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ABSTRACT

Background: Research has shown a connection between vasculogenic mimicry (VM) and cancer progression.
However, the functions of genes related to VM in the emergence and progression of TNBC have not been
completely elucidated.

Methods: A survival risk model was constructed by screening biomarkers using DESeq2 and WGCNA based on
public TNBC transcriptome data. Furthermore, gene set enrichment analysis was performed, and tumor
microenvironment and drug sensitivity were analyzed. The selected biomarkers were validated via quantitative
PCR detection, immunohistochemical staining, and protein detection in breast cancer cell lines. Biomarkers
related to the proliferation and migration of TNBC cells were validated via in vitro experiments.

Results: The findings revealed that 235 target genes were connected to the complement and coagulation cascade
pathways. The risk score was constructed using KCND2, NRP1, and VSTMA4. The prognosis model using the risk
score and pathological T stage yielded good validation results. The clinical risk of TNBC was associated with the
angiogenesis signaling pathway, and the low-risk group exhibited better sensitivity to immunotherapy.
Quantitative PCR and immunohistochemistry indicated that the expression levels of KCND2 in TNBC tissues were
higher than those in adjacent nontumor tissues. In the TNBC cell line, the protein expression of KCND2 was
increased. Knockdown of KCND2 and VSTM4 inhibited the proliferation and migration of TNBC cells in vitro.
Conclusions: In this study, three VM-related biomarkers were identified, including KCND2, NRP1, and VSTMA4.
These findings are likely to aid in deepening our understanding of the regulatory mechanism of VM in TNBC.

INTRODUCTION viable treatment targets in TNBC restricts treatment
options to conventional methods, such as adjuvant

Worldwide, breast cancer is the leading cause of and neoadjuvant chemotherapy, along with surgery

cancer-related deaths [1] and triple-negative breast and radiation therapy in certain patients.

cancer (TNBC) constitutes 15% of all breast cancer

incidences [2]. TNBC displays high invasiveness, Angiogenesis plays a substantial role in the develop-

and its recurrence and metastasis rates surpass those ment, progression and dissemination of highly invasive

of other breast cancer types [3, 4]. The absence of forms of cancer, and current antiangiogenic therapies
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targeting the vascular endothelial growth factor (VEGF)
have not yielded satisfactory results [5-7]. Unlike
angiogenesis, which involves endothelial cells,
vasculogenic mimicry (VM) pertains to the formation of
vascular structures directly by the cancerous cells. The
initial discovery of VM was in the realm of melanoma
[8], where melanoma cells form a three-dimensional,
conduit-like vascular network. This process is referred
to as “VM” and has been observed in several highly
invasive tumors [9]. In breast cancer, VM is linked to
the presence of highly malignant phenotypes, including
triple-negative and HER2-positive neoplasms [10, 11].
VM can contribute to the progression of TNBC in
multiple ways. The stem cell markers ALDH1 and
CD133, which are highly expressed in TNBC [12],
are implicated in the formation of VM and are linked
to decreased overall survival rates and increased
likelihood of metastasis in patients with breast cancer
[13]. Furthermore, VM and previously mentioned stem
cell markers participate in the epithelial-mesenchymal
transition (EMT) aspects of TNBC cells. Owing to HIF1a
factor activation, TWISTL1 transcription is stimulated,
which in turn increases the number of CD133 cells and
promotes vessel development via VM [14]. Therefore,
there is an urgent requirement related to discover
prognostic biomarkers pertinent to VM in the context
of TNBC.

Currently, extensive research is being conducted on
prognostic models for TNBC. For instance, models
predicting the prognosis of patients with TNBC post-
surgery based on modes of cell death [15], prognostic
models integrating mitochondrial RNA (MRNA)-large
noncoding RNA via the transcriptomic analysis of TNBC
[16], and prognostic models based on exosome-related
and aging-related genes [17, 18] have been proposed.
However, research on prognostic models related to
angiogenic mimicry in TNBC has not been reported
so far. In this study, we identified three biomarkers
associated with VM were identified via bioinformatics
analysis and constructed a novel prognostic model for
TNBC was constructed. Gene set enrichment analysis
(GSEA) revealed an association emerged between the
clinical risk of TNBC and signaling pathways related to
angiogenesis. The connection between the functionalities
of high and low-risk groups and the tumor micro-
environment (TME) and in addition to drug sensitivity
within these diverse risk categories were investigated,
offering potential clinical targets.

MATERIALS AND METHODS
Extracting information

The RNA sequencing data, as well as survival
and clinical details pertaining to TNBC, were

collected from The Cancer Genome Atlas
(TCGA, accessible at https://portal.gdc.cancer.gov)
and from the Gene Expression Omnibus (GEO,
available at https://www.ncbi.nlm.nih.gov/geo/) data-
bases. The TCGA-TNBC dataset comprises 116 TNBC
and 113 healthy control (HC) samples, of which,
115 TNBC samples with survival information were
randomly grouped in the ratio of 7:3. These samples
were utilized as the training dataset and internal
validation datasets, respectively. The GSE135565 was
employed as the external validation dataset which
permitted the confirmation of the survival risk model’s
availability. This dataset encompasses 84 TNBC
samples with complete with survival data. In addition,
24 vasculogenic mimicry-related genes (VMRGS)
were procured from preceding studies (Supplementary
Table 1) [19].

Functional enrichment analysis of target genes

In this research, we contrasted differentially expressed
genes (DEGs) from 116 TNBC and 113 HC samples
were contrasted within the TCGA-TNBC dataset by
employing the “DESeq2” R package (version 1.34.0)
with |log2FC| > 1, adj.p.value < 0.05 [20]. Following
this, a coexpression network was constructed using
the “WGCNA” R package to isolate module genes
linked to the score of VMRGs [21]. Subsequently, using
the “Venn” function, we identified target genes at the
intersection of DEGs and module genes were identified.
Moreover, the “clusterProfiler” R package (version
4.2.2) was used for functional enrichment analysis of
these target genes (adj.p.value < 0.05) [22].

Building the survival risk model and forecast model
related to TNBC

In this investigation, we gathered 81 TNBC samples
collected from the TCGA dataset to construct the
survival risk model, also referred to as the risk score.
Biomarkers for TNBC were identified via univariate
and multivariate Cox analyses. The risk score was
computed using the following formula: Riskscore =
B1X1 + B2X2 + ... + BnXn. To predict the precision
of the survival risk model, methods such as the
Kaplan-Meier (K-M) survival curve, risk curve, and
receiver operating characteristic (ROC) curve were
used. Moreover, to confirm the suitability of this
model, both the internal validation dataset from TCGA
and an external validation dataset, GSE135565, were
used.

The clinical characteristics of TNBC included risk
score, race, age, and stage, (pathologic T, pathologic
N, pathologic M). Next, key prognostic variables
identified via univariate and multivariate Cox analyses
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were employed to construct the prognostic model, also
known as a nomogram. Subsequently, to assess the
validity of the prognostic model, the calibration curve
of the nomogram was plotted.

Function and tumor micro-environment (TME)
analyses in different risk groups

GSEA was performed to explore the functionality of
genes in different risk categories using the R packages
“clusterProfiler” and “org.Hs.eg.db” (adj.p.value < 0.05).
In addition, to gain deeper insights into the canonical
pathways of biomarkers, ingenuity pathway analysis
(IPA) was performed [23].

Furthermore, using the “CIBERSORT” algorithm, the
distribution of immune cells between various risk
categories was quantified. The associations between
immune cells and the connections between biomarkers
and various immune cells were then calculated using
“Spearman”. Moreover, the immunotherapy sensitivity in
different risk groups was evaluated using the “SubMap”
algorithm.

Drug sensitivity analysis

The half maximal inhibitory concentration (ICsp) of 138
common chemotherapeutic drugs for TNBC in different
risk groups were compared using the “pRRophetic” R
package (version 0.5) [24].

