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Abstract
Tumor metastasis is a continuous and dynamic process and is a major cause of tumor-related death in triple-
negative breast cancer. However, this biological process remains largely unknown in triple-negative breast cancer. 
The emergence of single-cell sequencing enables a deeper understanding of the tumor microenvironment and 
provides a new strategy for discovering the potential mechanism of tumor metastasis. Herein, we integrated the 
single-cell expression profiling of primary and metastatic triple-negative breast cancer by Seurat package. Nine 
tumor cell subgroups were identified. Enrichment analysis suggested tumor subgroups (C0, C4) were associated 
with tumor metastasis with poor prognosis in TNBC. Weighted gene co-expression network was constructed and 
identified NENF was a metastasis-related gene. Subsequently, RT-qPCR, Immunohistochemistry, and western blot 
confirmed NENF is highly expressed in TNBC tissues. And cell function assays indicated NENF promote cell invasion 
and migration through regulating EMT in TNBC. Finally, TIDE and Connectivity Map database suggest the candidate 
drugs for targeting NENF. In conclusion, our findings provide a new insight into the progression and metastasis of 
TNBC and uncover NENF may be a prognostic biomarker and potential therapy targets.
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Introduction
Breast cancer is one of the most commonly diagnosed 
cancer and the second leading cause of cancer-related 
death in women, with the incidence of breast cancer 
increasing in recent years [1, 2]. Triple-negative breast 
cancer (TNBC) is defined as a type of breast cancer with 
negative expression of estrogen (ER), progesterone (PR) 
and human epidermal growth factor receptor-2 (HER-2) 
[3]. Compared to other types of breast cancer, TNBCs 
have more invasive biological behaviors and poor prog-
nosis. Moreover, TNBCs are provided with the features 
of occurring earlier metastasis, mainly involving visceral 
organs, including the lungs, liver, and brain [4]. There-
fore, further research into the metastasis and develop-
ment mechanisms of TNBC is urgently needed.

Neuron derived neurotrophic factor (NENF) is initially 
identified as a secreted protein of 172 amino acids with 
neurotrophic activity, also known as GIG47 or neudesin 
[5]. Since NENF presents a cytochrome 5-like heme/ste-
roid binding domain of ~ 100 amino acids, it is classified 
as a member of the membrane-associated progesterone 
receptor family [6]. NENF has been confirmed to play a 
crucial part in maintaining the hippocampal anxiety cir-
cuitry and can inhibit adipogenesis [7, 8]. In addition, it 
has also been demonstrated that NENF is overexpressed 
in several human cancers and induces tumorigenesis [9]. 
However, the mechanism of action of NENF in TNBC 
remains unclear.

Tumor metastasis is a dynamic and complex process, 
which involves the enhanced invasiveness of primary 
tumor cells, the formation of metastasis-promoting 
microenvironment by immune cells and stromal cells 
[10, 11]. Therefore, investigating tumor metastasis from 
the perspective of tumor microenvironment can reveal 
and understand this process more deeply. Conventional 
transcriptome sequencing measures expression lev-
els in tissues and does not reflect the expression profile 
of individual cells. With the development of sequencing 
technology, the emergence of single-cell RNA sequenc-
ing has improved this dilemma [12] and provided a larger 
number of novel ideas for the treatment of breast cancer 
[13, 14]. New single-cell sequencing algorithms, such as 
monocle analysis, can infer cell lineage evolution based 
on expression profiles, providing a new theoretical basis 
for explaining the occurrence, evolution and metastasis 
of tumors [15].

Herein, we comprehensively investigated the tumor 
microenvironment heterogeneity between primary 
and metastatic TNBC through single-cell sequencing 
(scRNA-seq). We identified the tumor cell subgroups 
with high level of NENF in TNBC, which was closely 
associated with tumor metastasis. In vitro experiments 
confirmed the pro-metastasis effect of NFNF. Our study 

revealed the potential mechanism of TNBC metastasis, 
and provided a candidate therapy target for TNBC.

