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Background: Triple-negative breast cancer (TNBC) is the most aggressive breast

cancer subtype; however, clinically approved prognostic biomarkers and

therapeutic options remain limited. This study aimed to investigate tumor

dependency genes to identify novel therapeutic targets for TNBC.

Methods: Tumor dependency genes for TNBC were identified using the The

Cancer Dependency Map (DEPMAP) database. The TCGA-BRCA dataset was

utilized to analyze the expression, survival associations, and pathway enrichment

of these genes. Single-cell datasets were employed to explore cellular

trajectories and biological functions within tumor dependency gene-

associated cell subpopulations. Genomic sequencing was used to investigate

the somatic mutational landscape influencing the infiltration abundance of the

tumor dependency-associated subpopulation. The METABRIC dataset assessed

the impact of the tumor dependency-associated subpopulation on radiotherapy,

chemotherapy, and combination therapy outcomes. Potential drugs were

identified using the Connectivity Map (CMAP). Colony formation experiment

and the CCK-8 experiment were performed to validate the biological function

of gene.

Results: Four tumor dependency genes (TDGs) were identified. These genes

were highly expressed in TNBC and associated with poor prognosis. Enrichment

analysis revealed their significant involvement in cell cycle-related pathways.

Single-cell analysis demonstrated that the tumor dependency-associated

subpopulation (TDAS), defined by these four genes, resided at the

differentiation terminus of epithelial/tumor cells and was linked to energy

metabolism and cell proliferation pathways. Crucially, patients with high TDAS

infiltration abundance were found to be unsuitable for surgery alone and should
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receive combined radiotherapy or chemotherapy. Potential therapeutic agents

targeting the TDAS were screened. And in vitro experiments confirmed the cell

proliferation role of candidate genes.

Conclusion: This study identifies four potential TNBC biomarkers for assessing

TDAS abundance, providing novel insights and strategies for personalized

TNBC treatment.
KEYWORDS

triple-negative breast cancer, tumor dependency, ScRNA-seq, CRISPR-Cas9,
cell proliferation
Introduction

Breast cancer is one of the most commonmalignancies in women,

with triple-negative breast cancer (TNBC) being the poorest prognosis

subtype (1, 2). Due to the lack of endocrine therapy targets, TNBC

patients cannot benefit from targeted therapy or hormone therapy as

in other subtypes (3). Moreover, heterogeneity within the tumor

microenvironment (TME) among TNBC patients contributes to its

high metastatic potential and resistance to treatment (4). Current

researches have tried to focus on targeting tumor-associated cells

within the TME, such as cancer-associated fibroblasts (CAFs), to

identify genetic markers and therapeutic strategies tailored to specific

patient populations (5, 6). In addition, classification systems based on

gene expression profiles or immunohistochemical cell types have been

developed to support subtype-specific therapeutic approaches (7, 8).

However, it remains limited for clinically approved prognostic

biomarkers and treatment options in TNBC, making personalized

management and treatment of TNBC a continuing challenge (9).

Therefore, identifying novel molecular subtypes and prognostic

biomarkers in breast cancer is urgently needed to support patient

stratification and enable more precise, targeted therapies.

The CRISPR-Cas9 system is currently one of the most widely

used gene-editing technologies. By combining the Cas9 endonuclease

with a single guide RNA (sgRNA), the system enables precise

targeting of specific DNA sequences, inducing double-strand breaks

that can be repaired through the homology-directed repair (HDR)

pathway to achieve accurate gene editing (10). This system allows for

targeted manipulation of individual genes, facilitating functional

studies at the single-gene level (11). Moreover, CRISPR-Cas9 has

been instrumental in generating disease models, particularly in mice,

by introducing specific gene alterations associated with human

diseases, thereby greatly advancing biomedical research (12). In the

field of oncology, the CRISPR-Cas9 system has been broadly applied

to investigate the roles of specific genes in tumor cell proliferation,

migration, and drug resistance by enabling gene knockouts (13, 14).

Importantly, CRISPR-based genome-wide screening allows for the

systematic knockout of large numbers of genes to identify those

essential for specific cancer-related biological processes (15). This

approach facilitates the discovery of key molecular targets across
02
different tumor types, providing valuable insights for mechanistic

studies and the development of targeted therapies.

In this study, we integrated multi-omics data to identify key

tumor cell subpopulations in TNBC that serve as prognostic

markers and potential therapeutic targets. Using a CRISPR-Cas9-

based screening approach, we identified genes with tumor

dependency in TNBC tumor cells and characterized a subset of

tumor cells. These cells, which exhibit elevated expression of the

identified genes, may represent a terminally differentiated tumor

cell state and are associated with poorer patient prognosis. Finally,

we screened for potential therapeutic agents targeting these genes,

providing a basis for personalized treatment strategies in TNBC.
Methods

Data acquisition

This study utilized comprehensive datasets, including single-cell

RNA sequencing (scRNA-seq) data, bulk RNA sequencing (bulk

RNA-seq) data, genome-wide CRISPR-Cas9 screening data, and

genomic sequencing data. The scRNA-seq data, comprising samples

from five TNBC patients, were obtained from the Gene Expression

Omnibus (GEO) database under accession numbers GSE180286

and GSE199515. Bulk RNA-seq data for breast cancer were

downloaded from the TCGA-BRCA project within The Cancer

Genome Atlas (TCGA) database and the METABRIC cohort within

the cBioPortal database. For subsequent analysis, only bulk RNA-

seq samples identified as TNBC and possessing both transcriptomic

data and associated follow-up information were included.

Additionally, genomic sequencing data were retrieved from the

TCGA database. And the genome-wide CRISPR-Cas9 screening

data was downloaded by the DEPMAP database.
Data preprocessing

CRISPR-Cas9 screening data from breast cancer cell lines,

processed using the CERES algorithm, were extracted. Based on
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lineage subtyping, data from 22 TNBC-like cell lines (defined as ER-

negative and HER2-negative) were included in subsequent analyses.