Clinical sample

A total of 20 pairs of TNBC tissues and their
corresponding adjacent cancerous tissues were collected.
These came from patients who received treatment at
the Affiliated Hospital of Guizhou Medical University.
Moreover, to prepare these clinical samples for future
use, they were subjected to a process of fixation with
formalin and embedding in paraffin. For this study,
ethical approval was obtained from the Ethics Review
Committee of the First Affiliated Hospital of Guizhou
Medical University. All participating patients provided
their written informed consent in compliance with
pertinent guidelines. The TNBC tissues and their
corresponding peritumoral controls were promptly
placed in liquid nitrogen and preserved at —80° C.

Cell culture

The cell lines MDA-MB-231, BT-549, 578T, HCC1937,
MCF7, SKBR3, BT-474 and MCF-10A were acquired
from Procell Life Science and Technology (Wuhan,
China). These cells were grown in a DMEM medium
(C11995500BT, Gibco, USA). Each of the culture
medium was supplemented with 10% fetal bovine serum

(FBS, Z7185FBS-500, ZETA, USA). The cells were
incubated at 37° C and 5% carbon dioxide.

RT-gPCR

The total RNA within the tissues was extracted using the
TRIzol method. (Thermo Fisher Scientific, USA). The
Reverse Transcription Reagent Kit (Accurate Biology,
Hunan, China) was then applied to transcribe mRNA into
cDNA, which provided a template for the amplification
of target genes in the ensuing gPCR experiments. The
CFX96 Real-Time System (Bio-Rad, USA) served as the
detection instrument for conducting quantitative real-time
PCR. The following primer sequences (5’-3”) were used:
KCND2 (forward; AGTAATCAGCTGCAGTCCTC
AGA, reverse; TGTTCGTCCACAAACTCGTGA),
VSTM4 (forward; CTTTGCACACTCCTTCGACTC,
reverse; GACGTAATGCCCTTGATCGGA), B-action
(forward; CTGGAACGGTGAAGGTGACA, reverse;
AAGGGACTTCCTGTAACAATGCA).

Western blotting and antibodies

The procedure of western blotting was performed
as per standard techniques. Antibodies to KCND2
(21298-1-AP), were purchased from Proteintech (Wuhan,
China). Anti-p-actin (AP0060) was procured from
Bioworld (Nanjing, China). Mini Trans-Blot devices
(Bio-Rad) were employed to perform western blotting.
Subsequently, the bands were visualized and were
captured using a chemiluminescence imaging system
(Minichemi).

Immunohistochemistry (IHC)

Paraffin-embedded tissue samples from clinical
cases of TNBC were cut into 4-um thick slices.
Subsequently, these slices were deparaffinized with
xylol, rehydrated using graduated alcohol, and subjected
to antigen retrieval by heating. Endogenous peroxidase
activity was eliminated using 3% H-0,, and the sections
were incubated with KCND2 (21298-1-AP, Proteintech)
at 4° C for an overnight duration. After 30-min open
incubation with secondary antibodies, the sections
were visualized and documented with the Olympus
microscope (BX53 M, Olympus, Japan).

Transfection

The siRNAs for KCND2 and VSTM4 were designed
and synthesized by RiboBio (Guangzhou, China).
KCND2 siRNAl: CCTGGAACGTTACCCAGACA
CTCTA; KCND2 siRNA2: AAGCTGCATGGAAG
TTGCAACTGTT,; KCND2 siRNA3: ACAACCTTA
TGTGACTACAGCAATA. VSTM4 siRNALl: TAAC
CTATGCCGAACTGGAGCTGAT; VSTM4 siRNA2:
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CCACGGAAATGAGAGTCATTTCCCT;  VSTM4
SIRNA3: CCTTGTAATACTACCTCACTCTTTG.
MDA-MB-231 and BT-549 cells were seeded in 6-well
plates at a confluency of 40-60% and then transfected
with Lipofectamine 3000 (Invitrogen Biotechnology,
USA) for 24-36 h. The cells were then collected for
further experiments.

EdU incorporation assay

The transfected cells were seeded in 96-well plates
at a density of 8,000 cells per well, and experiments
were conducted in triplicate for each condition in all
groups. Twelve hours post-seeding, the medium was
replaced with serum-free medium and cultured for
24 h to synchronize the cell cycle. The Cell-Light EdU
Apollo 567 In Vitro Kit (RiboBio, Guangdong, China)
was used according to the manufacturer’s instructions.

Cell counting kit 8 assay

Cells were seeded at a density of 3,000 cells per well
in 96-well plates, with quadruplicate repeats for each
condition. A Cell Counting Kit-8 (CCKS8, Beyotime
Biotechnology, Shanghai, China) was added every 24 h
for 4 days. Two hours after the CCK8 treatment,
the optical density value of each well was measured at
450 nm.

Wound healing assays

After the transfection of the breast cancer cells, they
were cultured in six-well plates until confluence. A 10-
uL pipette tip was used to vertically scratch the cells, and
the scratched cells were washed with phosphate-buffered
saline. Subsequently, 2 mL of 1.25% FBS medium was
added, and the culturing of the cells was continued for
24 h. Finally, the cells were observed to calculate the
average wound gap between the edges of the wound.

Statistical analysis

Calculations were performed using the R programming
language  (https://www.r-project.org/). For survival
correlation assessment, methods included K-M curves,
log-rank tests, and univariate and multivariate analyses
with the Cox proportional hazards approach were used.
Categorical variables were evaluated using the student’s
t-test. To examine the relationship between two variables,
Wilcoxon correlation testing was used. In this study, a
P-value 0f<0.05 indicated statistical significance.

Data availability statement

The data presented in this study are openly available. The
gene expression data, patient clinical information, and

patient survival information of the TCGA-TNBC cohort
were downloaded from the TCGA database (https:/
portal.gdc.cancer.gov/). The external validation set was
the TNBC-related GSE135565 dataset downloaded from
the GEO database (https://www.ncbi.nlm.nih.gov/geo/).

RESULTS

Target genes were associated with complement and
coagulation cascades

In the TCGA-TNBC dataset, comparing 116 TNBC
samples with 113 HC samples revealed the presence
of 6,097DEGs of these, 3,704 genes were upregulated
and 2,393 were downregulated (Figure 1A). A sample
clustering analysis was performed, the results of which
indicated a single outlier sample which was consequently
excluded from further analyses (Supplementary Figure
1A). When identifying the optimal soft threshold value,
a value of six brought the network close to a scale-
free distribution. Using a hybrid dynamic tree-cutting
algorithm, nine modules were extracted (Supplementary
Figure 1B, 1C). The correlation results demonstrated that
the MEred module had a significantly positive correlation
with the scores of VMRGs (cor = 0.72, p = 1e-19)
(Figure 1B). Hence, this module was pinpointed as the
critical module and 497 module genes were selected
for subsequent analysis. An intersection between the
6,097 DEGs and 497 module genes resulted in a total
of 235 target genes (Figure 1C and Supplementary
Table 2). In terms of functionality, these targets were
predominantly enriched in the processes of fostering
cell-substrate adhesion positively, impeding cell migration
via negative regulation, promoting epithelial cell
proliferation, migration, transmembrane receptor protein
serine/threonine kinase signaling pathways etc., which
encompassed a total of 272 Gene Ontology (GO)
functions in total. Furthermore, these targets were
implicated in extracellular matrix (ECM)-receptor
interaction, focal adhesion, complement coagulation
cascades, and signalling pathways involving TGF-beta,
P13K-Akt, Wnt, etc., which amounted to a total of 16
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (Figure 1D, 1E and Supplementary Tables 3, 4).