Materials and methods
Data collection and processing
A total of 552 samples were enrolled in this study: 4 
scRNA-seq samples (3 primary samples and 1 metastatic 
sample of TNBC) from the Gene Expression Omnibus 
(GEO) cohort (GSE199515 and GSE143423); 123 RNA-
seq data of primary (n = 44) and metastatic (n = 79) breast 
cancer samples from GSE209998; 319 RNA-seq data of 
TNBC samples from METABRIC dataset; 229 RNA-seq 
data (113 normal and 116 TNBC samples) from TCGA-
BRCA cohort. The TCGAbiolinks package was used to 
obtain the gene expression profiles of BRCA cohort. The 
data were transformed to TPM format and standardized 
with log2.

The “Seurat” R package (v4.3.0) was used to implement 
quality control procedures and associated bioinformat-
ics analyses on the scRNA-seq datasets. The detailed 
criteria were used to remove the low-quality cells: genes 
detected per cell ≥ 200; 500 ≤ UMIs ≤ 7000; the propor-
tion of mitochondrial genes counts ≤ 20%. The method of 
removing potential doublet was conducted as previously 
described [12]. The “Harmony” R package was conducted 
to remove the batch effect. The methods of standardiza-
tion, dimensionality reduction and resolution selection 
were performed as previously described [12]. Moreover, 
the markers used for cell identity were obtained from 
CellMarker database [16].

CNV and Single‑cell downstream analysis
The breast cell expression matrix of three primary TNBC 
samples (TNBC1, TNBC2, and TNBC3) were extracted 
from the scRNA-seq datasets mentioned above. The 
“inferCNV” R package was used to perform copy number 
variation (CNV) analysis and identify malignant breast 
epithelial cells. Malignant cells were defined as CNV cor-
relation > 0.4 and CNV score > 0.001.

The “Monocle” R package (v2.26.0) was conducted 
to perform the differentiation trajectory analysis for 
malignant breast cells [17]. In detail, the single cell RNA 
profiles of malignant breast cells were converted into 
Monocle format using newCellDataSet function, and the 
data were normalized and filtered using the estimateSize-
Factors function and detectGenes function. The DDRtree 
was used as the dimensionality reduction method, with a 
maximum dimension set to 2. Subsequently, the “GSVA” 
and “clusterprofiler” R packages were used to analyze 
the hallmark pathway activity containing tumor sub-
population cells. CIBERSORTX was used to estimate the 
ratio of different types of cells in METABRIC patients 
with default setting (https://cibersortx.stanford.edu/). 
Specificly, 50 cells in each cell group were extracted for 

https://cibersortx.stanford.edu/
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constructing single cell reference matrix. Then, the sur-
vival outcomes of distinct cell types were evaluated by 
“survminer” R package. The “hdwgcna” R package was 
used to analyze co-expressed gene modules in tumor 
subpopulation cells. Concretely, based on the variation in 
single cell RNA profiles of all malignant breast cells, 14 
was selected as the soft threshold and divided into 7 dif-
ferent modules.

Breast cancer specimens
All diagnoses of samples were confirmed histologically 
which were collected at Tianjin Medical University Can-
cer Institute and Hospital. This study was sanctioned 
by the Ethical Committee of Tianjin Medical Univer-
sity Cancer Institute and Hospital and was consistent 
with the ethical guidelines of the Helsinki Declaration. 
Informed and written consent was acquired from all 
involved patients.

Cell cultures and transfection
Breast cancer cell lines MCF-7, MDA-MB-231, T47D, 
CAL-51 and SUM159 were all derived from the General 
Surgery Laboratory of Tianjin Medical University Gen-
eral Hospital. MCF-7, MDA-MB-231, T47D and CAL-
51 were cultured in 1640 (Gibco, USA). SUM159 was 
cultured in DMEM (Gibco, USA). All medium included 
10% fetal bovine serum (FBS, NEWZERUM, Australia) 
and 1% penicillin/streptomycin (Gibco, USA). The cells 
were kept at 37  °C in a humidified 5% CO2 atmosphere 
cell incubator. The siRNAs of NENF constructs were syn-
thesized by RiboBio (Guangzhou, China) and oligonucle-
otides were listed in Supplementary File: Table S1. The 
protocol of cell transfection was conducted as previous 
described [18].