Based on previous study (16), tumor dependency genes were

identified according to the following criteria: 1. The mean CERES

score across cell lines was < −1; 2. CERES scores were < −1 in at least

80% of the cell lines.
Downstream analysis of bulk RNA
sequencing

Differential expression analysis between normal breast tissue

and TNBC samples from the TCGA dataset was performed using

the limma package. Genes with |log2FC| > 0.5 and an adjusted P-

value < 0.05 (FDR) were considered differentially expressed, with

log2FC > 0.5 defining overexpressed genes. Univariate Cox

proportional hazards regression analysis was conducted on the

666 tumor dependency genes using the survival R package. Genes

with a P-value < 0.05 and a hazard ratio (HR) > 1 were considered

statistically significant predictors of survival. Kaplan-Meier (KM)

survival analysis was employed to evaluate the impact of expression

levels of candidate genes (TONSL, TIMELESS, RFC3, RAD51) on

overall survival (OS). A log-rank P-value < 0.05 was considered

statistically significant.

Gene Set Enrichment Analysis (GSEA) was performed to identify

signaling pathways associated with the four tumor dependency genes.

Using TONSL as an example, the 121 TNBC samples were stratified

into high- and low-TONSL expression groups based on the median

TONSL expression value. Differential gene expression analysis

between these groups was performed using limma. Genes with

log2FC > 0 were considered upregulated in the high-TONSL group.

The resulting differentially expressed genes were ranked by log2FC

(descending order). GSEA was then executed using the clusterProfiler

R package with the pre-ranked gene list. Reference gene sets included

c2.cp.kegg_legacy.v2023.2.Hs.symbols.gmt (KEGG pathways) and

genesets.v2023.1.hallmark.Hs.gmt (Hallmark gene sets), downloaded

from the official GSEA website.

From the METABRIC cohort, 319 TNBC patients were

stratified into four groups based on treatment history (1): No

radiotherapy (RT) or chemotherapy (CT) (2), RT only (3), CT

only, and (4) RT + CT. The tumor dependency gene signature score

(representing the enrichment score of the C6 subpopulation) was

calculated for each sample using single-sample Gene Set

Enrichment Analysis (ssGSEA) implemented in the GSVA R

package. The impact of the tumor dependency signature score on

overall survival (OS) was assessed using optimal cut-point analysis

(via the surv_cutpoint function in survminer).
Somatic mutation analysis

Simple Nucleotide Variation (SNV) data were obtained using

the TCGAbiolinks R package. TCGA-TNBC samples were stratified

into high- and low-tumor dependency gene signature score groups

based on the median signature score, with subsequent matching to
Frontiers in Oncology 03
samples possessing available SNV data. Somatic mutation analysis

was performed using the maftools package, including identification

of differentially mutated genes between groups and visualization of

co-mutation and mutual exclusivity patterns.
Quality control and downstream analysis
of scRNA-seq

The entire single-cell RNA sequencing (scRNA-seq) analysis

workflow was implemented using the Seurat R package (v5.0.0).

Quality control procedures included: 1. Filtering low-quality cells; 2.

Doublet removal; 3. Data integration; 4. SCTransform

normalization; 5. Batch effect correction; 6. Cell type annotation.

The details could be found in our previously published studies.

Epithelial cells were subset for downstream analysis. The tumor

dependency gene signature score was calculated for epithelial cells

using the AddModuleScore() function. Pseudotime trajectory

reconstruction was performed on epithelial cells using the

slingshot algorithm. Marker genes for epithelial subpopulations

were identified with FindAllMarkers() (min.pct = 0.25,

logfc.threshold = 0.25). Gene Ontology (GO) enrichment and

Hallmark pathway analysis for the C6 subpopulation-specific

markers were conducted using clusterProfiler with Benjamini-

Hochberg correction.
CMAP analysis

Potential therapeutic compounds targeting patients with high

C6 subpopulation infiltration were identified using the Connectivity

Map (CMAP) database. Specifically, the top 150 upregulated genes

and top 150 downregulated genes from the high C6 infiltration

group were submitted to the platform. CMAP output provides

connectivity scores ranging from -100 (maximal antagonism)

to +100 (maximal similarity). Compounds with scores ≤ -90 were

prioritized as candidates, with lower scores indicating stronger

inhibitory effects. The 50 lowest-ranked compounds were selected

as potential therapeutic agents for further validation.
Spatial transcriptomics analysis

The whole downstream analysis was applied by Seurat package.

Distinct regions were determined by Principal Component analysis

(PCA) and assistance of an experienced pathologist. The delineated

tumor regions and gene expression levels were visualized by

ggplot2 package.
Cell culture, transfection and function
assays

MDA-MB-231 was obtained from ATCC (American Type

Culture Collection, Manassas, USA). Details of cell culture and
frontiersin.org
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transfection can be referred to in our previously published research.

siRNAs targeting TONSL constructs were synthesized by GentleGen

(Suzhou, China), and the oligonucleotide sequences are listed in

Supplementary File: Supplementary Table S1. The procedures and

details of the colony formation experiment and the CCK-8

experiment are as described in previously published studies (17).

Data were presented as mean ± standard deviation (SD), and

p < 0.05 was considered significant.
Results

Identification of tumor dependency genes
via genome-wide CRISPR-CAS9 screening

The overall design of study was illustrated in Figure 1. Tumor

dependency genes are essential for cancer cell survival and

proliferation. Using genome-wide CRISPR-Cas9 knockout data

processed by the CERES algorithm from 22 TNBC-like cell lines,

we identified 665 tumor dependency genes under stringent criteria

(mean CERES score < −1 in ≥80% cell lines; Figure 2A). Univariate

Cox regression analysis prioritized 28 genes significantly associated

with poor prognosis (P < 0.05, HR > 1). Differential expression

analysis of TNBC versus normal tissues revealed 1,150 upregulated

genes (log2FC > 0.5, adj.P < 0.05). Intersection of these gene sets
Frontiers in Oncology 04
yielded four high-confidence tumor dependency genes (TONSL,

TIMELESS, RFC3, RAD51) for further investigation (Figure 2B:

Supplementary Table S2). Forest plots confirmed their prognostic

risk (Figure 2C), while strong inter-gene correlations (P < 0.001;

Figure 2D) and marked overexpression in TNBC versus normal

tissues (Figure 2E) underscored their pathological relevance.

