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Abstract
Background  Breast cancer (BC) remains a significant global health challenge, contributing substantially to cancer-related 
deaths worldwide. Its prevalence and associated death rates remain alarmingly high, highlighting the persistent public health 
burden. The objective of this study was to systematically examine the involvement of SUSD3 (Sushi Domain-Containing 3) 
in BC, highlighting its crucial role in the pathogenesis and progression of this disease.
Methods  BC-related gene microarray data, along with corresponding clinicopathological information, were obtained from 
The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases. Leveraging TIMER and HPA data-
bases, we conducted comparative analyses to evaluate SUSD3 expression in BC. We then analyzed the association between 
SUSD3 and clinical traits, as well as the prognostic value of SUSD3. SUSD3-related differential expression genes (DEGs) 
were sent for analysis utilizing GO, KEGG, and GSEA. We utilized SUSD3 mRNA expression to assess immune cells’ 
scores in BC tissues calculated by single-sample enrichment analyses based on “CIBERSORT” R package. Drug sensitivity 
analysis was used to screen potential drugs sensitive to SUSD3. R software was used for statistical analyses and graphical 
representation of the data.
Results  Our findings confirmed a significant upregulation of SUSD3 expression in BC, which correlated with a favorable 
prognosis. Clinical correlation analysis further emphasized the strong association between SUSD3 expression and key clinical 
parameters like estrogen receptor (ER) status, progesterone receptor (PR) status, stage, and T classification in breast cancer. 
Univariate and multivariate Cox regression analyses showed that SUSD3 could be used as an independent prognostic factor 
for BC. Differentially expressed genes (DEGs) co-expressed with SUSD3 were significantly associated with various biologi-
cal processes, such as the cell cycle, DNA replication, p53 signaling pathway, cancer-related pathways, and Wnt signaling 
pathway, as indicated by gene set enrichment analysis (GSEA). Furthermore, our analysis demonstrated that SUSD3 generally 
exhibited negative associations with immune modulators. Drug sensitivity analysis revealed positive correlations between 
SUSD3 and the efficacy of Fulvestrant, Raloxifene, and Fluphenazine.
Conclusion  The research emphasizes the significance of SUSD3 as a potential marker for BC, providing insights into the 
underlying molecular mechanisms implicated in tumorigenesis. SUSD3 holds promise in helping the classification of breast 
cancer pathological groups, predicting prognosis, and facilitating targeted therapy.
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GO	� Gene Ontology
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Introduction

Breast cancer (BC) represents a prevalent malignancy char-
acterized by substantial mortality and morbidity [1]. Nota-
bly, China ranks highest globally in both BC incidence and 
related fatalities, accounting for 17.6% of BC cases and 
15.6% of BC-related deaths worldwide [2]. Despite this 
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burden, there is a shortage of dependable biomarkers for 
early screening and diagnosis of BC. The advent of high-
throughput sequencing has particularly facilitated the iden-
tification of an expanding array of genes serving as poten-
tial markers for early-stage BC. However, there is a critical 
need to identify key driver genes capable of influencing the 
immune microenvironment of BC and its progression. Cur-
rently, there is a growing emphasis on identifying central 
genes associated with BC through the analysis of RNA-seq 
data sourced from databases such as The Cancer Genome 
Atlas (TCGA) and the Gene Expression Omnibus (GEO). 
This endeavor is promising as it helps advance the diagnosis, 
prognosis, and targeted therapy of BC.

Sushi domains, also referred to as complement control 
protein modules or short consensus repeats, represent evo-
lutionarily conserved protein domains present in numerous 
complement and adhesion proteins [3]. Sushi domain-con-
taining proteins typically localize to the outer membrane and 
play roles in nutrient binding and signaling. SUSD3 (Sushi 
Domain-Containing 3) is notable as a cell surface protein, 
possessing extracellular, transmembrane, and cytoplasmic 
domains [4]. Prior research has highlighted a correlation 
between increased expression levels of SUSD3 and BC 
prognosis [5, 6]. However, the precise functions of SUSD3 
remain elusive. Therefore, the objective of this study was to 
assess the prognostic implications and underlying mecha-
nisms of SUSD3 in BC.