Western blot and antibodies
Cells were lysed by RIPA buffer supplemented with phos-
phorylase inhibitor and protease inhibitor mixture (Invi-
torgen, USA). The lysed samples (20 µl) were applied to 
SDS-PAGE for protein separation and then transferred 
to the PVDF membrane, moreover a 1:1000 dilution of 
primary antibodies was incubated on the membrane. The 
target proteins were immunoblotted with correspond-
ing antibodies and ECL reagent (Millipore, Bedford, MA, 
USA) was used to visualize.

Antibodies against E-cadherin (ID: 07-697, Cell Sig-
naling Technology, USA), N-cadherin (ID: 13116T, Cell 
Signaling Technology, USA), NENF (ID: 60131-1-lg), 
Vimentin (ID: YT4880), Snail (ID: 13099-1-AP) and 
GAPDH (ID: 60004-1-Ig, Proteintech, China) were used.

Immunohistochemistry (IHC) and cell function assays
The tissue specimen through deparaffinization and 
hydration were incubated with the primary antibody 

overnight at 4 °C after antigen retrieval, endogenous per-
oxidase removal and serum blocking. The sections were 
next incubated with secondary antibody, followed by sig-
nal detection with DAB staining kit (ZSGB-BIO, China). 
The standard score for the extent of staining was con-
ducted as previous described [19, 20]. Transwell invasion 
assays (coated with Matrigel), transwell assays (Matrigel-
free) and wound healing assays were performed to assess 
cell invasion and migration. All experiments were per-
formed as previously described [19–21].

Reverse transcription‑quantitative PCR (RT‒qPCR) analysis
Total RNA was extracted by Trizol according to the 
instruction (Invitrogen, USA), and was reverse tran-
scribed using a reverse transcription kit (TaKaRa, Japan). 
2 µl cDNA was mixed with the primers and SYBR Green 
PCR Master Mix (TaKaRa, Japan) for RT-qPCR reac-
tion. The NENF and GAPDH primers were synthesized 
by Genewiz (Tianjin, China). All specific sequences are 
listed in Supplementary File: Table S2.

Statistics and analysis
All data are presented as the mean ± standard deviation 
(SD) for at least three repeated individual experiments 
for each group. Quantitative results were analyzed by 
two-tailed Student’s t test. Prism 8 (Graph pad Software, 
CA) was utilized for data visualization and analysis. 
p < 0.05 was considered statistically significant.

Results
Different cell types in TNBC were identified by single‑cell 
sequencing
The overall flow chart of our study is illustrated in Fig. 1. 
In this study, a total of 11,811 cells were derived in the 
quality control procedures using Seurat, including 8566 
cells from primary TNBC samples (TNBC1, TNBC2, 
TNBC3) and 3245 cells from brain metastasis TNBC 
sample (TNBC4). All cells in the scRNA-seq datasets 
were clustered into 24 different cell clusters through 
PCA, and the resolution was set to 0.8. The high-quality 
cells were visualized using graph-based dimensional-
ity reduction. As shown in Fig.  2A, different cell clus-
ters were significantly distinguished in space. Then, we 
annotated all cells and distinguished eight different cell 
types, including B/plasma cells, endothelial cells, fibro-
blasts cells, luminal cells, myeloid cells, myoepithe-
lial cells, T/NK cells, and unknown (Fig.  2B). The cell 
markers utilized were sourced from the Cell Marker 
database (Fig. 2C). These analyses could sufficiently dis-
cern the different cell types, for example, KRT8, KRT18, 
and KRT19 were markers of luminal cells, and thirteen 
cell clusters (0, 2, 3, 4, 5, 6, 7, 9, 12, 15, 16, 21, and 22) 
were identified as luminal cells. As shown in Fig. 2D, we 
described the proportion of the aforementioned eight cell 
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types in inclusive TNBC samples. In summary, we suc-
cessfully identified eight principal cell types for further 
exploration.