Critically, Kaplan-Meier analysis demonstrated that high

expression of each gene predicted reduced overall survival (log-

rank P < 0.01; Figure 2F). Collectively, integration of CRISPR-Cas9

functional genomics with transcriptomics defined four TNBC-

specific tumor dependency genes that drive poor outcomes,

nominating them as potential biomarkers and therapeutic targets.
Tumor dependency genes were potentially
involved in cell proliferation

We next investigated downstream pathways potentially

regulated by the identified tumor dependency genes. High

expression of RAD51 activated pro-tumorigenic pathways

including cell cycle (NES = 3.16, P<0.001; Figure 3A), TNFa
signaling via NF-kB (NES = 2.88, P<0.001; Figure 3B), epithelial-

mesenchymal transition (NES = 2.65, P<0.001; Figure 3C), and

hypoxia response (NES = 2.38, P<0.001; Figure 3D). Similarly,

elevated RFC3 expression enriched E2F targets (NES = 3.83,
FIGURE 1

Workflow of the study. TD, tumor dependency; WXS, whole exome sequencing.
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P<0.001; Figure 3E), G2/M checkpoint (NES = 3.78, P<0.001;

Figure 3F), MTORC1 signaling (NES = 1.94, P<0.001; Figure 3G),

and DNA replication (NES = 2.38, P<0.001; Figure 3H). For

TIMELESS , pathway activation encompassed cell cycle

progression (NES = 3.04, P<0.001; Figure 3I), E2F targets (NES =

3.82, P<0.001; Figure 3J), MYC targets v1 (NES = 2.25, P<0.001;
Frontiers in Oncology 05
Figure 3K), and epithelial-mesenchymal transition (NES = 2.13,

P<0.001; Figure 3L). Finally, TONSL overexpression drove E2F

targets (NES = 3.56, P<0.001; Figure 3M), G2/M checkpoint

(NES = 3.50, P<0.001; Figure 3N), mitotic spindle assembly (NES

= 2.32, P<0.001; Figure 3O), and cell cycle regulation (NES = 3.30,

P<0.001; Figure 3P). In summary, RAD51, TIMELESS, RFC3, and
FIGURE 2

Identification the tumor dependency genes in TNBC. (A) The CERES score of candidate genes in TNBC cell lines. (B) The venn plot of screening
tumor dependency genes. (C) The forest plot of tumor dependency genes in TNBC with prognostic value. (D) The correlation analysis among tumor
dependency genes. ***p < 0.001 (E) The expression level of the tumor dependency genes between normal and TNBC tissue. (F) The KM plot of the
tumor dependency genes.
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TONSL converge on pro-proliferative pathways that sustain tumor

survival and expansion.
C6 subgroup was highly associated with
tumor dependency in TNBC

Having identified the core tumor dependency genes, we next

characterized their enrichment within epithelial subpopulations in

the tumor microenvironment. Integrated analysis of scRNA-seq
Frontiers in Oncology 06
data from five TNBC samples yielded 15,080 high-quality cells after

rigorous quality control and standardized processing (harmony

batch correction, SCTransform normalization). Unsupervised

clustering resolved nine major cell types and one undetermined

population: 254 B cells, 529 cycling cells, 569 endothelial cells, 5,412

epithelial cells, 2,180 fibroblasts, 1,624 monocytes/macrophages,

1,406 plasma cells, 631 vascular smooth muscle cells, 2,331 T

cells, and 144 undetermined cells, with UMAP visualization

confirming distinct transcriptional profiles across clusters

(Figure 4A). Specific markers used for cell type annotations were
FIGURE 3

Potential downstream pathways of tumor dependency genes. The potential downstream pathways affected by RAD51 (A-D), RFC3 (E-H), TIMELESS
(I-L) and TONSL (M-P).
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illustrated in Figure 4B. Given the epithelial origin of tumor

dependency genes, we subset epithelial cells for re-analysis (re-

clustering, subpopulation annotation), identifying seven epithelial

subsets (Figure 4C). Signature scoring of the four tumor

dependency genes revealed maximal enrichment in the C6

subpopulation (Figure 4D), indicating that C6 epithelial cells

exhibit the strongest tumor dependency and likely represent the

TNBC compartment most critical for proliferation and survival.
C6 subgroup was the terminal state of
tumor cell differentiation

To delineate the potential role of the C6 subpopulation in disease

progression, we reconstructed pseudotemporal trajectories of

epithelial cells using the slingshot algorithm. Uniform Manifold

Approximation and Projection (UMAP) visualization revealed two

principal differentiation paths across 5,412 epithelial cells

(Figure 5A). Lineage 1 (traversed by 79.6% of cells) originated from

C1/C3 subpopulations, progressed through C0/C4 intermediates, and
Frontiers in Oncology 07
culminated in the C6 terminal state (Figure 5B). Conversely, lineage 2

(60.55% of cells) evolved from C1/C3 through C5 toward C2. These

trajectories illuminate TNBC epithelial dynamics, positioning C6 as

an evolutionarily terminal subpopulation. Differential expression and

functional enrichment analyses demonstrated the association of C6

subgroup with mitochondrial bioenergetics, including mitochondrial

ATP synthesis-coupled electron transport, electron transport chain,

oxidative phosphorylation, respiratory chain complex assembly, and

NADH dehydrogenase activity (Figure 5C). Notably, proliferative

pathways—mTORC1 signaling and p53 pathway—were co-enriched

in C6. Collectively, C6 exhibits reprogrammed energy metabolism

coinciding with cell-cycle dysregulation, suggesting its pivotal role in

driving tumor growth and progression.
Focal somatic mutations were associated
with infiltration level of C6 subgroup