Bioinformatic analysis of sequencing data sourced from 
common databases such as TCGA and GEO enables the 
interpretation of gene regulatory pathways and disease net-
works. In this study, we conducted a comparative analysis 
of differentially expressed genes (DEGs) in patients using 
breast cancer gene (BRCA) samples from the TCGA data-
base. The expression profiles of these genes were correlated 
with the clinical data of the patients. Specifically, the RNA 
expression analysis encompassed 1029 tumor samples and 
112 non-tumor samples from the TCGA dataset. To fur-
ther assess the potential biological functions of SUSD3 in 
BC, bioinformatics tools were systematically used to vali-
date molecular mechanisms through Gene Set Enrichment 
Analysis (GSEA) and Gene Ontology (GO)/Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment analy-
sis. In addition, we assessed the prognostic significance of 
SUSD3 in breast cancer and comprehensively assessed its 
potential clinical use based on analyses of TCGA and GEO 
datasets. Our findings indicated SUSD3 is highly expressed 
in BC and associated with a good prognosis, which provide 
valuable insights into the potential molecular mechanisms 
influencing BC prognosis.

Materials and methods

Data collecting and screening

RNA-seq data and clinical information for BC were retrieved 
from the TCGA database. After excluding patients with 
incomplete clinical information, a dataset comprising 1029 
samples from patients diagnosed with BC and 112 samples 
from normal individuals were obtained. Detailed informa-
tion on the 1029 patients with BC is provided in Table 1.

Differential expression analysis of SUSD3 in BC

The TIMER database comprehensively encompasses genetic 
information from a vast array of samples, totaling 10,897 

Table 1   Clinical characteristics 
of 1029 BC patients in TCGA 
database

Characteristic n (%)

Age
 ≤ 65 743 (72.21)
 > 65 286 (27.79)

Stage
 I 179 (17.40)
 II 596 (57.92)
 III 238 (23.13)
 IV 16 (1.55)

T classification
 T1 268 (26.04)
 T2 598 (58.11)
 T3 132 (12.83)
 T4 31 (3.01)

N classification
 N0 496 (48.20)
 N1 347 (33.72)
 N2 116 (11.27)
 N3 70 (6.80)

PR
 Negative 324 (31.49)
 Positive 655 (63.65)
 Unknown 50 (4.86)

ER
 Negative 228 (22.16)
 Positive 755 (73.37)
 Unknown 46 (4.47)

Her-2
 Negative 532 (51.70)
 Positive 153 (14.87)
 Unknown 344 (33.43)

Survival status
 Death 128 (12.44)
 Alive 901 (87.56)
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samples, primarily derived from the TCGA database [7]. 
This repository was leveraged to conduct a pan-cancer 
assessment of SUSD3 expression. Subsequently, expression 
profiles of SUSD3 were extracted and scrutinized across 
1029 BC samples, 112 normal samples, along with 112 
paired samples, using the “Limma” R package [8].

Correlation analysis between SUSD3 and clinical 
traits

Clinical data from patients with BC including parameters 
such as T/N stage, stage, PR/ER/Her-2 status, and age, were 
integrated with SUSD3 expression for comprehensive analy-
sis. Logistic regression analysis was conducted using R (Ver-
sion 4.3.2) to assess the relationship between clinical data 
for BC individuals and SUSD3 expressions. A significance 
level of p < 0.05 was considered statistically significant.

Independent prognostic analysis

In our investigation of the impact of SUSD3 expression on 
the prognosis of patients with BC, we used a comprehensive 
approach. Initially, univariate Cox regression analysis was 
applied to quantify the correlation between SUSD3 expres-
sion levels and patient survival. Subsequently, multivari-
ate analysis was conducted to determine whether SUSD3 
serves as an independent prognostic factor for survival in 
these patients. The Cox data of the patients were statistically 
analyzed using the survival package within the R software, 
using both univariate and multivariate methods to identify 
independent prognostic indicators. The results were visual-
ized using forest plots, with the significance threshold set 
at p < 0.05.

Validation using the Gene Expression Omnibus 
(GEO) databases

To ensure the accuracy of the results obtained from the 
TCGA group, they were validated using the GSE42568 
dataset from the GEO database to assess SUSD3 expres-
sion levels. This dataset comprised 104 BRCA samples and 
17 adjacent normal tissue samples. As the GSE42568 group 
lacked clinical information, the GSE86166 dataset, which 
includes 280 breast cancer samples, was used to validate the 
correlation between SUSD3 expression and clinical traits, 
as well as to assess the prognostic significance of SUSD3. 
Detailed information on the 280 patients with BC is pro-
vided in Table 2.

Functional enrichment analysis

To interpret the underlying biological processes and path-
ways associated with SUSD3 in BC, DEGs between the 

SUSD3 high and SUSD3 low groups were identified using 
the Limma package, applying criteria of an adjusted p 
value < 0.05 and a |logFC|> 2. In addition, the “ClusterPro-
filer” R package was used to perform and visualize KEGG 
and GO analysis, encompassing molecular function (MF), 
biological process (BP), and cellular component (CC) [9]. 
Enrichment to significant pathways was determined based 
on an adjusted p value < 0.05.