Malignant cells in TNBC were identified by inferCNV 
analysis
It is obviously difficult to distinguish between benign and 
malignant epithelial cells at the single cell level through 
inherent cell markers. Therefore, we used inferCNV to 
assist in the identification of malignant cells. We first 
used the CNVs of myeloid cells as a reference to infer the 
CNVs of luminal cells. As shown in Fig. 3A-C, there was 
significant amplification or deletion of CNVs in luminal 
cells in TNBC1, TNBC2 and TNBC3 samples. Then, we 
accurately isolated malignant luminal cells through CNV 
correlation and CNV score. As demonstrated in Fig. 3D, 
malignant cells, defined by inferCNV, exhibited high het-
erogeneity in gene expression, which was significantly 
distinguished from control myeloid cells and normal 
luminal cells. Luminal cells in TNBC4 derived from met-
astatic sample were considered malignant tumor cells. 
Furthermore, 53 normal luminal cells were removed and 

a total of 7629 confident malignant cells were identi-
fied. All malignant luminal cells were performed further 
dimensionality reduction and clustering with the resolu-
tion at 0.2, identifying a total of nine different clusters of 
malignant cells (Fig.  3E). Taken together, the malignant 
cells were successfully identified for further exploration.

Cell trajectory and characteristics of various clusters of 
TNBC tumor cells
The tendency for metastasis is a characteristic of TNBC, 
the gene expression patterns during tumor metastasis 
exhibit temporal heterogeneity. Therefore, thoroughly 
explore the evolutionary trajectory of TNBC from the 
primary cells to the metastatic cells will contribute to 
understand potential biological processes preferably. Tra-
jectory analysis performed for malignant cells uncovered 
the three states and three branches in the cell trajectory 
(Fig. 4A-B). Malignant cells of state 3 were presented at 
the beginning of the trajectory. As shown in Fig. 4C, cell 
clusters including cluster 2, 3, and 5 evolved to cluster 
0, 1, 4, 6, 7, and 8. To further investigate the heteroge-
neity of malignant cells, we scored each cluster by using 

Fig. 1 Schematic design of the study. GSE, Gene Expression Omnibus series; TNBC, triple-negative breast cancer; TCGA, The Cancer Genome Atlas; NENF, 
Neuron derived neurotrophic factor
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Hallmark gene sets. Accompanied by evolutionary tra-
jectories, the expression of MARCKSL1, RBP7, and 
STMN1 gradually increased, IFI6 and RPL11 displayed 
as continuous expression. Conversely, the expression 
of ERRFI1, the crucial negative regulator of EGFR, was 
significantly decreased during (Fig.  4D). As shown in 
Fig. 4E, the canonical tumor malignant phenotype related 
signaling pathways, such as EMT, E2F targets, NOTCH 
signaling, PI3K/AKT/mTOR signaling were significantly 
enriched in cluster 0, 4, and 7. The analysis results indi-
cated that the three clusters mentioned above possibly 
exhibit stronger levels of malignancy. In addition, to 
identify clusters with poor prognosis for TNBC, we used 
CIBERSOFTX to infer the abundance of TNBC patients 
in various clusters in the METABRIC dataset, and com-
bined the cumulative overall survival (OS) information 
to perform survival analysis on different clusters. Inter-
estingly, the results showed that only the cluster 0, and 
4 showed significant correlation with poor prognosis in 
TNBC patients (Fig.  4F-G), while cluster 7 presented a 

significant association with favorable prognosis (Supple-
mentary Figure S1A). The prognostic values of the other 
clusters were illustrated in Supplementary Figure S1B-
G. In brief, cluster 0, and 4 displayed distinct malignant 
features of tumors and were significantly associated 
with poor prognosis in TNBC patients. These findings 
revealed a high degree of heterogeneity among differ-
ent clusters of TNBC and the dynamic evolution process 
from primary TNBC cells to metastatic TNBC cells.