Given the adverse prognostic role of the C6 subpopulation, we

investigated factors influencing its tumor infiltration heterogeneity by
FIGURE 4

The landscape of TNBC at single cell level. (A) The general profile of different cell types in TNBC. (B) The expression level of different marker genes
corresponding to each cell types. (C) The subgroup cell types of epithelial cells in TNBC. (D) The signature score of each subgroup based on the
tumor dependency genes. ns, no significant; **p < 0.01; ***p < 0.001.
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integrating TCGA transcriptomic and genomic data. Samples with

matched datasets were analyzed using the tumor dependency gene

signature score as a proxy for C6 enrichment. Fisher’s exact tests

identified significantly differential somatic mutations between high-

and low-C6 groups: UNC5D, DMD, and CASR exhibited higher

mutation rates in the high-C6 cohort, whereas PTEN and KMT2D

mutations were enriched in the low-C6 group (P<0.05; Figure 6A),

suggesting somatic alterations may modulate subpopulation

abundance. Mutational landscape analysis further revealed distinct

co-occurrence patterns between the groups (Figures 6B, C), including

heterogeneity in co-mutated gene combinations. This demonstrates a

nuanced interplay between somatic mutations, tumor dependency,

and C6 infiltration dynamics.
Frontiers in Oncology 08
Precision treatment implications based on
C6 subgroup abundance

Building on the malignant functional profile of the C6

subpopulation, we explored personalized therapeutic strategies

using transcriptomic and clinical data from 319 TNBC patients in

the METABRIC cohort. Single-sample GSEA (ssGSEA) quantified

C6 enrichment via the tumor dependency gene signature. Patients

were stratified by treatment history: no radiotherapy/chemotherapy

(n=72), radiotherapy alone (RT-only, n=82), chemotherapy alone

(CT-only, n=24), and combined RT+CT (n=141). Optimal cut-

point analysis revealed that high C6 infiltration predicted

significantly worse overall survival in patients received only
FIGURE 5

Biological features of the tumor dependency subgroup of epithelial cells in TNBC. (A) The pseudotemporal trajectories of epithelial subgroups.
(B) The cell proportion of two trajectories. (C) The biological feature and possibly activated pathway of C6 subgroup.
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surgery (log-rank P = 0.017; Nhigh=43, Nlow =29, Figure 7A),

whereas no significant association was observed in RT-only (P =

0.38, Nhigh=73, Nlow =9, Figure 7B), CT-only (P = 0.2, Nhigh=22,

Nlow =2, Figure 7C), or RT+CT (P = 0.14, Nhigh=15, Nlow =126,

Figure 7D) groups. This indicates that surgery-alone is suboptimal

for high-C6 patients, while radiotherapy and/or chemotherapy may

overcome C6-driven adverse outcomes. To expand therapeutic

options, we leveraged the Connectivity Map (CMAP) platform to

identify potential inhibitors targeting high-C6 TNBC. Top-scoring

compounds (connectivity score ≤ -90) were enriched for CDK

inhibitors (Figure 7E), mechanistically aligning with pro-
Frontiers in Oncology 09
proliferative phenotype of C6 subgroup. Collectively, these

findings provide a framework for biomarker-guided TNBC therapy.
Validation of candidate genes in TNBC cell
lines

To validate the biological functions and spatial expression

patterns of our candidate genes, we analyzed one TNBC sample as

illustrated in Figure 8A. Dimensionality reduction performed on the

spatial transcriptomic profiles identified six distinct regions. Based on
FIGURE 6

The relationship between somatic mutation and C6 subgroup. (A) The significant gene mutation between high and low C6 subgroup. (B-C) The
landscape of co-mutation in patients with high and low C6 subgroup.
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differentially expressed genes across these regions, two tumor-

enriched areas were delineated. Notably, TONSL, TIMELESS, RFC3,

and RAD51 exhibited significantly higher expression levels within the

tumor regions compared to the tumor stromal areas (Figure 8B-E),

suggesting their predominant role in tumor cells. Furthermore, based

on prior univariate COX regression analysis, TONSL demonstrated
Frontiers in Oncology 10
the highest hazard ratio. Consequently, we selected TONSL for

further functional validation. Knockdown of TONSL impaired

clonogenic formation and proliferative capacity in MDA-MB-231

cells (Figure 8F-G). Collectively, these findings indicate that

candidate genes including TONSL may represent potential

therapeutic targets for triple-negative breast cancer.
FIGURE 7

Promising treatment strategies for TNBC patients with C6 subgroup. (A-D) The KM plot between high and low C6 subgroup in none of radiotherapy
or chemotherapy (A) Nhigh=43, Nlow =29), only radiotherapy (B) Nhigh=73, Nlow =9), chemotherapy (C) Nhigh=22, Nlow =2) and both chemotherapy
and radiotherapy patients (D) Nhigh=15, Nlow =126). (E) The potential drugs for high C6 subgroup.
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Discussion

During tumor cell proliferation, some genes could play critical

role in supporting cell growth. When the expression of these genes

is reduced or when they are knocked out, tumor growth is

suppressed and may even lead to cell death. In this study, we
Frontiers in Oncology 11
used the CRISPR-Cas9 system to identify such tumor dependent

genes in TNBC cells, including TONSL, TIMELESS, RFC3, and

RAD51. These genes are primarily involved in DNA replication and

repair, suggesting that TNBC tumor cells exhibit active DNA

replication while potentially experiencing DNA mismatches and

damage (18–20). Interestingly, all four genes are also associated
FIGURE 8

Cell proliferation role of TONSL. (A) Sectioning and region delineation of a TNBC spatial transcriptome sample. (B-E) The expression of TONSL
(B), TIMELESS (C), RFC3 (D), RAD51 (E) in spatial transcriptome. (F-H) The cell proliferation assays were conducted including colony formation assay
(F-G) and CCK-8 (H). ****p < 0.0001.
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with patient prognosis in TNBC. Based on this, we defined a tumor

dependency signature by integrating their expression profiles within

the TME. Tumor cells exhibiting this high dependency signature

may represent a terminally differentiated state and tend to carry

more complex somatic mutations, indicating higher genomic

instability. Patients with tumors enriched in these high-tumor-

dependency cells have worse clinical outcomes. Thus, identifying

this cell population through the expression of TONSL, TIMELESS,

RFC3, and RAD51, and targeting them with candidate drugs

identified in this study, may offer promising strategies for

personalized therapy tailored to different TNBC progression states.

