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Abstract

Background Breast cancer is one of the most common malignant tumors, threatening women'’s health and life globally.
Despite significant treatment advances, its prognosis still faces great challenges. With the rapid development of molecular
biology and genomics, the role of detoxification enzymes in breast cancer occurrence, development, and prognosis has
gained increasing attention. This paper aims to establish a prognostic model based on detoxification enzymes-related
genes to predict breast cancer patient survival.

Methods Unsupervised clustering was used to analyze breast cancer samples based on detoxification enzymes-related
genes expression. Lasso cox regression analysis and univariate and multivariate Cox analysis were used to process the
data, and machine learning algorithm was used to construct breast cancer prognosis model. The effect of detoxification
enzymes-related genes on breast cancer was analyzed by single cell analysis.

Results The samples were classified into two subtypes, and a breast cancer prognosis model based on detoxification
enzymes-related genes was constructed and validated using TCGA and GEO cohorts. Significant differences in pathways,
immune infiltration, immunotherapy response, and drug sensitivity were observed between high- and low-risk groups.
Single-cell analysis revealed that SQLE, a detoxification enzymes-related gene, was highly expressed in breast cancer
epithelial cells (cancer cells), where SQLE + epithelial cells primarily influenced exhausted CD8 +T cells via the MIF signal-
ing pathway.

Conclusion In summary, the detoxification enzymes-related genes-based prognostic model developed in this study
provides an effective tool for predicting breast cancer prognosis and offers new insights for diagnosis and treatment.
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1 Introduction

Breast cancer is one of the most common cancers among women worldwide and one of the leading causes of cancer-
related death. According to the International Agency for Research on Cancer (IARC), approximately 2 million new cases
of breast cancer are diagnosed each year, and the incidence continues to rise globally [1]. The incidence of breast cancer
is significantly different in different regions, which is closely related to genetic factors, lifestyle, and national screening
policies. Breast cancer risk is linked to a number of factors, including age, genetic mutations (such as mutations in the
BRCA1 and BRCA2 genes), hormone levels (such as long-term exposure to estrogen and progesterone), lifestyle (such as
alcohol consumption, obesity, and physical inactivity), and more [2]. In terms of treatment, the management of breast
cancer has developed from traditional surgery, chemotherapy and radiotherapy to targeted therapy and immunotherapy
[3]. However, despite significant advances in the treatment and management of breast cancer, challenges remain with
poor prognosis for advanced disease and increased need for individualized treatment. In recent years, with the rapid
development of molecular biology and genomics, researchers have found that detoxification enzymes play an important
role in the occurrence, development and prognosis of breast cancer [4, 5].

Detoxification enzymes, including P-oxidases cytochrome (CYP) enzymes, glutathione S-transferase (GSTs), UDP-
glucuronosyltransferases (UGT), Sulfotransferases (SULT) and N- acetyl-transferase (NAT) enzymes, are the key enzymes
responsible for the metabolism and removal of harmful substances in the body. These enzymes help maintain the
chemical balance in the body by converting and removing environmental toxins, drugs and metabolites [6, 7]. Stud-
ies have shown that these enzymes affect the biological processes of cells such as antioxidant capacity, drug response
and apoptosis through metabolic pathways [8, 9], thus having a profound impact on the occurrence and progression
of tumors. Genetic polymorphisms in detoxification enzymes may influence an individual’s susceptibility to cancer,
especially breast cancer. Variations in certain detoxification enzymes may lead to reduced metabolic efficiency against
carcinogens, thereby increasing the risk of breast tissue exposure to harmful substances. In addition, detoxification
enzymes are also involved in the regulation of hormone levels in the body, and changes in hormone levels have an
important impact on the occurrence and development of breast cancer. It has been found that the absence of GSTM1 is
associated with the occurrence of breast cancer [10]. Therefore, the function of detoxification enzymes and their genetic
variation are considered an important area of breast cancer research. However, there is no systematic study on the spe-
cific effects of detoxification enzymes-related genes on breast cancer prognosis. Therefore, the construction of breast
cancer prognosis model based on detoxification enzymes-related genes has become a potential research direction.
Through in-depth analysis of the expression pattern of detoxification enzymes-related genes in breast cancer patients,
the potential role of detoxification enzymes-related genes in breast cancer prognosis can be revealed, so as to provide
a new tool and basis for breast cancer prognosis prediction.

In this paper, the potential of detoxification enzymes-related genes in predicting the prognosis of breast cancer was
investigated for the first time, and a prognostic model was constructed based on these genes. In addition, we performed
a single-cell level analysis of prognostic genes to further shed light on the role of detoxification enzymes-related genes in
breast cancer. To enhance its clinical value, we developed a web-based tool that combines risk scores with other clinical
variables to predict overall survival (OS) and drug response in BRCA patients. By combining gene expression data with
clinical information, the prognostic model not only facilitates early identification of high-risk patients, but also supports
individualized treatment decisions, thereby improving the precision of clinical management.

2 Methods

The workflow of this research was shown in Fig. 1.