GSEA

The GSEA software, obtained from the GSEA website, is a 
powerful platform for conducting gene set enrichment analy-
sis. The initial molecular signature database encompasses 
1325 gene sets across various categories like biological path-
ways, chromosomal locations, upstream cis-patterns, drug 
therapy responses, and expression profiles from microarray 
datasets. Also, users have the flexibility to create additional 
gene sets through genetic and chemical perturbations, com-
putational analysis of genomic information, and other bio-
logical annotations. GSEA results provide a computational 
enrichment score (ES), indicating the extent to which a gene 
set S is overrepresented in the extreme (top or bottom) of the 
overall sorted list L.

To facilitate result interpretation, the ES is normalized 
to account for genome size, yielding a normalized enrich-
ment score (NES). To control for false positives, the false 

Table 2   Clinical characteristics 
of 280 BC patients in 
GSE86166 data

Characteristic n (%)

Stage
 I 84 (30)
 II 140 (50)
 III 56 (20)

Grade
 1 29 (10.36)
 2 117 (41.79)
 3 125 (44.64)
 4 6 (2.14)
 5 3 (1.07)

PR
 Negative 91 (32.50)
 Positive 189 (67.50)

ER
 Negative 73 (26.07)
 Positive 207 (73.93)

Her-2
 Negative 228  (81.43)
 Positive 52 (18.57)

Survival status
 Death 66 (23.57)
 Alive 214 (76.43)
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discovery rate (FDR) corresponding to each NES is calcu-
lated. Patient data were divided into high- and low-SUSD3 
gene expression groups based on the median level in our 
study. These TCGA data were formatted into text files and 
imported into the GSEA software.

Subsequently, the grouping and expression matrix files 
were uploaded into GSEA 4.3.2 lineage enrichment analy-
sis. The resulting data were exported to analyze significant 
functional and pathway differences between the high- and 
low-SUSD3 expression groups. The genomic alignment was 
repeated 1000 times for each analysis. Meanwhile, p values, 
FDR values, ES values, and NES values from GSEA were 
analyzed with expression differences being considered sig-
nificant if they met the criteria of p < 0.05 and FDR < 25% 
in the gene enrichment analysis.

Immune cells infiltration analysis

SUSD3 relative scores across 28 types of immune cells in 
humans were quantitatively assessed using single-sample 
gene set enrichment analysis (ssGSEA), facilitated by the 
R package “GSVA” [10]. In addition, the quantification of 
22 distinct infiltrating immune cell types in lung cancer was 
conducted using the R package “CIBERSORT”. The signifi-
cance threshold for both analyses was set at a p value < 0.05.

Therapeutic analysis

We acquired expression data from the Cancer Cell Line 
Encyclopedia (CCLE) and drug sensitivity data from the 
CellMiner database [11]. This enabled us to comprehen-
sively investigate the relationship between SUSD3 expres-
sion and drug responses in tumor cell lines.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.0 
and R (version 4.3.3), with the implementation of ggpubr, 
ggplot2, and limma packages for data analysis and visuali-
zation. For paired samples, the Wilcoxon signed-rank test 
was used to assess SUSD3 expression, while for unpaired 
samples, the Wilcoxon rank sum test was used. The relation-
ship between clinical features and SUSD3 expression was 
thoroughly examined using the limma package for statistical 
analysis and ggpubr for graphing. Univariate and multivari-
ate analyses of Cox proportional hazard regression models 
were performed to identify independent prognostic fac-
tors like gender, age, stage T, N, stage, ER, PR, Her-2, and 
SUSD3 expression, in assessing the risk of death. The CIB-
ERSORT algorithm was applied to predict the abundance of 
22 infiltrating immune cells in the tumor microenvironment 
(TME) using the BC gene expression profile obtained from 
the TCGA database. The results were visualized using the 

limma package, ggplot2 package, and ggpubr package. The 
Wilcoxon test was used to compare stromal/immune scores 
among different clinicopathological groups, with a signifi-
cance threshold set at p < 0.05.