KCND2, NRP1, and VSTM4 were used to construct
the survival risk and prognostic models of TNBC

Based on the above 235 target genes, three biomarkers,
including KCND2, NRP1, and VSTM4, were identified,
all of which were found to be negative factors (hazard
ratio > 1) of TNBC (Figure 2A, 2B). The risk curve,
in conjunction with the K-M curve, demonstrated
significant survival disparities between the two risk
groups (p-value = 0.0011). (Figure 2C, 2D). Furthermore,
the areas under the ROC curves (AUC values) of 3-, 5-,
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Figure 1. Screening and function of VM-related genes in TNBC. (A) Differentially expressed genes in the TCGA-TNBC dataset. (B) The
VM scores are associated with 9 gene modules. These results were then visualized in a heatmap. (C) The Venn diagram depicts 235
differentially expressed VM-associated genes. (D) The 235 differentially expressed genes associated with VM underwent a KEGG functional
enrichment analysis. (E) GO analysis was conducted on the 235 differentially expressed VM-associated genes.
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Gene Pvalue HR(CI)

NRP1 0.0286 2.08 (1.08-4.01)

KCND2 0.0243 1.79(1.08-2.98)

VSTM4 00172 2.56 (1.18-5.55)

# Events: 13; Global p-value (Log-Rank): 0.069782
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Figure 2. Construction and evaluation of risk score. (A, B) A forest chart exhibits VM-associated genes obtained through regression
analysis. (C) The model delineates the patients' risk score distribution, their survival status, and a heatmap illustrating the gene expression.
(D) A significant survival discrepancy was noted between the high-risk and low-risk groups, as evidenced by their respective KM survival
curves. (E-G) The ROC curves from the training set display distinct AUC values corresponding to the 3-year, 5-year, and 7-year overall survival

times, respectively.
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and 7-year were >0.8 (Figure 2E-2G). In addition,
the internal and external datasets were used to
verify the applicability of this survival risk model,
respectively. The results of the risk curve, K-M
curve, and ROC curve were consistent with the training
dataset (Supplementary Figure 2A-2J). These findings
indicated that this survival risk model could be used
to construct the prognostic model of TNBC. On this
basis, two factors—pathologic T and risk score—were
identified to be linked to the prognosis of TNBC, and
both negatively impacted patient survival (hazard ratio
> 1) (Figure 3A, 3B). A nomogram incorporating these
two prognostic indicators was built. The calibration curve
illustrated that the slopes for the 3-, 5-, and 7-year
survival rates approached 1. This observation implies that
the nomogram could serve as an efficacious prognostic
model for TNBC (Figure 3C, 3D).

The clinical risk of TNBC was associated with
angiogenesis-related signaling pathways

The GSEA results signified that the GO
functions of platelet-derived growth factor binding,
a protein complex involved in cell adhesion, and
etc., were highly enriched in the high-risk group,
and the functions of mitochondrial gene expression,
oxidative phosphorylation, and etc., were significantly
highly enriched in the low-risk group (Figure 4A
and Supplementary Table 5). Moreover, the ECM
receptor interaction, focal adhesion, vascular smooth
muscle contraction, TGF-f signaling pathway (KEGG
pathways), etc., were highly enriched in high-
risk group, and NOD-like receptor signaling pathway,
cell cycle, oxidative phosphorylation, etc., were
significantly highly enriched in low-risk group Figure
4B and Supplementary Table 6). Moreover, IPA
results indicated that these biomarkers were linked to
four classical pathways, which included guidance
signaling, semaphorin neuronal repulsive signaling
pathway, semaphorin signaling in neurons, and VEGF
family ligand-receptor interactions. Importantly, VEGF
family proteins promoted vascular endothelial cell
proliferation, migration, invasion, and angiogenesis
(Figure 4C, 4D and Supplementary Table 7).

The immunotherapy sensitivity was better in the
low-risk group

Immune cells, such as resting mast cells, resting
memory CD4 T cells, and resting natural killer (NK)
cells, were significantly increased, whereas one immune
cell (activated NK cells) was significantly decreased in
the high-risk group (p < 0.05) (Figure 5A, 5B). Three
biomarkers were positively correlated with the three
immune cells that were significantly increased immune
cells, and were negatively correlated with activated

NK cells, which were significantly decreased, and the
correlation results were consistent with their expressions.
In addition, a significant positive correlation was
observed between VSTM4 and resting memory CD4 T
cells (R = 0.39, p = 0.00036) (Figure 5C). Furthermore,
the group at a lower risk exhibited a significant immune
response to PD-1 (p < 0.05), which suggested that
sensitivity to immunotherapy was better in the low-
risk group (Figure 5D). Moreover, the samples in the
high-risk group were more sensitive to 25 drugs,
including bicalutamide, dasatinib, and lapatinib, and
the samples in the low-risk group were sensitive to
45 drugs, including axitinib, bosutinib, and gefitinib
(p < 0.05) (Supplementary Figure 3A, 3B).

Verification of KCND2 and VSTM4 in TNBC

The gRT-PCR method was used to ascertain the
expression levels of KCND2 and VSTM4 in 20
matching sets of TNBC and noncancerous breast
tissues. The findings indicated that compared with
adjacent noncancerous tissues, in TNBC tissues, there
was a notable elevation in the expression of both
KCND2, whereas VSTM4 was elevated in certain
patients with TNBC (Figure 6A). The protein expression
levels of KCND2 in various breast cancer cell lines
were examined, which revealed that the expression
was elevated in TNBC compared with normal cells
or other breast cancer cell types (Figure 6B). Lastly,
immunohistochemistry assays were performed for
KCND2, which demonstrated that the expression of
KCND2 in 20 pairs of TNBC samples was higher than
that in matched adjacent samples (Figure 6C).

Knockdown of KCND2 and VSTM4 prevented the
proliferation and migration capabilities of TNBC cells

Small interfering RNA targeting KCND2 and
VSTM4 were transfected into MDA-MB-231 and
BT-549 cells, respectively, and the efficiency of the
fragments was verified. Effective fragments were
selected for subsequent experiments (Figure 7A, 7D
and Supplementary Figure 4A, 4D). EDU and CCK-8
assays revealed that the knockdown of KCND2 and
VSTM4 reduced the proliferation capability of TNBC
cells (Figure 7B, 7C, 7E, 7F and Supplementary
Figure 4B, 4C, 4E, 4F). Wound healing assays
confirmed that the knockdown of KCND2 and VSTM4
decreased the migration ability of TNBC cells (Figure
7G, 7H and Supplementary Figure 4G, 4H).

DISCUSSION
The growth process of malignant tumors requires

a considerable amount of oxygen to sustain their
continued proliferation. When the tumor size exceeds
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Figure 4. GSEA and IPA analysis. (A, B) GSEA enrichment analysis was conducted based on both GO gene sets and KEGG gene sets. The
top 5 most significant pathways were selected for depiction in the GSEA enrichment analysis. (C) IPA examination uncovers the abundance of
distinct gene expression between the high-risk and low-risk groups. (D) Depiction of the functional roles of the key mRNAs in the signaling
pathway corresponds to the highest absolute z-score.
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Figure 5. Differences in the immune cells across various groups. (A) The distribution proportion of immune cell abundance across all
samples. (B) Differences in the abundance of immune cells between the high-risk and low-risk groups. (C) The correlation between prognostic
genes and immune cells displays significant differences between the high-risk and low-risk groups. (D) Employing the SubMap method
allowed an indirect estimation of the responsiveness to PD-1 and CTLA-4 immunotherapies in the high-risk and low-risk patient clusters.
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Figure 7. Depletion of KCND2 and VSTM4 reduces the proliferation and migration of TNBC cells in vitro. (A) The knockdown
efficiency of siRNA targeting KCND2 in BT-549 cells was verified. (B) EdU incorporation analysis and (C) CCK-8 assay revealed that the
knockdown of KCND2 affected the cell proliferation in BT-549 cells. (D) The knockdown efficiency of siRNA targeting VSTM4 in MDA-MB-231
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Wound healing assay results showed that the knockdown of VSTM4 impacted the migration of MDA-MB-231 cells. *P < 0.05, **P < 0.01,

***p < 0.001.
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2 mm, the mass is unable to acquire sufficient oxygen
and faces with a hypoxic environment [25]. Therefore,
the tumor necessitates the formation of new vessels
need to be formed for oxygenation. VM, a method of
vasculature formation noted in various malignant tumors
in recent years, has not been completely understood.
However, the study of the tumor growth substrate
or “microenvironment” has implied an inseparable
connection between the hypoxic environment during
solid tumor growth and VM.