2.1 Data collection and processing

Download gene expression data and clinical data from breast cancer patients in the GDC TCGA breast cancer cohort
from the UCSC Xena browser (https://xenabrowser.net/) [11]. After sorting out the data, the information of normal
samples and duplicate patient samples were deleted, and the complete sample information of 1069 breast cancer

patients was obtained. Subsequently, 1069 BRCA patients were randomly divided into TCGA train cohort (749 cases)
and TCGA test cohort (320 cases) at a ratio of 7:3. To verify the accuracy of the prognostic model, the GSE20685
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dataset which contained 327 breast cancer patients was downloaded from the National Center for Biotechnology
Information’s Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) as an external vali-
dation cohort [12]. Detailed description of all cohorts was provided in Table 1.In addition, we also download the
detoxification enzymes-related genes (2236)from GeneCards database (https://www.genecards.org/) for subsequent
analysis. Furthermore, we searched the GEO database for breast cancer datasets (BRCA, GSE161529) and selected
four triple-negative breast cancer samples (GSM4909281, GSM4909282, GSM4909283, GSM4909284) and four HER2-
positive breast cancer samples (GSM4909289, GSM4909290, GSM4909291, GSM4909292) from a total of 69 samples
as single-cell sequencing datasets.

2.2 Subtype analysis

We first used univariate Cox analysis to screen detoxification enzymes-related prognostic genes, and used non-
negative matrix decomposition (NMF) algorithm to perform unsupervised cluster analysis, and divided patients into
two different subtypes according to the expression of detoxification enzymes-related genes [13]. Then, to verify the
classification results, we used principal component analysis (PCA) to analyze the distribution differences of the two
subtypes. Kaplan-Meier (KM) survival analysis was used to compare the overall survival (OS) of different subtypes in
the TCGA dataset, and P < 0.05 was considered significant. In addition, we also used R package “maftools” to depict
waterfall maps of two different subtypes of mutant landscapes [14, 15] to explore the effect of detoxification enzymes
on BRCA mutant spectrum.

Table 1 The clinical Variables incomplete TCGA train cohort (N=757) TCGA test cohort (N=324) GSE

charact_eristics of breast N=127 N=52 cohort (N
cancer in TCGA cohort and =327)
GSE20685 0
Age
> 65 years 167 80 22
< 65 years 463 192 305
Sex
Female 625 266 327
Male 5 6 0
M
Mo 620 265 244
M1 10 7 83
N
NO 301 141 122
N1 220 83 102
N2 75 28 63
N3 34 20 40
T
T1 159 78 101
T2 385 151 188
T3 68 30 30
T4 18 13 8
Stage classification
Stage | 106 54 NA
Stagelll 382 146 NA
Stage lll 132 65 NA
Stage IV 10 7 NA
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2.3 Differential expression analysis

The R-package “limma"” was used to screen the differentially expressed genes (DEGs) of subtype 1 and subtype 2, and
the differential gene expression heat map was drawn [16]. In order to explore the biological functions and pathways
of related genes, we used R packages such as “ggplot2’, “clusterProfiler’, “DOSE” and “enrichment” [17]. The differential
genes were analyzed by gene ontology (GO), disease ontology (DO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment.

2.4 Construction and verification of prognostic model

We used univariate Cox analysis to construct a breast cancer prognosis model based on differentially expressed genes
(DEGs). We used glmnet package for least absolute shrinkage and selection operator (LASSO) Cox proportional risk regres-
sion to further screen characteristic genes associated with breast cancer prognosis [18]. Subsequently, in the TCGA cohort
(N =755), multivariate Cox regression analysis was used to identify the optimal genes and construct a robust risk model
to predict the prognosis of BRCA patients. Regression coefficient derived from the multivariate Cox model were used
to assign weights to each gene to obtain their respective contributions to the overall risk score. Finally, the calculation
formula of prognostic risk score was obtained: risk score =3 =" = (expression * coefficient). “Expression”is the expression
level of the corresponding gene, and “coef”is the gene regression coefficient obtained after building the model. In addi-
tion, in order to evaluate the prediction accuracy of the model, we used the TCGA test cohort as the internal validation
cohort and the GSE20685 cohort as the external validation cohort to verify the model. We calculated the risk score for
each breast cancer patient using the risk score formula, and divided patients into high-risk and low-risk groups based
on the median risk score value. First, we plotted risk curves and survival scatter plots for all cohorts of patients. Secondly,
the K-M survival curve was drawn using the R software packages “Survival” and “Survminer” to compare the survival of
the two risk groups (p <0.05 was considered statistically significant [19]. Then, we used the R-package “survival ROC" to
construct a receiver operating characteristic (ROC) curve over time [20], and evaluated the performance of the risk model
according to the ROC curve and the area under curve (AUC) predicted over 1, 3 and 5 years, respectively.

2.5 Analysis of DNA promoter methylation

In breast cancer, the promoter methylation status of some genes may affect their expression, which in turn affects the
biological characteristics and clinical manifestations of breast cancer, including prognosis. So we use the university of
Alabama at Birmingham cancer data analysis portal website (http://ualcan.path.uab.edu/) (UALCAN) to analyze DNA
promoter methylation [21]. When TCGA breast cancer patients were selected as research objects in the database and
gene names were input, the visual results of promoter methylation degree of these genes could be obtained, as well as
the P-value of statistical analysis between normal tissue and primary tumor groups (p <0.05 was considered statistically
significant).