Results

The levels of SUSD3 mRNA in breast cancer 
and other cancers

To assess the differences in SUSD3 expression between 
tumor and normal tissues, we analyzed SUSD3 mRNA lev-
els across various tumor types and corresponding controls 
using data from TIMER. Along with BC, we observed sig-
nificant increases in SUSD3 mRNA levels in several other 
cancer types, like esophageal cancer (ESCA), head and 
neck cancer (HNSC), kidney chromophobe (KICH), lung 
adenocarcinoma (LUAD), rectum adenocarcinoma (READ), 
and stomach adenocarcinoma (STAD). Conversely, SUSD3 
mRNA levels were significantly lower in cholangiocarci-
noma (CHOL), kidney clear cell carcinoma (KIRC), kidney 
renal papillary cell carcinoma (KIRP), prostate adenocarci-
noma (PRAD), and uterine corpus endometrial carcinoma 
(UCEC) when compared to the corresponding normal tis-
sues (Fig. 1A). Subsequently, we further analyzed SUSD3 
mRNA expression levels in 1020 patients with BC and 112 
normal patients with complete clinical data. The findings 
revealed a significant increase in the expression level of 
SUSD3 in breast cancer samples compared to the normal 
control group (Fig. 1B). In paired samples, the analysis dem-
onstrated that SUSD3 levels within the tumor group were 
consistently higher than those observed in the correspond-
ing normal group (Fig. 1C). Also, GEO data revealed that 
SUSD3 was highly expressed in BC (Fig. 1D).

We conducted an analysis of SUSD3 protein expression 
in both normal and tumor tissues of breast cancer using IHC 
data. Our investigation revealed contrasting SUSD3 staining 
patterns: SUSD3 staining was observed in glandular cells 
and myoepithelial cells in normal tissues, whereas weak 
SUSD3 staining was evident in tumor tissues (Fig. 1E, F).

SUSD3 expression relates to BC patients’ 
clinicopathological characteristics based on TCGA 
and GEO data

Further investigation into the relationship between SUSD3 
gene expression and clinicopathological variables in patients 
diagnosed with BC was deemed necessary. The association 
between SUSD3 gene expression and clinicopathological 
variables in these patients was assessed using the Wilcoxon 
signed-rank test and logistic regression analysis. These 
patients were divided into two groups based on their SUSD3 
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expression levels, and relevant parameters were analyzed 
alongside dichotomized SUSD3 expression (high/low) using 
thermographic analysis. The findings revealed statistically 
significant associations between PR, ER, and Her-2 status 
and SUSD3 expression (p < 0.001) in both TCGA and GEO 
datasets (Fig. 2A, B).

Subsequently, SUSD3 mRNA expression was assessed 
across cohorts divided by age, clinical stage, T/N stages, 
and ER/PR/Her-2 status. The results demonstrated a 

significant association between SUSD3 overexpression 
and age (≤ 65 and > 65, p = 0.038), stage (stage I and 
stage II, p = 0.00083), T stage (T1 and T2, p = 0.0007), 
ER status (negative and positive, p < 2.22e−16), PR 
status (negative and positive, p < 2.22e−16), and 
Her-2 status (negative and positive, p = 4.6e−05) in 
the TCGA dataset (Fig.  2C–I). In the GEO dataset, 
SUSD3 mRNA expression was assessed across groups 
stratified by grade, clinical stage, and ER/PR/Her-2 

Fig. 1   There was a notable increase in SUSD3 expression in the 
BC samples. A The Timer online tool was used to measure SUSD3 
expression in various tumor tissues found in the TCGA database. B, 
C The TCGA dataset indicated an increase in SUSD3 expression in 

BC. D Based on the GEO dataset, the expression of SUSD3 increased 
in BC. E, F Using immunohistochemistry (IHC) data, SUSD3 protein 
expression was examined in both normal and tumor tissues in BC
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status. The results demonstrated a significant associa-
tion between SUSD3 overexpression and grade (grade 1 
and grade 3, p = 2.9e−05), ER status (negative and posi-
tive, p < 2.22e−16), PR status (negative and positive, 
p < 2.22e-16), and Her-2 status (negative and positive, 
p = 9e-08) (Fig. 2J–N).

Potential significance of SUSD3 in BC prognosis

Based on the aforementioned findings, it can be inferred that 
the overexpression of SUSD3 may hold significant prog-
nostic implications in BC. To substantiate this hypothesis, a 
comprehensive analysis and validation were conducted using 

Fig. 2   The expression of SUSD3 correlates with the clinicopathologi-
cal characteristics of patients with BC. A, B Thermal imaging anal-
ysis of clinical parameters in patients with BC divided by high and 
low expression of SUSD3, using data from TCGA and GEO datasets. 
C–I Analysis based on the TCGA dataset revealed a positive correla-
tion between SUSD3 expression and parameters such as age, clinical 