TONSL is a key regulator of homologous recombination during

chromosomal repair. H4K20me0 is a histone modification associated

with post-replicative chromatin. TONSL forms a complex with

MMS22L, which recognizes H4K20me0 and directs the DNA repair

machinery to the sites requiring homologous recombination (21). In

cancers, this HR function of TONSL has been identified as essential

for maintaining cancer stem cell (CSC) properties (22). CSCs are a

subpopulation of tumor cells with long-term survival capacity, self-

renewal potential, and tumor-initiating ability (23). These findings

suggest that tumor cells with high TONSL expression may possess

stem-like features and that TONSL may play a pivotal role in

maintaining CSC characteristics, potentially contributing to poor

clinical outcomes in TNBC patients (19). TIMELESS is another gene

implicated in the DNA damage response. It contributes to genome

stability by preventing replication fork stalling at difficult-to-replicate

genomic regions (24), potentially through promoting homologous

recombination at DNA damage sites with the assistance of PARP-1

(25). Intriguingly, TIMELESS also belongs to the family of circadian

clock genes, and circadian disruption has been increasingly recognized

as a contributing factor in tumorigenesis (26). Similarly, RFC3 and

RAD51 are involved in the repair of DNA damage (27, 28). In cancers,

enhanced DNA repair capacity may indicate resistance to

chemotherapy. For example, platinum-based chemotherapeutic

agents like cisplatin exert their effects by inducing DNA strand

breaks, ultimately leading to tumor cell death due to impaired

proliferation (29). However, when tumor cells exhibit robust DNA

repair responses, they may evade chemotherapy-induced cytotoxicity,

thereby maintain proliferation and promote tumor progression.

Moreover, downstream pathways associated with these four genes—

including mTORC1, E2F, and EMT—have been identified as critical

drivers of tumor progression and clinical deterioration (30–32).

Therefore, our results suggest that these four candidate genes,

TONSL, TIMELESS, RFC3, and RAD51, may contribute to TNBC

progression by participating in DNA damage repair and by activating

oncogenic signaling pathways.

In TNBC tissues, we identified an epithelial cell subpopulation

with high expression of four tumor dependent genes using single-

cell RNA sequencing. As described above, these cells exhibit high

proliferative capacity and active DNA repair pathways.

Interestingly, this subpopulation is located at the terminal end of

the epithelial cell differentiation trajectory, suggesting that these

cells may represent terminally differentiated tumor cells within the

TNBC. Notably, these cells also display upregulation of

mitochondrial function-related pathways, such as oxidative
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phosphorylation and electron transport chain activity, indicating

that mitochondrial energy metabolism is highly active in this

subpopulation. Typically, tumor cells rely predominantly on

anaerobic glycolysis for energy production—a phenomenon

known as the Warburg effect (33). However, this highly tumor

dependent subpopulation appears to utilize aerobic respiration as

its major energy source, implying the presence of metabolic

reprogramming. During tumorigenesis and progression, cancer

cells often adjust their metabolic profiles in response to changes

in the TME and therapeutic pressure (34). Previous studies have

shown that oxidative phosphorylation–dominant metabolism can

activate TGF-b and MAPK signaling pathways, thereby enhancing

the epithelial-mesenchymal transition (EMT) process and

promoting tumor metastasis (35). Moreover, activation of

oxidative phosphorylation suggests sustained mitochondrial

function, which may suppress mitochondrial membrane

permeabilization and other mitochondria-dependent apoptotic

pathways (36). This metabolic shift is also critical in cancer stem

cells, as it may reinforce stem-like properties and confer resistance

to conventional therapies (37). Some studies have further suggested

that enhanced oxidative phosphorylation is associated with altered

mitochondrial dynamics, such as mitochondrial fragmentation,

which could contribute to increased tumor cell motility,

metastasis, and disease progression (38). Thus, the TNBC

epithelial cell subpopulation with high expression of tumor

dependent genes may drive tumor progression through aberrant

metabolic reprogramming. In addition, we explored the

relationship between these cells and somatic mutations in TNBC.

UNC5D is a well-known tumor suppressor gene, whose normal

expression can inhibit tumor progression (39). Similarly, mutations

in DMD have been implicated in the development of various

cancers (40). In patients with high expression of the four tumor

dependent genes, multiple coexisting genetic alterations were

frequently observed. These findings suggest that although these

genes contribute to enhanced DNA repair capacity in tumor cells,

specific mutations may still persist and actively support the

malignant phenotype.