Identification of gene co‑expression modules among TNBC 
cells
As cluster 0 and 4 were closely correlated with poor 
prognosis in TNBC, it was necessary to explore the co 
expressed gene networks that exert important roles in 
these two subgroups. The scale-free network of cluster 
0, and 4 were constructed for the best connectivity with 
soft threshold set at 14 (Fig.  5A-B). Finally, seven mod-
ules were identified with representative top 10 genes 
(Fig. 5C&E). As shown in Fig. 5D, module 6 and 7 were 

Fig. 2 Different cell types in TNBC were identified by single-cell sequencing. A tSNE and UMAP scatter plots displayed 24 different cell clusters in TNBC 
samples. B tSNE and UMAP scatter plots displayed 8 different cell types in TNBC samples. C Dot plots showed expression levels of marker genes used to 
note 8 different cell types. D The proportion of 8 different cell types in TNBC samples
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Fig. 3 Malignant cells in TNBC were identified by inferCNV analysis. Chromosomal landscape of inferred CNVs among luminal cells in TNBC1 (A), TNBC2 
(B), and TNBC3 (C). D Scatter plot showed the CNV correlation and CNV score of TNBC luminal cells in TNBC1, TNBC2, and TNBC3. E tSNE and UMAP scatter 
plots displayed 9 different clusters in TNBC luminal cells
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observed a certain extent of correlation, while other mod-
ules constituted another relevant group. On the other 
hand, the enrichment score of modules 6 was more con-
centrated in cluster 0 and 4 than that of module 7, and 
was nearly not enriched in other clusters. (Figures 3E and 
5E). Consistently, harmonization module characteristic 
genes (hME) of module 6 was significantly increased in 
cluster 0 and 4 (Fig. 5F). In a word, these findings implied 

that genes of module 6 were co-expressed network of 
cluster 0 and 4, which could promote TNBC metastasis.

NENF was identified metastasis related gene and 
upregulated in TNBC
To explore the essential genes driving tumor metastasis, 
we conducted differential analysis of expression profiles 
between metastatic and primary tumor cells, and iden-
tified 44 genes upregulated in metastatic tumor cells 

Fig. 4 Cell trajectory and characteristics of various clusters of TNBC tumor cells. The trajectory of primary TNBC cells evolved into metastasis TNBC cells 
were revealed by monocle analysis, visualized by pseudo-time (A), distribution of three cell states (B), and distribution of 9 clusters (C). D 6 most relevant 
genes were identified in the evolutionary process. E The hallmark pathway enrichment score of different tumor subpopulation cells were illustrated by 
heat map. The OS of TNBC patients with different abundant levels of C0 (F) and C4 (G) cluster, depicted by KM curves

 



Page 8 of 15Wang et al. Cancer Cell International          (2024) 24:319 

(Supplementary File Table S3). Then, we took the inter-
section of this gene set and module 6 gene set (Supple-
mentary File Table S4). Totally, 16 genes were identified 
as candidate genes, including APOE, ATP6VOE2, C1QBP, 
CITED4, EFEMP1, FABP7, IGFBP2, KRT10, MIA, NENF, 

PCSK1N, SERP1, SMS, SPP1, UQCRFS1 and ZG16B 
(Fig.  6A). To investigate transcriptional levels of 16 
candidate genes, we detected the copy-number varia-
tion of these candidate genes in the TCGA-TNBC data-
set. In TCGA-TNBC specimens, NENF was the most 