stage, T stage, ER status, PR status, and Her-2 status, but not with 
N stage. J–N Analysis based on the GEO dataset revealed a posi-
tive correlation between SUSD3 expression and clinical histological 
grade, ER status, PR status, and Her-2 status, but not with clinical 
stage
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multiple datasets. To assess the prognostic value of SUSD3 
in patients with BC, Kaplan–Meier (KM) survival curves 
were constructed using the TCGA and GSE86166 datasets. 
In the TCGA-BRCA dataset, patients with high expression 
of SUSD3 exhibited a significantly lower risk of mortality 
(p = 0.003) compared to those with low expression (Fig. 3A). 
This trend was also observed in the GSE86166 group, where 
high SUSD3 expression was associated with a better OS 
outcome (p < 0.001) (Fig. 3B). Also, patients diagnosed with 
BC were grouped into two groups based on clinical features 
like age (age ≤ 65 and age > 65), clinical stage (Stage I–II 
and Stage III–IV), T stage (T 1–2 and T 3–4), N stage (N0 
and N1–3), ER (positive and negative), PR (positive and 
negative), and Her-2 (positive and negative).

In the TCGA-BRCA dataset, patients with high SUSD3 
expression had a better OS outcome regardless of whether 
they were younger than or older than 65 years (Fig. S1A). 
In patients with Stage III–IV BC, those with high-SUSD3 
expression lived longer (Fig. S1B). Similarly, in patients 
with T3-4 or N1-N3, those with high-SUSD3 expression 
exhibited longer survival (Fig. S1C, D). Also, in patients 
with ER-positive status, those with high-SUSD3 expression 
had a better OS outcome (Fig. S1E).

However, for the clinical trait groups of PR or Her-2, 
SUSD3 expression level did not reveal significant differ-
ences in prognosis (Fig.S1F, G). In the GSE86166 dataset, 
patients with stage II–III and high-SUSD3 expression lived 
longer (Fig. S1H). Moreover, in patients with ER-positive, 
PR-positive, or Her-2-positive status, high-SUSD3 expres-
sion was associated with a better OS outcome (Fig. S1I–K).

Development of a prognostic model integrating 
SUSD3 expression and clinical factors

Using SUSD3 expression and other clinical parameters in 
the TCGA dataset, we developed a prediction model for 
OS, integrating SUSD3 as a biomarker for BC. A calibra-
tion curve assessed the performance of the nomogram for 
SUSD3 expression versus 1-year, 3-year, and 5-year surviv-
als, and a nomogram was established to visually represent 
this prediction model (Fig. 3C). We validated this prognosis 
model using the GEO dataset (GSE86166) (Fig. 3D).

Meanwhile, univariate regression and multivariate 
analysis were used to assess whether SUSD3 could be 
an independent risk factor for overall survival in patients 
diagnosed with BC. In the TCGA dataset, univariate 
regression analysis revealed that SUSD3 gene expression 
was a low-risk factor for BC (HR 0.853; confidence inter-
val, 0.781–0.933; p < 0.001) (Fig. 3E). In the subsequent 
multivariate analysis, SUSD3 mRNA expression emerged 
as an independent risk factor for overall survival in these 
patients (HR 0.824; confidence interval, 0.752–0.903; 
p < 0.001) (Fig. 3F). In the GEO dataset (GSE86166), 

univariate regression analysis indicated that SUSD3 gene 
expression was also a low-risk factor for BC (HR 0.744; 
confidence interval, 0.644–0.861; p < 0.001) (Fig. 3G). 
In the subsequent multivariate analysis, SUSD3 mRNA 
expression emerged as an independent risk factor for over-
all survival in these patients (HR 0.720; confidence inter-
val, 0.616–0.840; p < 0.001) (Fig. 3H). Both univariate and 
multifactorial Cox regression analyses in the TCGA and 
GEO datasets consistently identified SUSD3 gene expres-
sion as a low-risk factor for BC.

Enrichment analyses of SUSD3‑related genes in BC 
through GO , KEGG and GSEA based on TCGA data

To conduct a comprehensive examination of the involve-
ment of SUSD3 in BC, genes highly associated with 
SUSD3 (correlation coefficient > 0.6) were screened in 
BC using Pearson correlation analysis. The representa-
tive SUSD3-related genes are illustrated in Fig. 4A. ESR1, 
IL6ST, CA12, NINJ1, MAPT, C5AR2, PGR, and FGD3 
exhibited a positive correlation with SUSD3 expression. 
Furthermore, genes highly associated with SUSD3 were 
identified in BC using differential expression analysis. 
The identified DEGs were then classified into high- and 
low-SUSD3 expression groups based on the median value 
of SUSD3 in TCGA data. To understand the functional 
relevance of the identified SUSD3-associated genes, GO 
and KEGG pathway analyses were conducted. GO enrich-
ment analysis assessed the involvement of BP, CC, and 
MF, and revealed that SUSD3-related genes were primar-
ily enriched in functional categories related to epidermis 
development and cell communication. Notably, these 
genes revealed significant enrichment for “skin develop-
ment”, “epidermal cell differentiation”, “collagen trimer”, 
“cytokine activity”, and “endopeptidase activity”, indicat-
ing potential roles in cell–cell interactions (Fig. 4B).