To further explore the clinical utility of tumor dependency

genes in TNBC patients, we stratified individuals based on a tumor

dependency signature score composed of the four key genes. As

expected, patients with a high signature score exhibited significantly

worse prognoses. Notably, this poor prognosis was independent of

whether the patients had undergone surgical treatment. This

suggests that, even after thorough surgical resection, patients with

high signature scores may still experience events leading to reduced

survival quality or other adverse outcomes. Interestingly, for

patients who received chemotherapy or radiotherapy following

surgery, prognosis was partially improved, and this effect was

more pronounced in those who underwent both chemotherapy

and radiotherapy. These findings indicate that multimodal therapy

may benefit high-score TNBC patients. Based on this stratification,

we further conducted drug screening to identify candidate

compounds for personalized treatment in patients with high

signature scores. Notably, inhibitors targeting pathways such as

mTOR, PI3K, and the cell cycle/DNA replication machinery may
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act downstream of TONSL, TIMELESS, RFC3, and RAD51. These

pathways have been widely recognized for their crucial roles in

tumor progression (41–43). Therefore, the use of the tumor

dependency score to identify high-risk TNBC patients and guide

the administration of targeted therapies may offer a promising

approach for personalized cancer treatment.

Despite our exploration of tumor proliferation dependency

genes in TNBC, several limitations remain to be addressed. First

of all, the criteria on which we screen candidate genes are relatively

strict. Although this can find the universality of tumor-dependent

genes, it may lead to the filtering of some genes that play an

important role in specific TNBC subtypes. This study only

preliminarily confirmed the effect of TONSL on the phenotype of

tumor cells. The other candidate genes RFC3, TIMELESS, and

RAD51 have not been confirmed yet, which is also a limitation of

our research. Additionally, the predicted downstream pathways of

these genes require further validation through both in vitro and in

vivo experiments to clarify their roles in tumor progression. Given

our hypothesis that the tumor dependency signature composed of

these four genes may stratify TNBC patients and guide personalized

management based on prognosis, future research should assess the

stratification performance in large-scale clinical trials. It is worth

noting that our exploration in the spatial transcriptome data was

based on only one sample, which may lead to bias in the results.

More samples need to be included in the future to confirm the

universality of our conclusion. Finally, the candidate compounds

identified for TNBC patients with high tumor dependency scores

need to be tested in preclinical models to confirm their efficacy in

inhibiting tumor proliferation and metastasis.
Conclusion

Overall, our study identifies TONSL, TIMELESS, RFC3, and

RAD51 as tumor dependency genes. These genes may contribute to

TNBC progression and poor prognosis by promoting tumor growth

and protecting cancer cells from chemotherapy-induced damage.

Furthermore, the signature score derived from these genes may aid

in stratifying TNBC patients based on disease progression and offer

a potential framework for personalized therapeutic strategies.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Author contributions

SL: Conceptualization, Writing – original draft, Writing –

review & editing. SW: Formal Analysis, Writing – original draft.
Frontiers in Oncology 13
GW: Investigation, Writing – original draft. YL: Investigation,

Writing – original draft. ZZ: Conceptualization, Writing – review

& editing. YT: Conceptualization, Writing – review & editing. JC:

Conceptualization, Investigation, Writing – original draft, Writing

– review & editing.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This work was supported

by National Natural Science Foundation of China (Grant Nos.

82304025, 82303857).
Acknowledgments

We thank ‘home-for-researchers’ database for creating

Figure 1 (PSTRT63493).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2025.1705923/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2025.1705923/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2025.1705923/full#supplementary-material
https://doi.org/10.3389/fonc.2025.1705923
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Liu et al. 10.3389/fonc.2025.1705923
References
1. Jie H, Ma W, Huang C. Diagnosis, prognosis, and treatment of triple-negative
breast cancer: A review. Breast Cancer (Dove Med Press). (2025) 17:265–74.
doi: 10.2147/BCTT.S516542

2. Zhao S, Zuo WJ, Shao ZM, Jiang YZ. Molecular subtypes and precision treatment
of triple-negative breast cancer. Ann Transl Med. (2020) 8:499. doi: 10.21037/
atm.2020.03.194

3. Xu L, Xu P, Wang J, Ji H, Zhang L, Tang Z. Advancements in clinical research and
emerging therapies for triple-negative breast cancer treatment. Eur J Pharmacol. (2025)
988:177202. doi: 10.1016/j.ejphar.2024.177202

4. Chang-Qing Y, Jie L, Shi-Qi Z, Kun Z, Zi-Qian G, Ran X, et al. Recent treatment
progress of triple negative breast cancer. Prog Biophys Mol Biol. (2020) 151:40–53.
doi: 10.1016/j.pbiomolbio.2019.11.007

5. Guo Z, Zhu Z, Lin X, Wang S, Wen Y, Wang L, et al. Tumor microenvironment
and immunotherapy for triple-negative breast cancer. biomark Res. (2024) 12:166.
doi: 10.1186/s40364-024-00714-6

6. Shen M, Pan H, Chen Y, Xu YH, Yang W, Wu Z. A review of current progress in
triple-negative breast cancer therapy. Open Med (Wars). (2020) 15:1143–9.
doi: 10.1515/med-2020-0138

7. Yin L, Duan JJ, Bian XW, Yu SC. Triple-negative breast cancer molecular
subtyping and treatment progress. Breast Cancer Res. (2020) 22:61. doi: 10.1186/
s13058-020-01296-5

8. Raman R, Debata S, Govindarajan T, Kumar P. Targeting triple-negative breast
cancer: resistance mechanisms and therapeutic advancements. Cancer Med. (2025) 14:
e70803. doi: 10.1002/cam4.70803

9. Akbari B, Hasan MM, Islam SM. Advances in targeted therapy for triple-negative
breast cancer: A review of key antigens and recent advances. J Drug Target. (2025) 18:1–
20. doi: 10.1080/1061186X.2025.2520306

10. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome
engineering using the crispr-cas9 system. Nat Protoc. (2013) 8:2281–308.
doi: 10.1038/nprot.2013.143

11. You L, Tong R, Li M, Liu Y, Xue J, Lu Y. Advancements and obstacles of crispr-
cas9 technology in translational research. Mol Ther Methods Clin Dev. (2019) 13:359–
70. doi: 10.1016/j.omtm.2019.02.008

12. Torres-Ruiz R, Rodriguez-Perales S. Crispr-cas9 technology: applications and
human disease modelling. Brief Funct Genomics. (2017) 16:4–12. doi: 10.1093/bfgp/
elw025