Characteristics linked to unfavorable prognosis in TNBC
include increased rates of recurrence, axillary lymph
node metastasis, reduced survival rates, increased tumor
dimensions, and inferior histological grading [26, 27].
Presently, in breast cancer, a key limitation in the
treatment against angiogenesis for breast cancer is that
although it hinders angiogenesis, it could potentially
foster the development of VM via the induction of
hypoxia. This could potentially favor VM, which, in turn,
may enhance distant metastasis [28, 29]. Hence, a study
has proposed that the optimal strategy for inhibiting
the formation of tumor vasculature is to concurrently
suppress angiogenesis and VM [30]. In this study,
235 target genes linked to ECM-receptor interaction,
focal adhesion, complement and coagulation cascades,
TGF-B, PI3K-Akt, and Wnt signaling pathways were
identified. These functionalities and pathways bear
a close relationship to VM. An intricate association
exists between thrombin expression in tumors and VM
formation, as demonstrated by elevated thrombin levels
in tumor samples from patients with VM [31]. Under the
influence of hypoxia, the ECM is extensively degraded
by matrix metalloproteinases (MMPs) produced by
cancer cells, as a result, the resistance to alterations in
cellular morphology throughout the process of VM is
diminished and VM is promoted via facilitation of
epithelial to endothelial transition. This mechanism is
triggered by TGF-B [32], PI3K-Akt [33], and the Wnt/fB-
catenin pathway [34] and involves molecules such as
ZEB1 [35], Twistl [36], MMP-3 [37], and MMP-14
[38], which corroborates our findings. A prognostic
risk score related to TNBC was constructed using the
aforementioned 235DEGs associated with VM. The
analysis suggested that NRP1, KCND2, and VSTM4
were associated with TNBC prognosis. NRP1 is a
single-pass transmembrane glycoprotein that comprises
extracellular, transmembrane, and intracellular domains.
In previous studies, the high expression of NRPL,
together with the occurrence of VM, has been linked
to unfavorable outcomes in patients with TNBC as it
promotes tumor proliferation and metastasis. Down-
regulation of NRP1 in TNBC also resulted in the
reduced expression of VM-associated genes, such as
ZEB1 and Twistl. NRP1 can drive tumor progression
by activating the RAS-MAPK pathway via EGFR and

PDGFR. In the presence of TGF-1, NRPI1, and TPRI
are cointernalized, which enhances classical Smad2/3
signal transduction. VEGF can influence the autocrine
survival of TNBC cells via NRP1 [39-41]. KCND2,
which is a part of the potassium voltage-gated channel
subfamily, has been recently reported to promote gastric
cancer [42] and lung adenocarcinoma [43]. KCND2
has been earmarked by scientists as a crucial determinant
in the prognosis of individuals with breast cancer. Its
increased expression has been linked to a reduced
survival period in these patients. KCND2 has been
identified to be a factor that promotes invasiveness and
metastasis potential in breast cancer. Furthermore, it
regulates cell cycle fluctuations in breast cancer cells,
thereby facilitating the progression from the G1 to the S
phase [44]. VSTM4, which comprises 320 amino acids,
is a transmembrane protein whose biological functions
are akin to those of VEGF [45]. A study has indicated its
high expression in patients with acute myeloid leukemia
[46]. Furthermore, high levels of VSTM4 have been
noted in the tumors of murine models of colon cancer
and melanoma [47]. In breast cancer, short hairpin
RNA screening and sequencing for tamoxifen resistance
or sensitivity in patients with ER+ breast cancer patients
revealed that the downregulation of VSTM4 can augment
the sensitivity to tamoxifen treatment [48]. Our study
has validated the upregulation of the abovementioned
genes in TNBC via gRT-PCR of clinical specimens,
IHC, and western blotting of cells. Cox regression
indicated that the three VM-associated genes, namely,
NRP1, KCND2, and VSTM4, can independently predict
the prognosis of TNBC. Concurrently, a clinical
prognostic model for patient survival prediction, was
constructed by integrating the risk score with clinical
indicators. The nomogram’s ability to predict survival
at 3, 5, and 7 years demonstrated its effectiveness in
forecasting the survival outcomes for patients with
TNBC. The results of GSEA and IPA analysis were
in line with prior findings, such as the significant
enrichment of platelet-derived growth factor binding,
proteins involved in cell adhesion complexes, ECM-
receptor interaction, focal adhesion, and TGF signaling
pathway in the high-risk group. Similarly, IPA results
suggested a high degree of enrichment in the interaction
of the VEGF family ligand-receptor in the pathways
linked to prognostic genes between the high and low-
risk groups. VEGF family proteins are associated with
the promotion of proliferation, survival, migration, and
invasion of vascular endothelial cells, angiogenesis, and
increased vascular permeability [49]. In the TME,
different immune cells either promote or inhibit cancer
[50]. Our findings have shed light on the relationship
between high and low-risk groups in the model and
immune cells. This result supports the current research
finding that resting memory CD4 T-cells are found in
later-stage TNBC [51]. Moreover, resting mast cells are
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upregulated in high-risk TNBC populations [52].
The increase in activated NK cells can improve the
efficacy of trastuzumab treatment for TNBC [53].
In addition, the association between the three screened
biomarkers and the immune cells was comparable
between the high and low-risk groups. Mast cells
produce copious amounts of molecules that promote
angiogenesis and lymphangiogenesis. Tumor-associated
mast cells can alter multiple facets of cancer, such
as angiogenesis, proliferation, immune regulation, and
tissue remodeling. The experimental findings confirmed
a reduction in tumor formation and growth in mast
cell-deficient mutant mice which emphasizes the key
role of mast cells play in tumor development. Moreover,
human mast cells have been reported to express VEGF
receptors 1 (VEGFR-1) and 2 (VEGFR-2), co-receptor
(NRP1), and -2 (NRP2) receptors [54]. The anomalous
expression of K+ channels in cancer cells is also
involved in oncogenic signal transmission, and makes
the transformed cells self-reliant with respect to survival
and growth factors. In addition, it triggers metabolic
alterations, sustains the stem-cell phenotype, stimulates
tissue infiltration and metastasis, or increases treatment
[55]. The cytotoxicity of activated NK cells is not
only linked to intrinsic cellular activity and membrane
changes but also associated with the activity of K+
ion channels [56]. Immune cells related to antitumor
activities, such as CD8+ T cells [57], decrease with the
increase in KCND2 expression. The fusion protein
of VSTM4 and Fc (VSTM4-Fc) has previously been
shown to inhibit the activation of human T cells. In the
presence of T cell receptor signal transduction, VSTM4
substantially inhibits human T cell proliferation and
markedly decreases the production of cytokines, such
as IFN-y, IL-2, and IL-17, cytokines in human T
cells. VSTM4-Fc binds strongly to activated human T
cells, whereas it binds weakly to resting, nonactivated
T cells. Our research has indirectly confirmed these
findings [58]. Moreover, drug sensitivity analyses were
performed for the high and low-risk groups. Our finding
revealed that the group identified as high-risk group
exhibited heightened sensitivity to medications such
as bicalutamide, dasatinib, and lapatinib. Of these,
bicalutamide can reverse the decrease in E-cadherin in
TNBC, thereby reversing EMT [59], which is associated
with VM formation [60]. In TNBC, using functionalized
vincristine plus dasatinib liposomes which have been
tailored using the targeted molecule DSPE-PEG 2000 -
¢(RGDyK), both in vivo and in vitro can result in the
nondetection of recognized VM channel markers. These
include vascular endothelial cadherin (VE-Cad), focal
adhesion kinase (FAK), PI3K, and MMP-2, and MMP-9.
Consequently, the blood circulation time is prolonged,
its accumulation in tumor tissues is amplified, treatment
outcomes are enhanced, and VM channels are absent in
mice afflicted with TNBC [61]. Studies have reported

that anti-EGFR can inhibit VM and angiogenesis,
thus reducing TNBC metastasis [62]. Furthermore,
preclinical studies have stated that the EGFR inhibitor
lapatinib exerts antiproliferative effects in TNBC [63].
Nonetheless, its clinical performance has been subpar
[64], which may be related to the complex heterogeneity
of TNBC. The lower-risk group samples were further
found to show higher sensitivity to drugs such as
axitinib, bosutinib, and gefitinib. Certain basic and early
clinical trials have been conducted on these drugs in
TNBC [65-68], but further foundational theories and
larger clinical sample sizes are still required.