KEGG pathway analysis provided further insights, high-
lighting enrichment in various signaling pathways crucial 
for cell–cell communication and regulation. Genes associ-
ated with SUSD3 were significantly enriched in pathways 
such as neuroactive ligand-receptor interactions, IL-17 
signaling pathway, protein digestion and absorption, and 
estrogen signaling pathway (Fig. 4C). To assess the poten-
tial regulatory mechanisms of the SUSD3 gene in BC, 
GSEA was performed using data from the TCGA data-
base. The results revealed associations of SUSD3 mRNA 
expression with endocytosis, GPI anchor biosynthesis, 
peroxisome, SNARE interactions in vesicular transport, 
vasopressin-regulated water reabsorption, cell cycle, DNA 
replication, p53 signaling pathway, pathways in cancer, 
and Wnt signaling pathway (Fig. 4D, E).
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Fig. 3   SUSD3 could be used as an independent prognostic factor 
for BC. A, B The TCGA and GEO datasets collectively indicate that 
patients diagnosed with BC having high-SUSD3 expression experi-
ence significantly longer overall survival compared to those with low-
SUSD3 expression. C The calibration curve of the nomogram and the 
nomogram integrating SUSD3 along with other prognostic factors of 
BC, derived from TCGA data. D The calibration curve of the nomo-

gram and the nomogram integrating SUSD3 along with other prog-
nostic factors of BC, based on GEO data. E, F Univariate analysis 
and multivariate analysis demonstrating SUSD3 as an independent 
predictor of survival time in patients with BC, using TCGA data. G, 
H Univariate analysis and multivariate analysis displaying SUSD3 
as an independent predictor of survival time in BC patients, utilizing 
GEO data
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Fig. 4   Gene enrichment analysis to identify SUSD3-related pathways. 
A Genes highly correlated with SUSD3 (correlation coefficient > 0.6) 
were identified in BC through Pearson’s test method analysis. B GO 

enrichment analysis of DEGs related to SUSD3. C KEGG enrich-
ment analysis of DEGs associated with SUSD3. D, E GSEA revealed 
signaling pathways associated with SUSD3 mRNA expression in BC
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Correlation between SUSD3 and immune cell 
infiltration

To analyze the association between SUSD3 and immune 
cell infiltration, we calculated the correlation between 
SUSD3 and 22 immune cells using CIBERSORT. The 
results revealed variations in the abundance of immune 
cell subtypes between low- and high-SUSD3 expression 
groups (Fig. 5A). Specifically, mast cells resting, mono-
cytes, and dendritic cells resting exhibited increased 
abundance in the high-SUSD3 expression group, while 
T cells CD4 memory activated, macrophages M0, NK 
cells resting, and eosinophils were activated in the low-
SUSD3 expression group (Fig. 5B). Analysis of the linear 
relationship between SUSD3 and immunological check-
point genes revealed that SUSD3 generally had a negative 
regulatory relationship with immunological checkpoint 
genes (Fig. 5C). Considering that tumor mutational bur-
den (TMB) plays a pivotal role in tumorigenesis and pro-
gression, we investigated the correlation between TMB 
and SUSD3 expression in BC and assessed the connec-
tion between SUSD3 expression and mutations. Our find-
ings indicated a significant correlation between increased 
SUSD3 expression in BC and decreased TMB (Fig. 5D). 
Furthermore, patients diagnosed with BC were divided 
into low- and high-SUSD3 expression groups based on 
their SUSD3 expression levels. Compared with the low 
expression group of SUSD3, the high expression group of 
SUSD3 had a lower TMB (Fig. 5E). Figure 5F–G reveals 
that genes, including PIK3CA, TP53, TTN, and CDH1, 
were significantly different in the high and low-SUSD3 
expression groups.

Correlation analysis between SUSD3 expression 
and drug sensitivity

The relationship between SUSD3 expression and drug 
sensitivity was analyzed using CCLE data. The sensi-
tivity of the SUSD3 gene to commonly used anti-tumor 
drugs was investigated through the CellMiner database. 
The relationship between gene expression and drug 
sensitivity was calculated, revealing a significant asso-
ciation of SUSD3 expression with the sensitivity of 12 
drugs (Fig. 6). Notably, SUSD3 was positively associated 
with Fulvestrant, Raloxifene, Fluphenazine, Isotretinoin, 
Belinostat, Hydroxyurea, Umbralisib, LDK-378, Dro-
mostanolone Propionate, 6-Thioguanine, Etoposide, and 
LEE-011. Some of these drugs, which exhibit sensitiv-
ity to SUSD3 expression levels, have not yet undergone 
extensive clinical testing. Their potential as promising 
candidates for future therapeutic interventions warrants 
further assessment.

