key markers of cell 
proliferation, were significan- 
tly reduced, the expression  
of pro-apoptotic proteins Bax 
and Cleaved-caspase 3 was 
increased, and the expression 
of anti-apoptotic protein Bcl-2 
was decreased (Figure 7E-I).  
In contrast, overexpression of 
SDC1 had the opposite effect. 
These results indicated that 
knockdown of SDC1 effectively 
inhibited BC cell proliferation 
and induced apoptosis.

Knockdown of SDC1 expres-
sion inhibited BC cell mi-
gration, invasion and EMT 
process
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Discussion

Luminal A, Luminal B, HER2-positive, and TNBC 
are the four main subtypes of BC based on both 
histological and molecular features. The com-
plex etiology and substantial heterogeneity of 
BC make accurate prognostic assessment par-
ticularly challenging. Furthermore, recurrence 
and metastasis continue to be significant 
causes of death for BC patients [21], and 
mounting data suggest that abnormal EMT acti-
vation is a critical factor in BC metastasis [22, 
23]. To enhance the prediction of clinical out-
comes in BC, we established a unique EMT-
related prognostic signature in this study.

In this study, we identified ten EMT-related 
genes that showed strong associations with BC 
prognosis. Among them, SDC1 and HMGB3 
acted as risk genes, with elevated levels in the 
HR group, whereas TFPI2, ALX4, TP63, KRT17, 
NDRG2, PDLIM4, LEF1, and F2RL2 functioned 
as protective genes, with raised levels in the LR 
group. The development of BC has been exten-
sively linked to SDC1, a type I transmembrane 
proteoglycan that controls cell adhesion and 
migration. Qiao et al. reported that increased 
SDC1 expression correlates with poorer dis-
ease-free and overall survival, and is associat-
ed with more aggressive tumor phenotypes 
characterized by ER negativity and HER2 posi-
tivity [24].

Pham et al. further demonstrated that SDC1 
modulates Wnt signaling and may influence BC 
cell migration [25]. Our research supported 
these conclusions by demonstrating that ele-
vated SDC1 levels were linked with increased 
lymph node metastasis, larger tumor size, and 
more advanced TNM stages.

HMGB3, also known as HMG2a, is highly 
expressed in several tumor types and contrib-
utes to the growth of malignant cells as well as 
poor clinical outcomes [26]. HMGB3 knock-
down has been demonstrated to inhibit tumor 
cell growth and increase chemotherapy sensi-
tivity, and prior research indicates that it may 
function as an independent prognostic bio-
marker in BRCA+ BCs [27]. 

NDRG2, a member of the NDRG/α-β hydrolase 
superfamily, is recognized as a tumor suppres-
sor involved in regulating proliferation and 
metastasis across multiple malignancies [28]. 
ALX4, a paired-like homeodomain transcription 
factor expressed primarily in mesenchymal tis-
sues, has been shown to inhibit Wnt/β-catenin 
signaling in BC. A good prognostic predictor, 
elevated ALX4 expression is linked to decrea- 
sed tumor development and metastasis [29, 
30]. It has been revealed that TFPI2, a member 
of the serine protease inhibitor family, sup-
presses TWIST1-mediated integrin α5 expres-
sion, which lowers BC cell proliferation and 
metastatic potential [31, 32]. TP63 encodes 

Table 2. Relationship between expression level of SDC1 and clinical features in breast cancer

Variables n Low expression  
of SDC1 (n = 50)

High expression  
of SDC1 (n = 50) χ2 p value

Age (yr) 0.043 0.836
    ≤ 60 63 32 31
    > 60 37 18 19
Tumor size 8.319 0.004
    ≤ 2 cm 38 26 12
    > 2 cm 62 24 38
Lymph node metastasis 17.361 < 0.001
    No 64 42 22
    Yes 36 8 28
Stage 8.392 0.004
    I-II 78 45 33
    III 22 5 17
Subtype 1.333 0.248
    Triple negative 25 15 10
    Non-triple negative 75 35 40
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two major isoforms, TAp63 and ΔNp63. TAp63 
has been linked to androgen receptor signaling, 

absence of BRCA mutations, PTEN expression, 
and improved patient survival [33]. In compari-

Figure 7. Knockdown of SDC1 expression inhibited BC cell proliferation and promoted apoptosis. A: sh-SDC1, sh-
NC, SDC1 and vector were transfected into MCF-7 and MDA-MB-231 cells, and the transfection efficiency of SDC1 
in cells was detected by Western blot. B, C: CCK-8 was used to detect the proliferation of MCF-7 and MDA-MB-231 
cells. D: Flow cytometry was used to detect the apoptosis of MCF-7 and MDA-MB-231 cells. E-I: The protein levels 
of proliferation (Ki-67 and PCNA) and apoptosis (cleaved-caspase 3, caspase 3, Bcl-2 and Bax) were detected by 
Western blot. *P < 0.05, **P < 0.01, ***P < 0.001.
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son to normal breast tissue, BC tissues gener-
ally express KRT17, a member of the keratin 
family, at lower levels. Higher KRT17 expres-
sion has been associated with better out-
comes, particularly in patients with HER2-
positive tumors [34]. According to earlier 
research, PDLIM4 suppression increases BC 
cell proliferation and decreases apoptosis, sug-

gesting that it may act as a tumor suppressor 
[35].