Fig. 5 Identification of gene co-expression modules among TNBC cells. A Weighed gene co-expression network analysis was constructed among ma-
lignant cells. B The hdWGCNA dendrogram of 7 modules. C The first 10 eigengenes of each module, ranked by eigengene-based connectivity. D The 
correlation among 7 modules illustrated by heat map. E UMAP scatter plots displayed the expression of module 1–7 among all malignant cells. F The 
module 6 score in 9 different clusters
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Fig. 6 NENF was identified metastasis related gene and upregulated in TNBC. A The intersection of genes in module 6 and upregulated genes in meta-
static TNBC cells showed by Venn diagram. B The copy number changes of candidate genes in TCGA-TNBC were displayed by heat map. C tSNE scatter 
plots displayed the expression of NENF in TNBC malignant cells. The survival analysis of TNBC patients with high- or low-NENF expression levels, including 
OS (D) and RFS (E), depicted by KM curves. F The NENF expression level in normal tissues and TNBC tissues. G The NENF expression level among TNBC 
stages. H The mRNA expression level of NENF in 30 paired TNBC tissues detected by RT-qPCR. I The protein expression level of NENF in 20 paired TNBC 
were detected by IHC and the scores of IHC staining. J The standard score of IHC staining. **p < 0.01, ***p < 0.001
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significantly amplified candidate gene (88/114, 77.2%) 
(Fig.  6B). Consistent with Fig.  2E, NENF was mainly 
expressed in clusters 0, 4, and 7 (Fig. 6C). And NENF was 
highly expressed in metastatic TNBC at both single-cell 
and tissue level (supplementary Figure S2A-B). As pre-
dicted by METABRIC dataset, higher NENF expression 
level was associated with poorer prognosis of TNBC, 
both OS (Fig.  6D) and recurrence-free survival (RFS) 
(Fig. 6E). Moreover, NENF had observed higher expres-
sion in TNBC tissues and associated with advanced 
stages (Fig.  6F-G). RT-qPCR was used to detect NENF 
mRNA levels in 30 TNBC tissues and paired adjacent 
normal tissues, the analysis results show that the expres-
sion of NENF was remarkably increased in TNBC speci-
mens (Fig. 6H). In addition, 20 TNBC tissues and paired 
adjacent normal tissues were collected to examine NENF 
expression by IHC staining. Comparing to the nor-
mal tissues, the expression of NENF in TNBC tissues 
was significantly up-regulated (Fig.  6I). Furthermore, 
the standard stain score of IHC is established as Fig. 6J. 
Taken together, these findings showed that high expres-
sion of NENF was associated with TNBC metastasis and 
poor patient prognosis, and it was upregulated in tumor 
tissues.

NENF was required for cell invasion and migration through 
regulating EMT in TNBC
To investigate the role of NENF in TNBC progression, 
RT-qPCR and western blot were conducted to analyze 
the mRNA and protein levels of NENF in breast cancer 
cells line (MCF-7, T47D, SUM159, CAL-51 and MDA-
MB-231). The results showed a significant discrepancy in 
the expression of NENF between hormone receptor posi-
tive (HR+) and triple-negative breast cancer cell lines. 
Obviously, the expression of NENF was significantly 
higher in triple-negative breast cancer subtype (SUM159, 
CAL-51 and MDA-MB-231), compared with HR + breast 
cancer subtypes (MCF-7 and T47D) (Fig.  7A-B). Then, 
we examine the effect of NENF deficiency on the breast 
cancer cell invasion and migration by using three specific 
siRNAs targeting NENF, and found two of siRNAs could 
efficiently reduce the mRNA and protein expression of 
NENF in CAL-51 and MDA-MB-231 cells (Fig.  7C-D). 
By Matrigel coated transwell assay, we found that deple-
tion of NENF resulted in a substantial decrease in the 
rate of cell invasion (Fig.  7E). Meanwhile, depletion of 
NENF could reduce cell migration in the Matrigel non-
coated transwell (Fig. 7F) and cell wound healing assays 
(Fig.  7G). Epithelial to mesenchymal transition (EMT) 
process is crucial for tumor metastasis, which serves 
as a driving factor for tumor cell invasion and migra-
tion [22, 23]. To investigated the effect of NENF expres-
sion in breast cancer EMT, western blot was used to 
detect the expression of epithelial and mesenchymal 

markers. Compared to control cells, the expression of 
E-cadherin (epithelial marker) was dramatically elevated, 
while decreasing the N-cadherin and Vimentin expres-
sion (mesenchymal marker) in NENF-depleted CAL-
51 and MDA-MB-231 cells, demonstrating that NENF 
was positively correlated with EMT (Fig.  7H). In brief, 
these results indicated that depletion of NENF reduced 
cell invasion and migration through regulating EMT in 
TNBC.