2.6 Gene set variation analysis and gene set enrichment analysis

To explore potential biological pathways, we used the “limma’, “GSEABase” and “GSVA” packages to perform gene-set
variation analysis (GSVA) for high-risk and low-risk patients in all TCGA datasets [22]. Gene set enrichment analysis (GSEA)
of the tagged gene set was performed using the R packages “limma’, “DOSE’, “clusterprofiler” and “enrichplot”and visual-
ized using the R package “Enrichplot”[23, 24].

2.7 Immune landscape analysis of tumor microenvironment and immune infiltration

In view of the critical role of the Tumor microenvironment (TME) in tumor immunotherapy [25, 26], we used the ESTI-
MATE package to calculate the ESTIMATE Score, Immune Score, Stromal Score and Tumor purity of BRCA samples [27].
The ESTIMATE Score and Tumor purity can estimate the overall purity of the tumor. The immune score and stromal
score represent the infiltration level of immune cells and stromal cells, respectively. Calculating these scores can help us
understand the infiltration of different cell types in the tumor microenvironment and their impact on tumor biology. In
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addition, we evaluated the transcriptome data using the CIBERSORT algorithm, analyzing the levels of infiltration of 22
different immune cells in each sample [28, 29]. We also analyzed the correlation between immune cell infiltration levels

"

and risk scores by using the R packages “limma’, “reshape2’, “ggpubr” and “ggExtra” [30].
2.8 Immunotherapy response and drug sensitivity analysis

The level of immune checkpoint gene expression is closely related to the therapeutic response of immune checkpoint
inhibitors. To assess the potential of a prognostic model for predicting immunotherapy response in BRCA patients,
we analyzed differences in the expression of immune checkpoint genes between high-risk and low-risk groups. These
genes play a crucial role in regulating the immune response. To evaluate the response to immune checkpoint blockade
(ICB) in different risk groups, we obtained an immunophenotypic score (IPS) from the TCIA database (https://tcia.at/)
[30]. According to the expression of CTLA-4 and PD-1, the IPS in different risk groups was analyzed, and visualized with
violin plots. In addition, we studied the responsiveness of different risk populations to commonly used chemotherapy
drugs. We used R software package “prorophetic”[31] to calculate the maximum half inhibitory concentration (IC50)
of 6 chemotherapy drugs commonly used in clinical treatment of BRCA, including doxorubicin, embelin, gemcitabine,
cisplatin, paclitaxel and vinorelbine. The IC50 value is often used as an indicator of drug sensitivity. The IC50 differences
between high-risk and low-risk groups were visualized using a box chart.

2.9 Construction of prediction nomogram

To improve the accuracy of the prognostic model, we used the “rms” package to construct a nomogram that included
clinical variables (age, gender, TNM stage) and risk score [32]. The nomogram can clearly show the degree of influence
of each prognostic factor on the outcome. Then, we used univariate and multivariate cox regression analyses to explore
whether risk scores and clinical variables could be used as independent prognostic factors, and plotted forest maps to
visualize the results. We not only constructed a nomogram to predict the 1-year, 3-year, and 5-year OS probabilities of
the BRCA patients, but also drew a calibration curve to evaluate the nomogram’s predictive power. In addition, we used
the “timeROC” package for receiver operating characteristics (ROC) analysis to verify that nomogram had the highest
accuracy compared to other prognostic factors.

2.10 Identification of cellular types and Pseudo-temporal trajectory analysis at the single-cell level

Single-cell analysis of eight breast cancer samples was performed using Seurat Package. Firstly, we used the Read10X
function to read data from each sample and then combine it into a unified data set. To eliminate batch effects, the Har-
mony algorithm was used to adjust the data according to the sample source (orig.ident). Subsequently, we used TSNE
technique for dimensionality reduction to identify different cell subpopulations and manually annotated cell types to
accurately determine cell identities [33, 34]. Used the FindAllMarkers function to identify the Marker genes of all anno-
tated cell subpopulations and verified the reliability of cell subpopulation annotations with the CellMarker database
(http://117.50.127.228/CellMarker/). In addition, we used t-SNE dimensionality reduction to explore the expression distri-
bution of the 14 genes used to construct the prognostic model in different cell populations, and a violin plot was created
to visualize gene expression. Furthermore, in order to study the dynamics of cell changes over time during development,
differentiation pathways or biological processes, we performed a pseudo-time trajectory analysis using the Monocle2
package. The “DDRTree"” was used for dimensionality reduction and the cells were sequenced to construct developmental
trajectories. We also used the plot_genes_jitter function to plot the expression jitter of specific genes at different time
points along the pseudo-time locus, and elucidate the temporal change of gene expression. To investigate the function
and distribution of prognostic genes in organisms, we collected immunohistochemical staining images from the Human
Protein Atlas (HPA) (https://www.proteinatlas.org/) to observe the spatial distribution and expression levels of genes in
different tissues and cells.

2.11 Analysis of interactions between cells
The interaction between ligands and cell surface receptors plays a key role in intercellular communication. To investi-

gate the potential communication between different cell populations, we used CellChat to analyze the ligand-receptor
interactions between cells [35]. During the analysis, computeCommunProb and filter functions were used to calculate
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the probability of intercellular communication, ensure the reliability of the data, exclude communication relationships
involving less than three cells, and construct a comprehensive cellular communication network using CellChat. Finally,
we showed the number of interactions between different cell populations and their intensity through a circle diagram,
and used heat maps to visualize specific signaling pathways to enhance understanding of cellular communication
mechanisms.