13. Feng Y, Sassi S, Shen JK, Yang X, Gao Y, Osaka E, et al. Targeting cdk11 in
osteosarcoma cells using the crispr-cas9 system. J Orthop Res. (2015) 33:199–207.
doi: 10.1002/jor.22745

14. Lei ZN, Teng QX, Wu ZX, Ping FF, Song P, Wurpel JND, et al. Overcoming
multidrug resistance by knockout of abcb1 gene using crispr/cas9 system in sw620/
ad300 colorectal cancer cells. MedComm (2020). (2021) 2:765–77. doi: 10.1002/
mco2.106

15. Wang SW, Gao C, Zheng YM, Yi L, Lu JC, Huang XY, et al. Current applications
and future perspective of crispr/cas9 gene editing in cancer. Mol Cancer. (2022) 21:57.
doi: 10.1186/s12943-022-01518-8

16. Wang G, Cao J, Zhu Y, Wang S, Li Y, Yu Y, et al. Integrating bulk rna sequencing
and crispr-cas9 screening to identify proliferation-related genes for prognostic
stratification in breast cancer. J Cancer. (2025) 16:2800–11. doi: 10.7150/jca.113348

17. Wang G, Shi C, He L, Li Y, Song W, Chen Z, et al. Identification of the tumor
metastasis-related tumor subgroups overexpressed nenf in triple-negative breast cancer
by single-cell transcriptomics. Cancer Cell Int. (2024) 24:319. doi: 10.1186/s12935-024-
03505-z

18. Zhu J, Ye L, Sun S, Yuan J, Huang J, Zeng Z. Involvement of rfc3 in tamoxifen
resistance in er-positive breast cancer through the cell cycle. Aging (Albany NY). (2023)
15:13738–52. doi: 10.18632/aging.205260

19. Liang A, Wu Z, Zhuo T, Zhu Y, Li Z, Chen S, et al. Tonsl promotes lung
adenocarcinoma progression, immune escape and drug sensitivity. Clin Transl Oncol.
(2025) 27:518–33. doi: 10.1007/s12094-024-03627-w

20. Bhattacharya S, Srinivasan K, Abdisalaam S, Su F, Raj P, Dozmorov I, et al.
Rad51 interconnects between DNA replication, DNA repair and immunity. Nucleic
Acids Res. (2017) 45:4590–605. doi: 10.1093/nar/gkx126
Frontiers in Oncology 14
21. Saredi G, Huang H, Hammond CM, Alabert C, Bekker-Jensen S, Forne I, et al.
H4k20me0 marks post-replicative chromatin and recruits the tonsl-mms22l DNA
repair complex. Nature. (2016) 534:714–8. doi: 10.1038/nature18312

22. Lee H, Ha S, Choi S, Do S, Yoon S, Kim YK, et al. Oncogenic impact of tonsl, a
homologous recombination repair protein at the replication fork. Int J Mol Sci (2025)
24:9530. doi: 10.3390/ijms24119530

23. Bisht S, Nigam M, Kunjwal SS, Sergey P, Mishra AP, Sharifi-Rad J. Cancer stem
cells: from an insight into the basics to recent advances and therapeutic targeting. Stem
Cells Int. (2022) 2022:9653244. doi: 10.1155/2022/9653244

24. Vipat S, Moiseeva TN. The timeless roles in genome stability and beyond. J Mol
Biol. (2024) 436:17422. doi: 10.1016/j.jmb.2023.168206

25. Xie S, Mortusewicz O, Ma HT, Herr P, Poon RY, Helleday T, et al. Timeless
interacts with parp-1 to promote homologous recombination repair. Mol Cell. (2015)
60:163–76. doi: 10.1016/j.molcel.2015.07.031

26. Ortega-Campos SM, Verdugo-Sivianes EM, Amiama-Roig A, Blanco JR,
Carnero A. Interactions of circadian clock genes with the hallmarks of cancer.
Biochim Biophys Acta Rev Cancer. (2023) 1878:6750. doi: 10.1016/j.bbcan.2023.188900

27. Kang MS, Ryu E, Lee SW, Park J, Ha NY, Ra JS, et al. Regulation of pcna cycling
on replicating DNA by rfc and rfc-like complexes. Nat Commun. (2019) 10:2420.
doi: 10.1038/s41467-019-10376-w

28. Bonilla B, Hengel SR, Grundy MK, Bernstein KA. Rad51 gene family structure
and function. Annu Rev Genet. (2020) 54:25–46. doi: 10.1146/annurev-genet-021920-
092410

29. Rottenberg S, Disler C, Perego P. The rediscovery of platinum-based cancer
therapy. Nat Rev Cancer. (2021) 21:37–50. doi: 10.1038/s41568-020-00308-y

30. Chen HZ, Tsai SY, Leone G. Emerging roles of E2fs in cancer: an exit from cell
cycle control. Nat Rev Cancer. (2009) 9:785–97. doi: 10.1038/nrc2696

31. Kim LC, Cook RS, Chen J. Mtorc1 and mtorc2 in cancer and the tumor
microenvironment. Oncogene. (2017) 36:2191–201. doi: 10.1038/onc.2016.363

32. Mittal V. Epithelial mesenchymal transition in tumor metastasis. Annu Rev
Pathol. (2018) 13:395–412. doi: 10.1146/annurev-pathol-020117-043854

33. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the warburg
effect: the metabolic requirements of cell proliferation. Science. (2009) 324:1029–33.
doi: 10.1126/science.1160809

34. Zhang X, Song W, Gao Y, Zhang Y, Zhao Y, Hao S, et al. The role of tumor
metabolic reprogramming in tumor immunity. Int J Mol Sci. (2023) 24(24):17422.
doi: 10.3390/ijms242417422