In this study, bioinformatics was used to screen for three
biological markers with prognostic value, which are
associated with VM in TNBC, from public databases.
However, owing to issues with the accessibility of
antibodies, the expression of VSTM4 was not examined
via IHC and western blotting. Furthermore, the fact that
the data were sourced from public databases may
present certain limitations. Given the limited number
of TNBC datasets in public databases and the poor
validation performance of the available datasets, a 7:3
split was employed.

Considering the aforementioned limitations, further
analysis is required to comprehend the functions of these
biomarkers in TNBC, their upstream and downstream
regulatory mechanisms, and their relationship with VM.

CONCLUSIONS

In summary, our study identified biomarkers in
TNBC related to VM with prognostic value by
constructing a VM-risk scoring for TNBC. Both
training and validation cohorts exhibited satisfactory
predictive performance, which facilitated the prediction
of outcomes for patients with TNBC. By performing
multifactor Cox regression analysis on tumor staging
and risk scores, a prognostic model was built and
evaluated using calibration curves. The results showed
that the model performed well and could be used for the
clinical prediction of patients’ survival. Additionally,
VM-related genes were found to be possibly associated
with the immune microenvironment of TNBC, and drug
sensitivity prediction was performed. These findings
provide valuable references for the treatment of TNBC.

AUTHOR CONTRIBUTIONS

Conceptualization, YR and ZT; methodology,
YR; software, LF; validation, YR and LF; formal
analysis, YR, ZT and LF; data curation, YR,
LF and ZT; writing—original draft preparation, YR,
ZT and LF; additional experiments, FZ; writing
review and editing, SL; supervision, SL; project

WWWw.aging-us.com

8099

AGING



administration, SL; funding acquisition. All authors
have read and agreed to the published version of the
manuscript.

CONFLICTS 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.

ETHICAL STATEMENT AND CONSENT

The study was conducted in accordance with the Ethics
Committee of the Affiliated Hospital of Guizhou Medical
University. The project complied with the Ministry of
Health’s “Methods for Ethical Review of Biomedical
Research Involving Human Beings (Trial)” and the
relevant provisions of the Helsinki Declaration on
biological human testing. Ethical approval was obtained
from the Ethics Review Committee of the First Affiliated
Hospital of Guizhou Medical University. The approval
date is December 15, 2022. The project number is Ethical
Review No. 709 of 2022. All participating patients
provided their written informed consent in compliance
with pertinent guidelines.

FUNDING

The study was funded by the National Natural Science
Foundation Training Program of Guizhou Medical
University (82060480).

REFERENCES

1. Fahad Ullah M. Breast Cancer: Current Perspectives
on the Disease Status. Adv Exp Med Biol. 2019;
1152:51-64.
https://doi.org/10.1007/978-3-030-20301-6 4
PMID:31456179

2. Jitariu AA, Cimpean AM, Ribatti D, Raica M. Triple
negative breast cancer: the kiss of death. Oncotarget.
2017; 8:46652-62.
https://doi.org/10.18632/oncotarget.16938
PMID:28445140

3. Lyons TG. Targeted Therapies for Triple-Negative
Breast Cancer. Curr Treat Options Oncol. 2019; 20:82.
https://doi.org/10.1007/s11864-019-0682-x
PMID:31754897

4. LiX, YanglJ, Peng L, Sahin AA, Huo L, Ward KC, O’'Regan
R, Torres MA, Meisel JL. Triple-negative breast cancer
has worse overall survival and cause-specific survival
than non-triple-negative breast cancer. Breast Cancer
Res Treat. 2017; 161:279-87.
https://doi.org/10.1007/s10549-016-4059-6

10.

11.

12.

PMID:27888421

Katayama Y, Uchino J, Chihara Y, Tamiya N, Kaneko Y,
Yamada T, Takayama K. Tumor Neovascularization and
Developments in Therapeutics. Cancers (Basel). 2019;
11:316.

https://doi.org/10.3390/cancers11030316
PMID:30845711

Diaz RJ, Ali S, Qadir MG, De La Fuente MI, lvan ME,
Komotar RJ. The role of bevacizumab in the treatment
of glioblastoma. J Neurooncol. 2017; 133:455-67.
https://doi.org/10.1007/s11060-017-2477-x
PMID:28527008

Corrie PG, Marshall A, Nathan PD, Lorigan P, Gore M,
Tahir S, Faust G, Kelly CG, Marples M, Danson SJ,
Marshall E, Houston SJ, Board RE, et al, and AVAST-M
Investigators. Adjuvant bevacizumab for melanoma
patients at high risk of recurrence: survival analysis of
the AVAST-M trial. Ann Oncol. 2018; 29:1843-52.
https://doi.org/10.1093/annonc/mdy229
PMID:30010756

Maniotis AJ, Folberg R, Hess A, Seftor EA, Gardner LM,
Pe’er J, Trent JM, Meltzer PS, Hendrix MJ. Vascular
channel formation by human melanoma cells in vivo
and in vitro: vasculogenic mimicry. Am J Pathol. 1999;
155:739-52.
https://doi.org/10.1016/5S0002-9440(10)65173-5
PMID:10487832

Kirschmann DA, Seftor EA, Hardy KM, Seftor RE,
Hendrix MJ. Molecular pathways: vasculogenic mimicry
in tumor cells: diagnostic and therapeutic implications.
Clin Cancer Res. 2012; 18:2726-32.
https://doi.org/10.1158/1078-0432.CCR-11-3237
PMID:22474319

Xing P, Dong H, Liu Q, Zhao T, Yao F, Xu Y, Chen B,
Zheng X, Wu Y, Jin F, Li J. ALDH1 Expression and
Vasculogenic Mimicry Are Positively Associated with
Poor Prognosis in Patients with Breast Cancer. Cell
Physiol Biochem. 2018; 49:961-70.
https://doi.org/10.1159/000493227

PMID:30184527

Sun H, Yao N, Cheng S, Li L, Liu S, Yang Z, Shang G,
Zhang D, Yao Z. Cancer stem-like cells directly
participate in vasculogenic mimicry channels in triple-
negative breast cancer. Cancer Biol Med. 2019;
16:299-311.
https://doi.org/10.20892/j.issn.2095-3941.2018.0209
PMID:31516750

Sun H, Zhang D, Yao Z, Lin X, Liu J, Gu Q, Dong X, Liu F,
Wang Y, Yao N, Cheng S, Li L, Sun S. Anti-angiogenic
treatment promotes triple-negative breast cancer
invasion via vasculogenic mimicry. Cancer Biol Ther.
2017; 18:205-13.
https://doi.org/10.1080/15384047.2017.1294288

WWWw.aging-us.com

8100

AGING


https://doi.org/10.1007/978-3-030-20301-6_4
https://pubmed.ncbi.nlm.nih.gov/31456179
https://doi.org/10.18632/oncotarget.16938
https://pubmed.ncbi.nlm.nih.gov/28445140
https://doi.org/10.1007/s11864-019-0682-x
https://pubmed.ncbi.nlm.nih.gov/31754897
https://doi.org/10.1007/s10549-016-4059-6
https://pubmed.ncbi.nlm.nih.gov/27888421
https://doi.org/10.3390/cancers11030316
https://pubmed.ncbi.nlm.nih.gov/30845711
https://doi.org/10.1007/s11060-017-2477-x
https://pubmed.ncbi.nlm.nih.gov/28527008
https://doi.org/10.1093/annonc/mdy229
https://pubmed.ncbi.nlm.nih.gov/30010756
https://doi.org/10.1016/S0002-9440(10)65173-5
https://pubmed.ncbi.nlm.nih.gov/10487832
https://doi.org/10.1158/1078-0432.CCR-11-3237
https://pubmed.ncbi.nlm.nih.gov/22474319
https://doi.org/10.1159/000493227
https://pubmed.ncbi.nlm.nih.gov/30184527
https://doi.org/10.20892/j.issn.2095-3941.2018.0209
https://pubmed.ncbi.nlm.nih.gov/31516750
https://doi.org/10.1080/15384047.2017.1294288

13.