2,12 Statistical analysis

The statistical analysis in this study was conducted using R software (version 4.3.2). To assess the differences between two
groups, the Wilcoxon test was employed. Additionally, to control for false positive discoveries, the FDR (False Discovery
Rate) method was utilized to adjust the p-values. For correlation analysis, the Pearson test method was applied unless
otherwise specified. A significance level of p < 0.05 was set to indicate statistical significance.

3 Result
3.1 Identification of two breast cancer subtypes based on detoxification enzymes related-genes

We performed unsupervised cluster analysis using the TCGA-BRCA dataset to classify BRCA patients into two distinct
subtypes based on Detoxification enzymes related-genes expression (Fig. 2A). Using PCA to visualize the data and it
showed significant differences between the two distinct subtypes (Fig. 2B). We also performed a K-M survival analysis
and found that BRCA patients in Cluster 1 had a higher survival rate than those in Cluster 2 (Fig. 2C). In addition, in order
to explore the influence of detoxification enzymes on the mutational spectrum of breast cancer, we conducted muta-
tion analysis for two subtypes. The mutation waterfall map showed that PIK3 CA, TP53, TTN and MUC16 were the most
common mutated genes (mutation rate > 10%) in the two clusters (Fig. 2D,E), and the mutation rates of these genes were
not significantly different in the two different subtypes. We then performed subtype differential analysis and found 25
differentially expressed genes in the two clusters (Fig. 2F). To further explore the biological functions of these differentially
expressed genes (DEGs), we used KEGG, GO, and DO enrichment analyses (Fig. 2G-I). In the biological process, DEGs is
mainly involved in the regulation of inflammatory response, leukocyte proliferation and immune response-activation
signaling pathway. In terms of cell composition, DEGs was mainly concentrated in the outer part of the plasma mem-
brane. In terms of molecular function, DEGs mainly affects peptidase regulator activity, heparin binding and sulfide
binding (Fig. 2G). In terms of action pathway, these genes were mainly concentrated in the cell adhesion molecules and
NF-kB signaling pathway (Fig. 2H). In addition, DO enrichment analysis showed that these genes were mainly enriched
in primary immunodeficiency diseases (Fig. 2I).

3.2 Construction and verification of prediction model

In previous studies, we have successfully identified two breast cancer subtypes associated with detoxification enzymes-
related genes, and the next goal is to model breast cancer prognosis associated with detoxification enzymes-related
genes. We obtained BRCA patient data from the TCGA database and randomly divided 1069 BRCA patient data into a
training cohort and an internal validation cohort at a ratio of 7:3. We first used univariate Cox regression to analyze the
train cohort (N =749) and identified 39 detoxification enzymes-related genes associated with breast cancer prognosis.
Through Lasso regression and multivariate Cox regression analysis, we further screened 14 genes for the construction of
prognostic models and used these genes to establish risk score formula (Fig. 3A-C). The calculation formula is: Risk Score
=CYP27 A1* (- 0.153773043733361) + IFNG* (- 1.13029577293788) + SERPINA1* (- 0.130967963213151) + ALDH1 A1*
(—=0.160501405610823) + CPT1 A* (0.25451256806553) + PLAT* (— 0.229065565958707) + GSTM2* (0.290013288958423)
+ ATP6 AP1* (0.387236315911989) +SLC35 A2* (0.595324950705634) + GSTM4* (- 0.398966850228594) + NFK-
BIA* (— 0.37157076126092) + POMGNT2* (- 0.406833583296618) + NT5E* (0.347167101015933) + SQLE*
(—0.274411899158172). Each patient’s risk score was calculated according to the formula, and they were divided into
low-risk and high-risk groups according to the median risk score value. As can be seen from the risk score distribution
map, the survival scatter plot and the K-M curve both survival probability and survival time of the low-risk group were
higher than those of the high-risk group in the four cohorts (Fig. 3D-F). Notably, in the training cohort (N =749), overall
survival was significantly higher in the low-risk group (N =374) than in the high-risk group (N =375). To evaluate the
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Fig.2 Subtypes of BRCA and their characteristics. A Based on the expression of detoxification enzymes-related genes, the BRCA subtypes
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predictive performance of the prognostic model, we performed a time-dependent ROC curve analysis and obtained
encouraging results in the TCGA train cohort with auc of 0.695 (1 year), 0.777 (3 years), and 0.752 (5 years), respectively
(Fig. 3G). Good results were also observed in the TCGA test cohort, with auc of 0.632 (1 year), 0.637 (3 years), and 0.605
(5 years), respectively. In addition, these good results were confirmed in the TCGA all cohort and in the GEO-GSE20685
cohort, indicating that the detoxification enzymes-related genes-based breast cancer prognosis model has a good pre-

dictive performance.