Although the roles of LEF1 and F2RL2 in BC 
have not been extensively characterized, accu-
mulating evidence suggests that all ten of 
these EMT-associated genes contribute mean-
ingfully to tumor development and progression. 

Figure 8. Knockdown of SDC1 expression inhibited BC cell migration, invasion and EMT process. A, B: Transwell 
assay was used to detect the migration and invasion ability of MCF-7 and MDA-MB-231 cells (×20, 100 μm). C-E: 
Western blot was used to detect the expression of EMT marker proteins (E-cadherin, N-cadherin, Vimentin, Slug, 
Twist 2 and ZEB1). F, G: Immunofluorescence was used to detect the expression of E-cadherin and Vimentin in MCF-
7 and MDA-MB-231 cells (×40, 50 μm). *P < 0.05, **P < 0.01, ***P < 0.001.
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Targeting this gene set may offer new opportu-
nities to modulate EMT in BC. However, the 
exact mechanisms through which these genes 
affect prognosis need further exploration.

We successfully divided BC patients into HR 
and LR categories. Relative to those in the LR 
group, HR patients in the discovery cohort had 
markedly worse OS. Multivariate regression 
showed that the signature was independently 
predictive of BC outcomes. These findings were 
validated in the independent cohort, support-
ing the robustness of the model.

Overall, our results indicate that this prognostic 
signature can reliably predict overall survival in 
BC patients. When used in conjunction with 
conventional clinical indicators, it may enhance 
risk stratification, allowing for better differenti-
ation between HR and LR individuals and 
reducing the likelihood of both overtreatment 
and undertreatment.

Our study revealed significantly higher concen-
trations of CD8+ T cells (P = 0.011), naïve CD4+ 
T cells (P < 0.001), resting memory CD4+ T cells 
(P < 0.001), monocytes (P = 0.004), and resting 
dendritic cells (P < 0.001) in the high-risk group. 
In comparison, memory-activated CD4+ T cells 
(P = 0.008), activated NK cells (P = 0.005), and 
M0 macrophages (P < 0.001) were consider-
ably reduced in these patients.

Natural killer (NK) cells are cytotoxic effector 
lymphocytes that can eliminate cancer cells 
without prior sensitization [36]. Unlike CD8+ T 
cells, NK cells do not need antigen presenta-
tion; instead, they are regulated through a com-
plex network of activating and inhibitory recep-
tors [37]. Previous research has reported an 
inverse relationship between NK cell activity 
and BC stage [38]. In TNBC, NK cells within the 
tumor microenvironment have been shown to 
suppress tumor cell invasion [39, 40].

The proportion of tumor cells typically decreas-
es as the number of immune and stromal cells 
increases; therefore, higher immune and stro-
mal cell infiltration generally reflects a lower 
tumor cell burden [41]. Higher risk scores were 
negatively linked with stromal, immunological, 
and ESTIMATE scores and positively related to 
increased purity of the tumor. This indicates 
that patients with HR scores had a greater pro-
portion of tumor cells and fewer immune and 
stromal cells within their TMEs.

Furthermore, GSEA indicated greater enrich-
ment in immune-related pathways in the LR 
group. Together, these findings indicate that 
members of the LR group show a more active 
immune microenvironment and higher antitu-
mor immune responses compared to those in 
the HR group, which may contribute to their 
improved clinical outcomes. The interplay be- 
tween these EMT-associated genes and the 
immune landscape in BC warrants further 
investigation.

We also found a significant increase in SDC1 
expression in BC tissues. Subsequently, experi-
ments confirmed that knockdown of SDC1 in 
BC cells could effectively inhibit cell prolifera-
tion, migration and invasion, promote cell apop-
tosis and reverse the EMT process; overexpres-
sion of SDC1 produced completely opposite 
cancer-promoting effects.

This study yielded promising findings; however, 
several limitations should be acknowledged. 
First, the data were retrieved from publicly 
available online databases, making the analy-
sis a retrospective study. Second, we did not 
include sufficient experimental verification to 
support our bioinformatic results. Thus, more 
research is required to confirm the functions  
of the 10 EMT-related genes experimentally, 
test the prognostic signature’s predictive value 
in BC, and investigate other immune-related 
pathways.

Conclusions

To summarize, the constructed prognostic sig-
nature effectively predicts clinical outcomes in 
BC, providing insight into the underlying im- 
mune landscape. High-risk patients revealed 
distinct alterations in immune-related path-
ways and tumor-infiltrating immune cell profiles 
compared to low-risk patients. The EMT-asso- 
ciated genes included in the model also hold 
promise as potential therapeutic targets for BC. 
However, these results offer fresh appro- 
aches to better BC management; further well-
planned experimental research is required to 
confirm and support our findings.
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