14.

15.

16.

17.

18.

19.

PMID:28278077

Liu TJ, Sun BC, Zhao XL, Zhao XM, Sun T, Gu Q, Yao Z,
Dong XY, Zhao N, Liu N. CD133+ cells with cancer stem
cell characteristics associates with vasculogenic
mimicry in triple-negative breast cancer. Oncogene.
2013; 32:544-53.

https://doi.org/10.1038/0nc.2012.85 PMID:22469978

Zhang D, Sun B, Zhao X, Ma VY, Ji R, Gu Q, Dong X, Li J,
Liu F, Jia X, Leng X, Zhang C, Sun R, Chi J. Twistl
expression induced by sunitinib accelerates tumor cell
vasculogenic mimicry by increasing the population of
CD133+ cells in triple-negative breast cancer. Mol
Cancer. 2014; 13:207.
https://doi.org/10.1186/1476-4598-13-207
PMID:25200065

Zou Y, Xie J, Zheng S, Liu W, Tang Y, Tian W, Deng X,
Wu L, Zhang Y, Wong CW, Tan D, Liu Q, Xie X.
Leveraging diverse cell-death patterns to predict the
prognosis and drug sensitivity of triple-negative breast
cancer patients after surgery. Int J Surg. 2022;
107:106936.
https://doi.org/10.1016/].ijsu.2022.106936
PMID:36341760

Jiang YZ, Liu YR, Xu XE, Jin X, Hu X, Yu KD, Shao ZM.
Transcriptome Analysis of Triple-Negative Breast
Cancer Reveals an Integrated mRNA-IncRNA Signature
with Predictive and Prognostic Value. Cancer Res.
2016; 76:2105-14.
https://doi.org/10.1158/0008-5472.CAN-15-3284
PMID:26921339

Wang H, Wang R, Luo L, Hong J, Chen X, Shen K, Wang
Y, Huang R, Wang Z. An exosome-based specific
transcriptomic signature for profiling regulation
patterns and modifying tumor immune
microenvironment infiltration in triple-negative breast
cancer. Front Immunol. 2023; 14:1295558.
https://doi.org/10.3389/fimmu.2023.1295558
PMID:38124743

Huang R, Wang H, Hong J, Wang Z, Wu J, Huang O, He
J, Chen W, Li Y, Chen X, Shen K. A senescence-
associated signature refines the classification of
different modification patterns and characterization of
tumor immune microenvironment infiltration in triple-
negative breast cancer. Front Pharmacol. 2023;
14:1191910.
https://doi.org/10.3389/fphar.2023.1191910
PMID:37251343

Wang J, Xia W, Huang Y, Li H, Tang Y, Li Y, Yi B, Zhang Z,
Yang J, Cao Z, Zhou J. A vasculogenic mimicry
prognostic  signature associated with immune
signature in human gastric cancer. Front Immunol.
2022;13:1016612.
https://doi.org/10.3389/fimmu.2022.1016612

20.

21.

22.

23.

24.

25.

26.

27.

28.

PMID:36505458

Love MI, Huber W, Anders S. Moderated estimation of
fold change and dispersion for RNA-seq data with
DESeq2. Genome Biol. 2014; 15:550.
https://doi.org/10.1186/s13059-014-0550-8
PMID:25516281

Langfelder P, Horvath S. WGCNA: an R package for
weighted  correlation  network analysis. BMC
Bioinformatics. 2008; 9:559.
https://doi.org/10.1186/1471-2105-9-559
PMID:19114008

Wu T, HUE, Xu S, Chen M, Guo P, Dai Z, Feng T, Zhou L,

Tang W, Zhan L, Fu X, Liu S, Bo X, Yu G. clusterProfiler
4.0: A universal enrichment tool for interpreting omics
data. Innovation (Camb). 2021; 2:100141.
https://doi.org/10.1016/j.xinn.2021.100141
PMID:34557778

Chang YC, Su CY, Chen MH, Chen WS, Chen CL, Hsiao
M. Secretory RAB GTPase 3C modulates IL6-STAT3
pathway to promote colon cancer metastasis and is
associated with poor prognosis. Mol Cancer. 2017;
16:135.

https://doi.org/10.1186/s12943-017-0687-7
PMID:28784136

Lu X, Jiang L, Zhang L, Zhu Y, Hu W, Wang J, Ruan X, Xu
Z, Meng X, Gao J, Su X, Yan F. Immune Signature-Based
Subtypes of Cervical Squamous Cell Carcinoma Tightly
Associated with Human Papillomavirus Type 16
Expression, Molecular Features, and Clinical Outcome.
Neoplasia. 2019; 21:591-601.
https://doi.org/10.1016/j.ne0.2019.04.003
PMID:31055200

Jiang X, Wang J, Deng X, Xiong F, Zhang S, Gong Z, Li X,
Cao K, Deng H, He Y, Liao Q, Xiang B, Zhou M, et al. The
role of microenvironment in tumor angiogenesis. J Exp
Clin Cancer Res. 2020; 39:204.
https://doi.org/10.1186/s13046-020-01709-5
PMID:32993787

Shirakawa K, Wakasugi H, Heike Y, Watanabe |,
Yamada S, Saito K, Konishi F. Vasculogenic mimicry and
pseudo-comedo formation in breast cancer. Int J
Cancer. 2002; 99:821-8.
https://doi.org/10.1002/ijc.10423 PMID:12115483

Shen Y, Quan J, Wang M, Li S, Yang J, Lv M, Chen Z,
Zhang L, Zhao X, Yang J. Tumor vasculogenic mimicry
formation as an unfavorable prognostic indicator in
patients with breast cancer. Oncotarget. 2017;
8:56408-16.
https://doi.org/10.18632/oncotarget.16919
PMID:28915600

Xu'Y, Li Q, Li XY, Yang QY, Xu WW, Liu GL. Short-term
anti-vascular endothelial growth factor treatment elicits
vasculogenic mimicry formation of tumors to accelerate

WWWw.aging-us.com

8101

AGING


https://pubmed.ncbi.nlm.nih.gov/28278077
https://doi.org/10.1038/onc.2012.85
https://pubmed.ncbi.nlm.nih.gov/22469978
https://doi.org/10.1186/1476-4598-13-207
https://pubmed.ncbi.nlm.nih.gov/25200065
https://doi.org/10.1016/j.ijsu.2022.106936
https://pubmed.ncbi.nlm.nih.gov/36341760
https://doi.org/10.1158/0008-5472.CAN-15-3284
https://pubmed.ncbi.nlm.nih.gov/26921339
https://doi.org/10.3389/fimmu.2023.1295558
https://pubmed.ncbi.nlm.nih.gov/38124743
https://doi.org/10.3389/fphar.2023.1191910
https://pubmed.ncbi.nlm.nih.gov/37251343
https://doi.org/10.3389/fimmu.2022.1016612
https://pubmed.ncbi.nlm.nih.gov/36505458
https://doi.org/10.1186/s13059-014-0550-8
https://pubmed.ncbi.nlm.nih.gov/25516281
https://doi.org/10.1186/1471-2105-9-559
https://pubmed.ncbi.nlm.nih.gov/19114008
https://doi.org/10.1016/j.xinn.2021.100141
https://pubmed.ncbi.nlm.nih.gov/34557778
https://doi.org/10.1186/s12943-017-0687-7
https://pubmed.ncbi.nlm.nih.gov/28784136
https://doi.org/10.1016/j.neo.2019.04.003
https://pubmed.ncbi.nlm.nih.gov/31055200
https://doi.org/10.1186/s13046-020-01709-5
https://pubmed.ncbi.nlm.nih.gov/32993787
https://doi.org/10.1002/ijc.10423
https://pubmed.ncbi.nlm.nih.gov/12115483
https://doi.org/10.18632/oncotarget.16919
https://pubmed.ncbi.nlm.nih.gov/28915600

29.