3.3 DNA promoter methylation of core genes

Promoter DNA methylation affects transcriptional inhibition and tumorigenesis [36], so we explored the methylation
values of core genes in this model in both normal and BRCA tissues. The results showed that promoter methylation
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Fig.3 Construction and validation of prognostic models. A, B Lasso regression screened the genes of the prognostic model. C Prognostic
genes screened by multivariate COX regression analysis. D The risk score distribution plot of four cohorts. E The survival status diagram of
four cohorts. F K-M survival analysis. G Time-related ROC curve analysis

levels of ALDH1 A1, ATP6 AP1, IFNG, NFKBIA, SERPINA1 and SLC35 A2 were significantly reduced in tumor tissues. The
promoter methylation levels of CPT1 A, SQLE, GSTM2, GSTM4, CYP27 A1, PLAT and NT5E were significantly increased in

tumor tissues (Fig. 4).

3.4 GSVA, GSEA analysis of high and low risk groups

To investigate the biological differences between the high-risk and low-risk groups identified by the model, we conducted
Gene Set Variation Analysis (GSVA) and Gene Set Enrichment Analysis (GSEA) using all datasets. GSVA results showed sig-
nificant differences in biological processes between high-risk and low-risk groups. Signaling pathways were abundant in
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Fig.4 Promoter methylation of core genes. Boxplots visualized the methylation levels of ALDH1 A1 (A), ATP6 AP1 (B), CPT1 A (C), SQLE (D),
GSTM2 (E), GSTM4 (F), IFNG (G), NFKBIA (H), NT5E (1), PLAT (J), CYP27 A1 (K), SERPINA1 (L) and SLC35 A2 (M) in normal and BRCA tissues

the low-risk group, including cytosolic DNA sensing pathway, apoptosis, B cell receptor signaling pathway, T cell receptor
signaling pathway and cytokine-cytokine receptor interaction (Fig. 5A). GSEA results showed that cell cycle, homologous
recombination and oocyte meiosis pathway were enriched in the high-risk group (Fig. 5B), while chemokine signaling
pathway, cytokine-cytokine receptor interaction, and T cell receptor signaling pathways were significantly enriched in
the low-risk group (Fig. 5C). These results suggest that the link with immunity may be stronger in the low-risk group.

3.5 Immune landscape of high and low risk groups

To further investigate the relationship between high and low risk groups and immunity, we looked at features such as
tumor microenvironment (TME) and immune infiltration associated with the immune landscape. The results showed that
compared with the high-risk group, the ESTIMATEScore, ImmuneScore and StromalScore of BRCA patients in the low-risk
group were significantly higher than the high-risk group, while the TumorPurity result was opposite (Fig. 6A,B), indicat-
ing that the content of stromal cells and immune cells in the TME of the low-risk group was higher than that of tumor
cells. In addition, we investigated the relationship between different risk groups and immune cell infiltration. We found
that the infiltration level of naive B cells, plasma cells, CD8T cells, activated NK cells, resting dendritic cells and activated
dendritic cells was high in the low-risk group, while the infiltration level of MO macrophages and M2 macrophages was
completely opposite. We also found that the infiltration levels of naive B cells, memory B cells, resting dendritic cells,
plasma cells, activated NK cells, CD4 activated memory T cells, CD8T cells, and yo T cells were negatively correlated with
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Fig.5 GSEA and GSVA analysis of two groups. A GSVA heatmap of two groups. B GSEA enrichment analysis in high risk group. C GSEA
enrichment analysis in low risk group

the risk score (Fig. 6C). These results suggest that the risk score of the prognostic model is closely related to immune cells,
and the lower the risk score, the higher the infiltration of stromal cells and immune cells in TME.

3.6 Relationship between prognostic model and immunotherapy

To further evaluate the potential of a prognostic model for predicting immunotherapy response in BRCA patients, we
analyzed the expression of immune checkpoint genes between high-risk and low-risk groups. We found that immune
checkpoint gene expression was significantly higher in the low-risk group (Fig. 7A), suggesting that patients in the
low-risk group may be more sensitive to immune checkpoint inhibitors. We then used IPS as indicators to evaluate
the effectiveness of immune checkpoint inhibitors, and further evaluated the potential clinical efficacy of immune

@ Discover



Analysis

Discover Oncology (2025) 16:1178 | https://doi.org/10.1007/512672-025-02656-3
A B
SRR ESTMATEScars T rriad ol
I (IR DRI B TR TR s | mr:::: » - o
risk 02
I T e T T T J]1]] Mast 2
H:,iuw(,qlnn.ﬁnlfl i ‘ i Iiﬂ T =2~ ¥ - -
[ Il \ \ \III Il \ | | Neuropnis B H i
il il i" Hn ;‘w {l il = |- - y
0180 ‘ R steon
“ H“ [lw 1\H“|H \I ” }U ‘ "\I Il \Ij lrww colls -6[ll 3000 o
\*‘ | MH B [ ‘ ' I"ll ||n ) | i ‘ | ||| l|1 .ocs it
il t \II “ H m uw WU U mocs Stromaicore e e
| II‘ { n| H‘\ il \‘\i‘ nu ‘\” Ik mf:.s B o~ o o Bl W
0 U= i il u ‘ i H oo oo !
: \“ I 'H ‘ i ‘ “1 | ermsroomons 2000
I A m I\}‘ ‘WI‘ [ |I il croe scsu B o i
“‘ ‘J | ‘ w ‘ | it \ | ‘ H I riﬁiﬂ’lﬁfﬁfm - f
| | o
fil d pm ‘ O A \uu \II\I‘ wu l IIH\‘II u»am
| 0l Il ciass_|
'”I Il b\u ”l“ | n|“| “Mm” ’n i “ W] )I\ | ?é:’"-"T?'L"‘?lﬁ’:mss - i 2! -
C risk BE low Bl high
L]
L]
L0 s : g
0.4 . ii ? i
.o I T :
S . 3 ! .
B . H o0
3 ¢ . * . e® @
0.21 s . ; L 0' .
. ] '. . ' H ..
: BRI ] * ¢
‘ * uh 'n .
00 - el
'& \ :'b. () ; 5 QO N q, O D O D §‘-‘ @ §
&\Q i@& be\}&o@é\-é"b\ 0®®%®®%®06®6§§é$0§0$$ S& H
S e L, LSS e & & £
S XY LT N’ &L L
& S KKK Sl & %
PN PN TS
& < TNV I &F
L&Y — -