Discussion

Assessing biomarkers and molecular targets is crucial 
for the early diagnosis and effective treatment of BC, a 
prevalent malignancy among women. Through compre-
hensive bioinformatics analyses of data from TCGA and 
GEO databases, we identified genes associated with the 
pathogenesis and clinical prognosis of BC. Our investiga-
tion has revealed a significant upregulation of SUSD3 in 
BC, raising compelling questions about its specific role in 
the development and progression of this particular cancer 
subtype. The increased expression of SUSD3 in BC, com-
pared to other tumors, indicates a unique function within 
BC biology. This discovery prompts further assessment 
to determine whether the role of SUSD3 in BC differs 
from its functions in other cancer types. Understanding 
this distinction is crucial for unraveling the complexities 
of BC and holds the potential to uncover new therapeutic 
avenues tailored to its specific characteristics.

In the present study, the prognostic significance of 
SUSD3 expression in BC provides new insights into 
patient stratification and treatment approaches. Our 
investigation has revealed a strong association between 
high-SUSD3 expression and enhanced survival outcomes. 
Specifically, high-SUSD3 expression is correlated with a 
favorable prognosis for patients diagnosed with BC. How-
ever, this contrasts with findings in other diseases, such 
as acute myeloid leukemia (AML), where high-SUSD3 
expression is associated with a poor prognosis [12]. This 
disparity may be related to the differing malignancy levels 
of these tumors, with BC generally being less malignant 
than myeloid leukemia.

Furthermore, the high expression of SUSD3 in BC may 
enhance the efficacy of various therapeutic drugs, thereby 
enhancing drug sensitivity and therapeutic outcomes, 
potentially extending patient survival. Therefore, increased 
SUSD3 expression in BC tissues may inhibit the malignant 
progression of cancer cells and prolong patient survival. 
Positioning SUSD3 as a promising prognostic biomarker 
highlights its significance in therapeutic decision-making 
and its potential to guide the development of targeted 
therapies. Recognizing this correlation underscores the 
importance of considering SUSD3 expression in treatment 
planning and highlights its potential as a guiding factor 
in the development of personalized treatment strategies.

In a thorough examination of the impact of SUSD3 
on clinicopathological parameters in patients diagnosed 
with BC using data from both the TCGA and GEO data-
sets, our findings indicate that SUSD3 serves as an inde-
pendent prognostic factor influencing survival in these 
patients. Integrating SUSD3 expression levels into estab-
lished prognostic models has the potential to enhance 
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Fig. 5   SUSD3 may participate in the immune regulation and TMB. 
A The correlation between SUSD3 and 22 immune cell types in 1020 
BC samples was computed using CIBERSORT. B A lollipop chart 
was generated to visualize the immune cells most strongly associ-
ated with SUSD3 expression. C The correlation between SUSD3 and 

immune checkpoint genes was analyzed. D, E An inverse relationship 
between SUSD3 expression and TMB in BC was observed, indicating 
that increased SUSD3 expression correlates with decreased TMB. F, 
G Waterfall plots depicting gene mutations in BC samples divided by 
low and high expression of SUSD3 were generated
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the precision of survival predictions, providing valuable 
insights for personalized treatment planning. The high 
expression of SUSD3 in BC not only signifies its potential 
as a prognostic marker but also indicates its involvement 
in tumorigenesis and early progression. Notably, across 
different clinical traits, patients with high-SUSD3 expres-
sion consistently exhibited better prognoses compared to 
those with low-SUSD3 expression. This underscores the 
significant clinical value of SUSD3 in guiding prognosis. 
Therefore, investigating the role of SUSD3 in tumor devel-
opment and its potential as a biomarker for early detection 
could provide crucial insights into the temporal changes 
in SUSD3 expression from the early to late stages of BC. 
Such insights could pave the way for the development of 
new therapeutic strategies and enhance the overall man-
agement of these patients.

Co-expressed genes typically share similarities in their 
functions, providing insights into their collective impact on 
BC. In our analysis, we assessed the correlation between 
SUSD3 and its co-expressed genes to gain a broader under-
standing of their involvement in BC. The findings indicated 

a robust and positive correlation between SUSD3 and sev-
eral genes, including ESR1, IL6ST, CA12, NINJ1, MAPT, 
C5AR2, PGR, and FGD3. Both ESR1 and PGR serve as 
established biomarkers for BC and are clinically significant 
in guiding diagnosis and treatment strategies [13–17]. Given 
that aromatase inhibitors (AI) represent the standard endo-
crine therapy for postmenopausal BC, there is a pressing 
need for predictive biomarkers to identify potential respond-
ers to AI treatment more effectively [18–20].