Individualized therapy for TNBC patients based on NENF
Presently, the treatment of TNBC is still limited. There-
fore, it is urgent to develop novel and effective therapeu-
tic targets for TNBC. In this study, we normalized the 
gene matrix of METABRIC dataset for predicting the 
immune response to immune checkpoints on TIDE data-
base (http://tide.dfci.harvard.edu/). As shown in Fig. 8A-
B, low TIDE scores indicate strong response to immune 
checkpoint (ICI) therapy, and patients with NENF high 
expression exhibited weak response to ICI therapy. These 
results indicated that NENF probably be a promising pre-
dictor for ICI treatment. In addition, we sifted potential 
therapeutic drugs targeting high expression of NENF 
by online database (https://clue.io/, Supplementary File 
Table S5). Figure  8C revealed 46 molecular pathways 
targeted by 42 compounds in high NENF group. Accord-
ing to the most important mechanism of action for the 
high NENF group, including protein synthesis inhibitor, 
HDAC inhibitor, and ATPase inhibitor. These inhibitors 
had been conformed to effective for cancers [24–26]. In 
conclusion, our findings provide novel strategy for TNBC 
immunotherapy and individual treatment.

Discussion
TNBC exhibits an earlier tendency to metastasis, which 
is the one of the main reasons for the poorer prognosis 
compared to other subtypes of breast cancer [27–29]. 
Tumor microenvironment is tumor-dependent soil for 
unremitting proliferation, metastasis, and invasion [30]. 
Therefore, Characterizing the heterogeneity of TNBC 
tumor microenvironment is important for understanding 
the biological processes of TNBC progression and metas-
tasis. To the best of our knowledge, this is the first report 
to reveal the role of NENF in promoting tumor metasta-
sis in breast cancer.

Traditional transcriptome has been a canonical method 
to identify the prognostic biomarkers and anti-cancer 
targets before the emergence of single-cell RNA sequenc-
ing. Since the expression profile of individual cells cannot 
be recognized, it is difficult for Bulk-RNA seq to probe 
into the tumor microenvironment at the cellular level. 
Therefore, we analyzed the scRNA-seq TNBC samples 
for exploration of the heterogeneity of TNBC tumor 
subgroups, especially between primary and metastatic 

http://tide.dfci.harvard.edu/
https://clue.io/
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Fig. 7 NENF was required for cell invasion and migration through regulating EMT in TNBC. The mRNA and protein expression levels of NENF in breast 
cancer cell lines detected by RT-qPCR (A) and western blot (B). RT-qPCR (C) and western blot (D) analysis of NENF expression levels in MDA-MB-231-
siNENF cells and CAL-51-siNENF cells compared with siControl cells, respectively. E Cell invasion in cells as in D were detected by Matrigel coated transwell 
analysis, respectively. F Cell migration in cells as in D were detected by Matrigel non-coated transwell (F) and wound healing (G) analysis, respectively. H 
The protein expression levels of EMT-related markers in cells as in D were detected by western blot, respectively. ***p < 0.001
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Fig. 8 Individualized therapy for TNBC patients based on NENF A The correlation between TIDE score and immune response status. B The correlation 
between different NENF group and immune response status. C The potential drugs identified for high-NENF patients
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TNBC. In this study, we identified 9 high heterogeneous 
tumor subgroups of TNBC cells after a series of strict 
procedures. Cluster 2, 3, and 5 were at the beginning of 
trajectory, showing the similar biological function includ-
ing TNFA signaling, angiogenesis, and inflammatory 
response (Fig. 4C&E). While cluster 0, 4, 7 were at the end 
of trajectory, with high enrichment of Notch signaling, 
and PI3K/AKT signaling, E2F target, and G2M check-
point pathways. Of note, NOTCH signaling and PI3K/
AKT signaling pathways were confirmed to be associ-
ated with tumor metastasis [31, 32]. Also, E2F target 
and G2M checkpoint pathways were essential for tumor 
proliferation [33, 34]. These results revealed that the 
immunoreactivity of TNBC tumor cells decreased from 
primary to metastasis while the tumor proliferation and 
metastasis ability increased. Furthermore, the expression 
of MARCKSL1 and STMN1 were increased steadily dur-
ing the dynamic lineage evolution (Fig. 4D). Jonsdottir et 
al. [35] found that the protein level of MARCKSL1 was 
a strong prognostic predictor for lymph node-negative 
breast cancer (Hazard Ratio = 5.1, P < 0.001). Kuang et al. 
[36] reported phosphorylation of STMN1 at Ser25 and 
Ser38 is necessary to maintain cell migration capabilities 
and is associated with shorter disease-free survival (DFS) 
in breast cancer. Consistently, these studies supported 
our findings. We also performed the survival analysis 
confirmed the prognostic value of cluster 0, 4. Although 
further experiments need to be confirmed the prognostic 
value and biological function of these subgroups, these 
results provided a novel strategy for targeting TME to 
improve TNBC patient prognosis.