A= 016.p=210-00 r¥ 013,pe220-08

N ool achvatnd

Macrophages M2

Mast cats resting
T cells CO4 memory acthated

7 cells gamma deka

T coks CO4 memory restng

Fig. 6 Immune landscape analysis of TME and immune infiltration. A Heat map showing the overall immune landscape in the two risk
group. B Differential analysis of TME between two risk groups. C Differential analysis of immune infiltration cells between two risk groups
and correlation analysis between risk score and immune infiltration cells

@ Discover



Discover Oncology (2025) 16:1178 | https://doi.org/10.1007/512672-025-02656-3
Analysis
A Risk B8 low BE high
1 2 of Fedede dedede dededk dededk dedkdk dededk dedkde dedkdk ok dedeok dededk dededk dedkdk dedkde dedkde dededk dededk dededk  db dedkdke dedkede dedked dedkeok dededk dededk ek deodkdk dedk e dedkedk dedked dedeodk dededk dedkdke dedkdke ek dedkede dedkedk
H
- 91 ® ]
S .
g)) [ 1]
o e - s
Q‘ 61 P ﬁ ‘ ° .
o W i . |- .
S : ® e ! . o .' b e o, © 8¢
s |° s ° e 8 [s 0® .
O . '. o H B[]
31 ' . e 'g ®e o ® %o
o . ® 33 s (]
° ® L ] $ °
[ u i\ .
° °
0- . I n !l s I.l. ° []]
3D 51D 0D DO D DA T RV e e SN N D D5 & Fe e N L
P T SN e S B S U O e A T O O NI ORI SR LY
WV W OROPEE ORI IES G QEEINENF X oL 9
,@ @) ,\% N &eYQ Ne &e« A AN, ,& &é $ Q(a)& é(
B
™ ™ sk [ o [ v
Z L.y z i,
:’ P i’ i,
3 i i 3
:, - ‘|
C Risk E3 low BE high Risk B3 low Bl high Risk E3 low BE high
~ 1e-06 1e-12 -16 4.3e-11
= ; : : . _ : '
g ; 3 8
%-3 % . é—ms
5 . ) 1 -22 ¢ .
low high low high low high
Risk Risk Risk
Risk B3 low B high Risk E3 low B high Risk E3 low Bl high
3.50 1.5e-08 p <2.22e-16 1.8e-11
. . 0 .
] .
—_ 1]
8325 g 20 g1 ! 1
< ]
2 225 2
2300 H 2
c 2 23
E275 E : &4
o .
250 . 35 : -5 . .
low high low high low high
Risk Risk Risk

Fig.7 Drug-therapy Prediction. A Expression of immune checkpoint genes in high and low risk groups. B IPS in high and low risk groups. C
Drug sensitivity tests of vinorelbine, cisplatin, doxorubicin, paclitaxel, gemcitabine and embelin

@ Discover



Analysis
Discover Oncology (2025)16:1178 | https://doi.org/10.1007/512672-025-02656-3

checkpoint inhibitors in different risk populations. The violin plot results showed that the IPS score of the low-risk
group was higher than that of the high-risk group (Fig. 7B). These results showed that patients in the low-risk group
responded better to immunotherapy than those in the high-risk group. In addition, we also analyzed the relationship
between the prognostic model and the commonly used chemotherapy drugs for breast cancer treatment, using the
IC50 value of chemotherapy drugs as the evaluation index. The study results showed that the IC50 values of vinorel-
bine, cisplatin, doxorubicin, paclitaxel, gemcitabine and embelin in the low-risk group were lower than the high-
risk group (Fig. 7C). This suggests that the low-risk group is more sensitive to these commonly used chemotherapy
agents, and using these agents may be better for patients in the low-risk group, with a lower likelihood of resistance.
Our findings suggest that the low-risk group may respond better to both immunotherapy and chemotherapy, which
could have important clinical implications.