35. Hu Y, Xu W, Zeng H, He Z, Lu X, Zuo D, et al. Oxphos-dependent metabolic
reprogramming prompts metastatic potential of breast cancer cells under osteogenic
differentiation. Br J Cancer. (2020) 123:1644–55. doi: 10.1038/s41416-020-01040-y

36. Giannitti G, Paganoni AJJ, Marchesi S, Garavaglia R, Fontana F. Mitochondrial
bioenergetics and networks in melanoma: an update. Apoptosis. (2025) 30(9-10):2042–
56. doi: 10.1007/s10495-025-02155-4

37. Masoudi M, Moti D, Masoudi R, Auwal A, Hossain MM, Pronoy TUH, et al.
Metabolic adaptations in cancer stem cells: A key to therapy resistance. Biochim
Biophys Acta Mol Basis Dis. (2024) 1870:167164. doi: 10.1016/j.bbadis.2024.167164

38. Awad A, Abdul Karim N. Dysregulation of mitochondrial function in cancer
cells. Int J Mol Sci. (2025) 26(14):6750. doi: 10.3390/ijms26146750

39. Zhang MM, Sun F, Cui B, Zhang LL, Fang Y, Li Y, et al. Tumor-suppressive
function of unc5d in papillary thyroid cancer. Oncotarget. (2017) 8:96126–38.
doi: 10.18632/oncotarget.21759

40. Jones L, Naidoo M, MaChado LR, Anthony K. The duchenne muscular
dystrophy gene and cancer. Cell Oncol (Dordr). (2021) 44:19–32. doi: 10.1007/
s13402-020-00572-y

41. Dickson MA, Schwartz GK. Development of cell-cycle inhibitors for cancer
therapy. Curr Oncol. (2009) 16:36–43. doi: 10.3747/co.v16i2.428

42. Zou Z, Tao T, Li H, Zhu X. Mtor signaling pathway andmtor inhibitors in cancer:
progress and challenges. Cell Biosci. (2020) 10:31. doi: 10.1186/s13578-020-00396-1

43. Castel P, Toska E, Engelman JA, Scaltriti M. The present and future of pi3k
inhibitors for cancer therapy. Nat Cancer. (2021) 2:587–97. doi: 10.1038/s43018-021-
00218-4
frontiersin.org

https://doi.org/10.2147/BCTT.S516542
https://doi.org/10.21037/atm.2020.03.194
https://doi.org/10.21037/atm.2020.03.194
https://doi.org/10.1016/j.ejphar.2024.177202
https://doi.org/10.1016/j.pbiomolbio.2019.11.007
https://doi.org/10.1186/s40364-024-00714-6
https://doi.org/10.1515/med-2020-0138
https://doi.org/10.1186/s13058-020-01296-5
https://doi.org/10.1186/s13058-020-01296-5
https://doi.org/10.1002/cam4.70803
https://doi.org/10.1080/1061186X.2025.2520306
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1016/j.omtm.2019.02.008
https://doi.org/10.1093/bfgp/elw025
https://doi.org/10.1093/bfgp/elw025
https://doi.org/10.1002/jor.22745
https://doi.org/10.1002/mco2.106
https://doi.org/10.1002/mco2.106
https://doi.org/10.1186/s12943-022-01518-8
https://doi.org/10.7150/jca.113348
https://doi.org/10.1186/s12935-024-03505-z
https://doi.org/10.1186/s12935-024-03505-z
https://doi.org/10.18632/aging.205260
https://doi.org/10.1007/s12094-024-03627-w
https://doi.org/10.1093/nar/gkx126
https://doi.org/10.1038/nature18312
https://doi.org/10.3390/ijms24119530
https://doi.org/10.1155/2022/9653244
https://doi.org/10.1016/j.jmb.2023.168206
https://doi.org/10.1016/j.molcel.2015.07.031
https://doi.org/10.1016/j.bbcan.2023.188900
https://doi.org/10.1038/s41467-019-10376-w
https://doi.org/10.1146/annurev-genet-021920-092410
https://doi.org/10.1146/annurev-genet-021920-092410
https://doi.org/10.1038/s41568-020-00308-y
https://doi.org/10.1038/nrc2696
https://doi.org/10.1038/onc.2016.363
https://doi.org/10.1146/annurev-pathol-020117-043854
https://doi.org/10.1126/science.1160809
https://doi.org/10.3390/ijms242417422
https://doi.org/10.1038/s41416-020-01040-y
https://doi.org/10.1007/s10495-025-02155-4
https://doi.org/10.1016/j.bbadis.2024.167164
https://doi.org/10.3390/ijms26146750
https://doi.org/10.18632/oncotarget.21759
https://doi.org/10.1007/s13402-020-00572-y
https://doi.org/10.1007/s13402-020-00572-y
https://doi.org/10.3747/co.v16i2.428
https://doi.org/10.1186/s13578-020-00396-1
https://doi.org/10.1038/s43018-021-00218-4
https://doi.org/10.1038/s43018-021-00218-4
https://doi.org/10.3389/fonc.2025.1705923
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Integrating single-cell transcriptomics and whole-genome CRISPR CAS9 screen identifies a cell cluster associated with tumor dependency in triple-negative breast cancer
	Introduction
	Methods
	Data acquisition
	Data preprocessing
	Downstream analysis of bulk RNA sequencing
	Somatic mutation analysis
	Quality control and downstream analysis of scRNA-seq
	CMAP analysis
	Spatial transcriptomics analysis
	Cell culture, transfection and function assays

	Results
	Identification of tumor dependency genes via genome-wide CRISPR-CAS9 screening
	Tumor dependency genes were potentially involved in cell proliferation
	C6 subgroup was highly associated with tumor dependency in TNBC
	C6 subgroup was the terminal state of tumor cell differentiation
	Focal somatic mutations were associated with infiltration level of C6 subgroup
	Precision treatment implications based on C6 subgroup abundance
	Validation of candidate genes in TNBC cell lines

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