30.

31

32

33.

34.

35.

metastasis. J Exp Clin Cancer Res. 2012; 31:16.
https://doi.org/10.1186/1756-9966-31-16
PMID:22357313

Valencia-Cervantes J, Huerta-Yepez S, Aquino-Jarquin
G, Rodriguez-Enriquez S, Martinez-Fong D, Arias-
Montafio JA, Davila-Borja VM. Hypoxia increases
chemoresistance in human medulloblastoma DAOY
cells via hypoxia-inducible factor la-mediated
downregulation of the CYP2B6, CYP3A4 and CYP3A5
enzymes and inhibition of cell proliferation. Oncol Rep.
2019; 41:178-90.

https://doi.org/10.3892/0r.2018.6790 PMID:30320358

Pérez SA, de Haro C, Vicente C, Donaire A, Zamora A,
Zajac J, Kostrhunova H, Brabec V, Bautista D, Ruiz J.
New Acridine Thiourea Gold(l) Anticancer Agents:
Targeting the Nucleus and Inhibiting Vasculogenic
Mimicry. ACS Chem Biol. 2017; 12:1524-37.
https://doi.org/10.1021/acschembio.7b00090
PMID:28388047

Zhao B, Wu M, HuZ, Ma Y, Qi W, Zhang Y, Li Y, Yu M,
Wang H, Mo W. Thrombin is a therapeutic target for
non-small-cell lung cancer to inhibit vasculogenic
mimicry formation. Signal Transduct Target Ther. 2020;
5:117.

https://doi.org/10.1038/s41392-020-0167-1
PMID:32647187

Gustafsson MV, Zheng X, Pereira T, Gradin K, Jin S,
Lundkvist J, Ruas JL, Poellinger L, Lendahl U, Bondesson
M. Hypoxia requires notch signaling to maintain the
undifferentiated cell state. Dev Cell. 2005; 9:617-28.
https://doi.org/10.1016/j.devcel.2005.09.010
PMID:16256737

Pierobon M, Ramos C, Wong S, Hodge KA, Aldrich J,
Byron S, Anthony SP, Robert NJ, Northfelt DW,
Jahanzeb M, Vocila L, Wulfkuhle J, Gambara G, et al.
Enrichment of PI3K-AKT-mTOR Pathway Activation in
Hepatic Metastases from Breast Cancer. Clin Cancer
Res. 2017; 23:4919-28.
https://doi.org/10.1158/1078-0432.CCR-16-2656
PMID:28446508

Zhang Q, Bai X, Chen W, Ma T, Hu Q, Liang C, Xie S,
Chen C, Hu L, Xu S, Liang T. Wnt/B-catenin signaling
enhances hypoxia-induced epithelial-mesenchymal
transition in hepatocellular carcinoma via crosstalk
with hif-1a signaling. Carcinogenesis. 2013; 34:962-73.
https://doi.org/10.1093/carcin/bgt027
PMID:23358852

Yang Z, Sun B, Li Y, Zhao X, Zhao X, Gu Q, An J, Dong X,
Liu F, Wang Y. ZEB2 promotes vasculogenic mimicry by
TGF-B1 induced epithelial-to-mesenchymal transition
in hepatocellular carcinoma. Exp Mol Pathol. 2015;
98:352-9.
https://doi.org/10.1016/j.yexmp.2015.03.030

36.

37.

38.

39.

40.

41.

42.

43.

PMID:25818166

Yang J, Zhang X, Zhang Y, Zhu D, Zhang L, Li Y, Zhu Y, Li
D, Zhou J. HIF-2a promotes epithelial-mesenchymal
transition through regulating Twist2 binding to the
promoter of E-cadherin in pancreatic cancer. J Exp Clin
Cancer Res. 2016; 35:26.
https://doi.org/10.1186/s13046-016-0298-y
PMID:26842802

Nistico P, Bissell MJ, Radisky DC. Epithelial-
mesenchymal transition: general principles and
pathological relevance with special emphasis on the
role of matrix metalloproteinases. Cold Spring Harb
Perspect Biol. 2012; 4:a011908.
https://doi.org/10.1101/cshperspect.a011908
PMID:22300978

Semenza GL. Hypoxia-inducible factors: mediators of
cancer progression and targets for cancer therapy.
Trends Pharmacol Sci. 2012; 33:207-14.
https://doi.org/10.1016/].tips.2012.01.005
PMID:22398146

Tang YH, Rockstroh A, Sokolowski KA, Lynam LR,
Lehman M, Thompson EW, Gregory PA, Nelson CC,
Volpert M, Hollier BG. Neuropilin-1 is over-expressed
in claudin-low breast cancer and promotes tumor
progression through acquisition of stem cell
characteristics and RAS/MAPK pathway activation.
Breast Cancer Res. 2022; 24:8.
https://doi.org/10.1186/s13058-022-01501-7
PMID:35078508

Glinka Y, Stoilova S, Mohammed N, Prud’homme GJ.
Neuropilin-1 exerts co-receptor function for TGF-beta-
1 on the membrane of cancer cells and enhances
responses to both latent and active TGF-beta.
Carcinogenesis. 2011; 32:613-21.
https://doi.org/10.1093/carcin/bgg281
PMID:21186301

Bachelder RE, Crago A, Chung J, Wendt MA, Shaw LM,
Robinson G, Mercurio AM. Vascular endothelial growth
factor is an autocrine survival factor for neuropilin-
expressing breast carcinoma cells. Cancer Res. 2001;
61:5736-40.

PMID:11479209

Zhou H, Su D, Chen Y, Zhang Y, Huang P. KCND2: A

prognostic biomarker and regulator of immune
function in gastric cancer. Cancer Med. 2023;
12:16279-94.

https://doi.org/10.1002/cam4.6236 PMID:37347147

Lu X, Li K, Yang J. Potassium voltage-gated channel
subfamily D member 2 induces an aggressive
phenotype in lung adenocarcinoma. Neoplasma. 2021;
68:135-43.

https://doi.org/10.4149/neo 2020 200629N667

WWWw.aging-us.com

8102

AGING


https://doi.org/10.1186/1756-9966-31-16
https://pubmed.ncbi.nlm.nih.gov/22357313
https://doi.org/10.3892/or.2018.6790
https://pubmed.ncbi.nlm.nih.gov/30320358
https://doi.org/10.1021/acschembio.7b00090
https://pubmed.ncbi.nlm.nih.gov/28388047
https://doi.org/10.1038/s41392-020-0167-1
https://pubmed.ncbi.nlm.nih.gov/32647187
https://doi.org/10.1016/j.devcel.2005.09.010
https://pubmed.ncbi.nlm.nih.gov/16256737
https://doi.org/10.1158/1078-0432.CCR-16-2656
https://pubmed.ncbi.nlm.nih.gov/28446508
https://doi.org/10.1093/carcin/bgt027
https://pubmed.ncbi.nlm.nih.gov/23358852
https://doi.org/10.1016/j.yexmp.2015.03.030
https://pubmed.ncbi.nlm.nih.gov/25818166
https://doi.org/10.1186/s13046-016-0298-y
https://pubmed.ncbi.nlm.nih.gov/26842802
https://doi.org/10.1101/cshperspect.a011908
https://pubmed.ncbi.nlm.nih.gov/22300978
https://doi.org/10.1016/j.tips.2012.01.005
https://pubmed.ncbi.nlm.nih.gov/22398146
https://doi.org/10.1186/s13058-022-01501-7
https://pubmed.ncbi.nlm.nih.gov/35078508
https://doi.org/10.1093/carcin/bgq281
https://pubmed.ncbi.nlm.nih.gov/21186301
https://pubmed.ncbi.nlm.nih.gov/11479209
https://doi.org/10.1002/cam4.6236
https://pubmed.ncbi.nlm.nih.gov/37347147
https://doi.org/10.4149/neo_2020_200629N667

44,

45.