3.7 Establishment and verification of nomogram

To investigate the independent predictive power of riskscore as prognostic factors, univariate and multifactor Cox regres-
sion analyses were performed. The results showed that riskscore, age, gender, and TNM stage of breast cancer patients
were significantly correlated with prognosis, and riskscore and age could be used as independent prognostic factors
of breast cancer patients (Fig. 8A,B). We then combined clinicopathological features (including gender, TNM stage, and
age) and riskscore to establish nomogram to predict survival in BRCA patients. The riskscore and clinical variables were
combined to calculate the total score for each patient, and the higher the score, the lower the survival rate (Fig. 8C). In
addition, we evaluated the accuracy of the nomogram by using the calibration curve and the area under the ROC curve.
The calibration curves for 1-year, 3-year, and 5-year OS prediction showed that the predictive nomogram performed
well (Fig. 8D). The 1-year, 3-year, and 5-year nomogram auc of the TCGA cohort were 0.847,0.776 and 0.773, respectively
which were significantly higher than the other parameters (Fig. 8E). This result suggests that the nomogram had better
predictive accuracy than other clinical features and the original risk score.

3.8 Web tool

We have successfully integrated the prognostic model into a web-based application featuring customized algorithms
designed to predict overall survival (OS) and drug therapy responses in BRCA patients based on personalized characteris-
tics (Fig. 9) (http://wys.helyly.top/zjd/cox.html). Initially, the expression levels of detoxification enzymes-related genes are
input into the application to generate a risk prediction for BRCA patients. This prediction is then combined with clinical
variables, including the patient’s age, gender, and TNM stage, to forecast the patient’s drug therapy response and OS at
1,3, and 5 years, which are displayed on the web interface. The tool is designed to be intuitive and easy to use, offering
valuable support for individualized prognosis prediction in BRCA patients.

3.9 Cellular constitution of breast cancer and developmental trajectories of epithelial cells (cancer cells)

In this study, we analyzed eight single-cell samples from breast tumors in the GSE161529 dataset and grouped them
into 23 distinct clusters (Fig. 10A,B). According to the different marker genes expressed by each cluster (Fig. 10C,D), we
manually annotated these clusters into seven different cell populations, including B cells, endothelial cells, epithelial
cells (cancer cells), fibroblasts, macrophages, monocytes and T cells (Fig. 10E). Subsequently, we analyzed the expression
of 14 prognostic genes in breast cancer epithelial cells (cancer cells) at the single-cell level (supplementary Fig. 1) and
found that SQLE was specifically highly expressed in the epithelial cells (cancer cells) of breast cancer (Fig. 10F,G). This
observation highlights the important role of SQLE in tumor cells, suggesting that it may be involved in specific biological
processes within the epithelial cells or the tumor microenvironment. In addition, we mapped the developmental tra-
jectories of breast cancer epithelial cells through single-cell sequencing analysis and examined the expression patterns
of SQLE in these trajectories (Fig. 10H,1). The result showed that the expression of SQLE in breast cancer varied with the
stage of epithelial cell development (Fig. 10J). Immunohistochemical staining images showed that SQLE protein levels
were higher in breast cancer tumor tissue than in normal tissue (Fig. 10K,L). This suggests that significant upregulation
of SQLE in breast cancer may influence tumorigenesis and cancer progression.
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3.9.1 Interaction between SQLE + epithelial cells (cancer cells) and exhausted CD8 +T cells

In this study, we analyzed the interactions between different cells in breast cancer and found that both the number and
intensity of the interaction between epithelial cells (cancer cells) and T cells were stronger (Fig. 11A,B). Subsequently, We
divided epithelial cells (cancer cells) into SQLE + and SQLE — epithelial cells and analyzed their interactions with different
types of T cells (Fig. 11C,D). We found that compared with SQLE-epithelial cells, SQLE + epithelial cells had a stronger effect
on different types of T cells, especially exhausted CD8 +T cells (Fig. 11E,F). Subsequently, we investigated the pathways
by which the two interact and found that in breast cancer, SQLE + epithelial cells affect exhausted CD8 +T cells mainly
through the MIF signaling pathway (Fig. 11G,H). The result suggests that SQLE may affect T cells primarily by affecting
exhausted CD8 +T cells, further influencing cancer progression.

4 Discussion

This study investigated the potential role of detoxification enzymes in breast cancer by constructing a prognostic model
based on the genes associated with detoxification enzymes, and verified the effectiveness of this model in predicting
the prognosis of breast cancer patients. Breast cancer is one of the most common malignancies in women worldwide,
and despite significant advances in treatment methods, its prognosis still faces great challenges. Therefore, establishing
a model that can accurately predict the prognosis of breast cancer patients is of great significance for improving the
accuracy of clinical management and implementing personalized treatment.

The role of detoxification enzymes in the development and progression of breast cancer has gradually attracted
the attention of researchers. The detoxification enzymes family includes P-oxidases cytochrome (CYP) enzymes,
glutathione S-transferase (GST), UDP-glucuronide transferase (UGT), sulfotransferase (SULT) and n-acetyltransferase
(NAT), which are responsible for the metabolism and clearance of harmful substances in the body. It can maintain
the chemical balance of the body by transforming and removing environmental toxins, drugs and metabolites
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[6, 7]. In breast cancer, detoxification enzymes are closely linked to processes such as antioxidant defense, drug
response, and cell apoptosis [8, 9]. Furthermore, genetic polymorphisms in certain detoxification enzymes may
influence an individual’s ability to metabolize carcinogens, thereby increasing the risk of developing breast cancer
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SQLE — epithelial cells and different T-cell subtypes. H Heatmap depicting ligand-receptor interaction patterns in the MIF signaling pathway
between SQLE +, SQLE — epithelial cells and different T-cell subtypes
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[10]. For example, the deletion of the GSTM1 gene has been found to be strongly associated with the occurrence
of breast cancer [10], suggesting that variations in detoxification enzymes related-genes may represent potential
risk factors for the disease.