Our analysis revealed significant differences in SUSD3 
expression between ER-positive and ER-negative groups, 
as well as PR-positive and PR-negative groups. Moreover, 
SUSD3 demonstrated strong correlations with ER and PR, 
with correlation coefficients of 0.6 and 0.66, respectively. 
In addition, drug sensitivity analysis indicated that SUSD3 
exhibits high sensitivity to Fulvestrant and Raloxifene. These 
findings indicate that SUSD3 may serve as a novel predictor 
of response to endocrine therapy and potentially represent a 
therapeutic target when combined with ER or PR.

To comprehensively assess the functional pathways 
associated with SUSD3, we conducted enrichment 

Fig. 6   Correlation plot of SUSD3 gene and drug sensitivity. The positive correlation between SUSD3 expression and drug sensitivity was 
assessed, with gene expression represented on the x-axis and drug sensitivity on the y-axis
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analyses encompassing GO, KEGG, and GSEA. Our 
KEGG analysis revealed enrichment of SUSD3 in several 
pathways like neuroactive ligand–receptor interaction, 
IL-17 signaling pathway, protein digestion and absorption, 
and estrogen signaling pathway. Concurrently, GO analy-
sis highlighted the involvement of SUSD3 in epidermis 
development, skin development, epidermal cell differen-
tiation, and endopeptidase activity. Also, GSEA analysis 
revealed a positive correlation between SUSD3 expression 
and pathways such as endocytosis, GPI anchor biosynthe-
sis, peroxisome, snare interactions in vesicular transport, 
and vasopressin-regulated water reabsorption. Conversely, 
low-SUSD3 expression exhibited tight associations with 
pathways related to cell cycle, DNA replication, the p53 
signaling pathway, pathways in cancer, and the Wnt signal-
ing pathway. These findings indicate that dysregulation of 
these pathways may significantly contribute to the progres-
sion and development of breast cancer.

The TME encompasses the non-cancerous cellular ele-
ments and molecular components surrounding the tumor. 
These elements, along with their interactions with tumor 
cells, are essential in influencing tumor initiation, pro-
gression, metastasis, and response to therapies. Given its 
significance, the tumor microenvironment has emerged 
as a promising therapeutic target in cancer research and 
clinical practice [21]. Increasing evidence underscores 
the crucial role of immune infiltrates in shaping both the 
prognosis and response to systemic treatments in patients 
with BC [22–25]. Therefore, investigating the involvement 
of SUSD3 within the TME, particularly its interactions 
with immune cells and immune checkpoints, presents 
opportunities for developing immunomodulatory strate-
gies. Our study used CIBERSORT analysis, revealing that 
high-SUSD3 expression in BC correlates with mast cells 
resting, monocytes, and dendritic cells resting, while low-
SUSD3 expression is associated with T cells CD4 memory 
activated, macrophages M0, NK cells resting, and eosin-
ophils. Notably, the activation of CD4+ T cells, known 
for their regulatory role in cytolytic mechanisms and the 
enhancement of B cell and CD8+ T cell responses, indi-
cates intricate dynamics in BC progression [26].

Although tumor mutation burden (TMB) has been 
closely associated with the efficacy of immune checkpoint 
inhibitors (ICIs), with high tumor mutation burden (TMB-
H) proposed as a predictive biomarker for ICI response, its 
predictive value has not been consistent across all cancer 
types, including breast cancer, prostate cancer, and glioma 
[27–29]. In our study, we observed a significant correla-
tion between increased SUSD3 expression and decreased 
TMB in patients with BC. These findings indicate that 
SUSD3 may not be adequate for guiding breast cancer 
immunotherapy. Further research is warranted to elucidate 
the complex interplay between SUSD3 expression, TMB, 

and the response to immunotherapeutic interventions in 
breast cancer.

In conclusion, this study enhances our understanding of 
the involvement of SUSD3 in BC, providing insights into its 
role in disease pathogenesis and potential therapeutic targets. 
By leveraging data from public databases, we have provided 
a comprehensive assessment of BC molecular biology, lay-
ing the groundwork for further experimental investigations.

However, it is important to acknowledge certain limi-
tations. First, reliance on publicly available databases and 
published literature may introduce biases, and the quality of 
data could affect the robustness of our findings. Second, the 
precision of database resources and the choice of statistical 
methodologies could influence result interpretation. How-
ever, the consistency of our results across multiple datasets 
strengthens the reliability of our conclusions.
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