To investigate critical genes which promote the tumor 
metastasis in TNBC, weighted gene co-expression net-
work analysis and differential gene analysis were per-
formed and identified several genes as candidate genes. 
Interestingly, NENF exhibited more malignant character-
istics compared to other genes. For instance, the ampli-
fication rate of NENF were markedly higher (Fig.  6B). 
Meanwhile, the expression of NENF was closely associ-
ated with advanced stage, poor OS and RFS (Fig.  6D-
E&G). These findings suggested NENF may facilitate 
the progression of TNBC. Consistently, our experiments 
confirmed NENF was upregulated in breast cancer tis-
sues (Fig.  6H-I), especially in TNBC cell lines (Fig.  7A-
B). Knockdown of NENF reduced the cell invasion and 
migration with the protein level of EMT markers down-
regulated. In summary, these results strongly supported 
the role of NENF in promoting tumor metastasis. In 
fact, NENF has been discovered for biomarker in mul-
tiple tumors [37, 38]. Wang et al. found NENF could be 
used as one of prognostic biomarkers for risk stratifica-
tion in multiple myeloma [39]. Also, Lenkiewicz et al. 
[37] revealed that NENF concentration was an effective 
diagnostic predictor for primary brain tumor patients. 

Stefanska et al. [38] reported that NENF drove cancer 
growth and metastasis through AKT, WNT, and MAPK 
signaling pathways. All in all, NENF may be a promis-
ing biomarker for cancer diagnosis and therapy. Unlike 
our study that focused on tumor metastasis, a previous 
study [40] has found that NENF involved in breast cancer 
tumorigenesis via MAPK and PI3K pathways, indicating 
NENF might play an essential role during breast cancer 
tumorigenesis and development.

Due to the high heterogeneity of triple-negative breast 
cancer, the benefit rate of patients receiving immuno-
therapy is unsatisfactory [41], so it is necessary to further 
explore the feasibility of NENF as a potential immune 
indicator. Our results showed patients with high expres-
sion of NENF exhibited a lower immune response, 
indicating it could be a potential predictor for immu-
notherapy. Additionally, several drugs were predicted 
based on the gene list of NENF gene perturbation, which 
enhances the accuracy of drug predictions. Although fur-
ther study needs to be conducted to validate their effi-
ciency, previous studies has confirmed their potential for 
cancer treatment. For example, disulfiram, a Food and 
Drug Administration-approved drug, has been proven to 
have a strong anti-tumor effect in tumors [42–44]. Lini-
fanib, is a novel tyrosine-kinase inhibitor (TKI) inhibi-
tor and its anti-angiogenic activity has been explored in 
numerous clinical trials [45]. In a word, these potential 
drugs were identified for high-NENF patients in TNBC, 
and these findings provided a novel idea for the individu-
alized therapy of TNBC.

Evidently, bioinformatics analysis and preliminary 
experiments are only the prologue to our research, and 
biomarkers are significant only when they were validated 
in clinic. Our study identified the tumor subgroups highly 
expressed NENF were associated with tumor metastasis, 
and preliminarily confirmed the prognosis role and bio-
logical function of NENF. However, some limitations still 
need to be improved for further study. For example, the 
prognostic value of tumor subgroup requires verification 
by collecting clinical samples to further confirm its trans-
lational potential. In addition, the molecular mechanism 
of NENF on tumor metastasis should be deeply explored. 
Meanwhile, the sample size of single-cell analysis was 
insufficient. Although the batch effect between samples 
has been removed by the algorithm, more samples should 
be included to reduce the impact of individual differences 
on the results.

In summary, our study reveals the tumor cell heteroge-
neity in the primary and metastatic microenvironment of 
triple-negative breast cancer, and provides a new insight 
into the progression and metastasis of TNBC. Notably, 
we discovered a tumor subgroup related to tumor metas-
tasis with high expression of NENF. And NENF may 
become a promising therapy target for TNBC.
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