In constructing the prognostic model, we employed Lasso Cox regression analysis, univariate and multivari-
ate Cox regression analysis, in conjunction with machine learning algorithms. Validation through the TCGA and
GEO databases revealed that the model effectively distinguishes between high-risk and low-risk patient groups,
with significant biological differences observed between these groups, including characteristic pathways, immune
infiltration, immune therapy response, and drug sensitivity. These results suggest that the detoxification enzymes-
related genes-based prognostic model not only predicts patient survival but also provides guidance for personal-
ized treatment decisions, thereby optimizing treatment strategies and improving the quality of life and cure rates
for breast cancer patients.

Additionally, this study revealed the potential role of the detoxification enzymes gene SQLE in immune evasion in
breast cancer through single-cell analysis. Squalene epoxidase (SQLE) is an enzyme involved in cholesterol biosyn-
thesis, and studies have shown that it can influence tumor cell division and proliferation by regulating the stability of
CCNB1 (cyclin B1), thereby promoting breast cancer progression [37]. Our study found that SQLE is highly expressed
in breast cancer epithelial cells and can affect CD8 +T cell exhaustion via the MIF signaling pathway, potentially
providing a mechanistic basis for immune evasion in breast cancer. Immune evasion is a critical strategy by which
tumor cells escape host immune surveillance, and CD8 +T cells are one of the key effector cells in anti-tumor immune
responses. Therefore, the role of detoxification enzymes-related genes in modulating immune responses warrants
further investigation.

The roles of other detoxification enzymes-related genes, such as CYP27 A1, SERPINA1, ALDH1 A1, CPT1 A, PLAT,
ATP6 AP1, and SLC35 A2, in breast cancer also warrant attention. CYP27 A1, a member of the cytochrome P450
enzyme family, is primarily involved in cholesterol metabolism. Studies have shown that high expression of CYP27
A1 is associated with poor prognosis in certain breast cancer subtypes, and its metabolic product, 27-hydroxycho-
lesterol, can modulate the tumor microenvironment by influencing the infiltration and function of immune cells,
thereby affecting tumor progression and patient prognosis [38]. Similarly, SERPINAT1, a gene that plays a critical role
in regulating inflammation and protecting tissues, is closely associated with estrogen in breast cancer cells and acts
as a direct target gene of estrogen receptors. High expression of SERPINA1 may correlate with the survival rate of
breast cancer patients [39]. Aldehyde dehydrogenase 1 A1 (ALDH1 A1), a marker of tumor-initiating cells, promotes
tumor growth and metastasis. Its activity in breast cancer enhances immune suppression and promotes immune
evasion, thus contributing to tumor progression [40]. Therefore, ALDH1 A1 is considered a promising target for breast
cancer therapy, especially in strategies targeting the tumor microenvironment. CPT1 A, a key enzyme in fatty acid
metabolism, may regulate tumor cell growth and the tumor microenvironment by influencing fatty acid metabolism
[41]. PLAT, a tissue-type plasminogen activator, is involved in fibrinolysis and promotes thrombus dissolution. In the
tumor microenvironment, PLAT regulates cell migration and invasion. Low expression of PLAT has been linked to poor
prognosis and increased immune infiltration [42]. ATP6 AP1, a gene encoding a protein involved in cellular acid-base
balance and signal transduction, plays roles in immune response and cell proliferation. Upregulation of ATP6 AP1 in
breast cancer tissues is associated with poorer prognosis [43]. SLC35 A2, a transporter protein, may influence breast
cancer cell proliferation and migration, with some studies suggesting that its expression level correlates with patient
prognosis [44]. In summary, these genes and proteins play crucial roles in the onset and progression of breast cancer
and may offer new targets and strategies for early diagnosis, prognosis assessment, and treatment of breast cancer.

In the future, modulating these detoxification enzymes-related genes may provide new strategies for immuno-
therapy of breast cancer, especially when treating those subtypes of breast cancer with poor immune response.
However, although this study has made significant progress in the construction of a breast cancer prognosis model
for detoxification enzymes-related genes, there are still some limitations. First, although we validated the validity
of the model in TCGA and GEO datasets, these data are mainly from publicly available databases, which may have
some sample bias. Therefore, the reliability of the model needs to be further verified by multi-center and large-scale
clinical data in the future. Second, although single-cell analyses provide a preliminary relationship between SQLE
and immune escape, the specific mechanisms are still not fully understood. Future studies need to further explore
the interaction between detoxification enzymes-related genes and immune escape through more experimental
means. In addition, this study mainly focuses on the analysis of gene expression levels, and more omics data, such
as proteomics and metabolomics, can be combined in the future to further explore the multidimensional role of
detoxification enzymes in breast cancer.
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5 Conclusion

In conclusion, this study provides a new perspective for the construction of breast cancer prognosis model using detoxi-
fication enzymes-related genes. This model not only enhances our ability to predict the prognosis of breast cancer, but
also provides a valuable reference for the development of individualized treatment and prevention strategies.
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