46.

47.

48.

49.

50.

51.

PMID:32977724

Yang S, Zhou P, Qi L, Wang Y, Li Y, Wang X. Promoting
proliferation and tumorigenesis of breast cancer:
KCND2'’s significance as a prognostic factor. Funct
Integr Genomics. 2023; 23:257.
https://doi.org/10.1007/s10142-023-01183-0
PMID:37522982

Shi L, Zhao M, Abbey CA, Tsai SH, Xie W, Pham D,
Chapman S, Bayless KJ, Hein TW, Rosa RH Jr, Ko ML,
Kuo L, Ko GY. Newly Identified Peptide, Peptide Lv,
Promotes Pathological Angiogenesis. ] Am Heart Assoc.
2019; 8:e013673.
https://doi.org/10.1161/JAHA.119.013673
PMID:31698979

Li J, Ge Z. High HSPA8 expression predicts adverse
outcomes of acute myeloid leukemia. BMC Cancer.
2021; 21:475.
https://doi.org/10.1186/s12885-021-08193-w
PMID:33926391

Belk JA, Yao W, Ly N, Freitas KA, Chen YT, Shi Q,
Valencia AM, Shifrut E, Kale N, Yost KE, Duffy CV,
Daniel B, Hwee MA, et al. Genome-wide CRISPR
screens of T cell exhaustion identify chromatin
remodeling factors that limit T cell persistence. Cancer
Cell. 2022; 40:768-86.€7.
https://doi.org/10.1016/j.ccell.2022.06.001
PMID:35750052

Mendes-Pereira AM, Sims D, Dexter T, Fenwick K,
Assiotis |, Kozarewa |, Mitsopoulos C, Hakas J, Zvelebil
M, Lord CJ, Ashworth A. Genome-wide functional
screen identifies a compendium of genes affecting
sensitivity to tamoxifen. Proc Natl Acad Sci USA. 2012;
109:2730-5.
https://doi.org/10.1073/pnas.1018872108
PMID:21482774

Mawalla B, Yuan X, Luo X, Chalya PL. Treatment
outcome of anti-angiogenesis through VEGF-pathway
in the management of gastric cancer: a systematic
review of phase Il and llI clinical trials. BMC Res Notes.
2018; 11:21.
https://doi.org/10.1186/s13104-018-3137-8
PMID:29329598

Hamon P, Gerbé De Thoré M, Classe M, Signolle N, Liu
W, Bawa O, Meziani L, Clémenson C, Milliat F, Deutsch
E, Mondini M. TGFB receptor inhibition unleashes
interferon-B  production by  tumor-associated
macrophages and enhances radiotherapy efficacy. J
Immunother Cancer. 2022; 10:e003519.
https://doi.org/10.1136/]itc-2021-003519
PMID:35301235

Jiang K, Dong M, Li C, Sheng J. Unraveling
Heterogeneity of Tumor Cells and Microenvironment
and Its Clinical Implications for Triple Negative Breast

52.

53.

54.

55.

56.

57.

58.

59.

60.

Cancer. Front Oncol. 2021; 11:557477.
https://doi.org/10.3389/fonc.2021.557477
PMID:33854958

Qiu P, Guo Q, Yao Q, Chen J, Lin J. Characterization of
Exosome-Related Gene Risk Model to Evaluate the
Tumor Immune Microenvironment and Predict
Prognosis in Triple-Negative Breast Cancer. Front
Immunol. 2021; 12:736030.
https://doi.org/10.3389/fimmu.2021.736030
PMID:34659224

Julid EP, Mordoh J, Levy EM. Cetuximab and IL-15
Promote NK and Dendritic Cell Activation In Vitro in
Triple Negative Breast Cancer. Cells. 2020; 9:1573.
https://doi.org/10.3390/cells9071573

PMID:32605193

Marone G, Varricchi G, Loffredo S, Granata F. Mast
cells and basophils in inflammatory and tumor
angiogenesis and lymphangiogenesis. Eur J Pharmacol.
2016; 778:146-51
https://doi.org/10.1016/j.ejphar.2015.03.088
PMID:25941082

Pardo LA, Stihmer W. The roles of K(+) channels in
cancer. Nat Rev Cancer. 2014; 14:39-48.
https://doi.org/10.1038/nrc3635 PMID:24336491

Schulte-Mecklenbeck A, Bittner S, Ehling P, Doring F,
Wischmeyer E, Breuer J, Herrmann AM, Wiendl H,
Meuth SG, Gross CC. The two-pore domain K2 P
channel TASK2 drives human NK-cell proliferation and
cytolytic function. Eur J Immunol. 2015; 45:2602-14.
https://doi.org/10.1002/eji.201445208
PMID:26140335

Dolina JS, Van Braeckel-Budimir N, Thomas GD, Salek-
Ardakani S. CD8*T Cell Exhaustion in Cancer. Front
Immunol. 2021; 12:715234.
https://doi.org/10.3389/fimmu.2021.715234
PMID:34354714

Wang J, Manick B, Renelt M, Suin J, Hansen L, Person
A, Kalabokis V, Wu G. VSTM4 Is a Novel Negative
Regulator of T Cell Activation. J. Immunol. 2019; 202,
124.4.
https://doi.org/10.4049/jimmunol.202.Supp.124.4

Rajarajan S, Snijesh VP, Anupama CE, Nair MG,
Mavatkar AD, Naidu CM, Patil S, Nimbalkar VP,
Alexander A, Pillai M, Jolly MK, Sabarinathan R,
Ramesh RS, et al. An androgen receptor regulated
gene score is associated with epithelial to
mesenchymal transition features in triple negative
breast cancers. Transl Oncol. 2023; 37:101761.
https://doi.org/10.1016/j.tranon.2023.101761
PMID:37603927

Fan YL, Zheng M, Tang YL, Liang XH. A new perspective
of vasculogenic mimicry: EMT and cancer stem cells
(Review). Oncol Lett. 2013; 6:1174-80.

WWWw.aging-us.com

8103

AGING


https://pubmed.ncbi.nlm.nih.gov/32977724
https://doi.org/10.1007/s10142-023-01183-0
https://pubmed.ncbi.nlm.nih.gov/37522982
https://doi.org/10.1161/JAHA.119.013673
https://pubmed.ncbi.nlm.nih.gov/31698979
https://doi.org/10.1186/s12885-021-08193-w
https://pubmed.ncbi.nlm.nih.gov/33926391
https://doi.org/10.1016/j.ccell.2022.06.001
https://pubmed.ncbi.nlm.nih.gov/35750052
https://doi.org/10.1073/pnas.1018872108
https://pubmed.ncbi.nlm.nih.gov/21482774
https://doi.org/10.1186/s13104-018-3137-8
https://pubmed.ncbi.nlm.nih.gov/29329598
https://doi.org/10.1136/jitc-2021-003519
https://pubmed.ncbi.nlm.nih.gov/35301235
https://doi.org/10.3389/fonc.2021.557477
https://pubmed.ncbi.nlm.nih.gov/33854958
https://doi.org/10.3389/fimmu.2021.736030
https://pubmed.ncbi.nlm.nih.gov/34659224
https://doi.org/10.3390/cells9071573
https://pubmed.ncbi.nlm.nih.gov/32605193
https://doi.org/10.1016/j.ejphar.2015.03.088
https://pubmed.ncbi.nlm.nih.gov/25941082
https://doi.org/10.1038/nrc3635
https://pubmed.ncbi.nlm.nih.gov/24336491
https://doi.org/10.1002/eji.201445208
https://pubmed.ncbi.nlm.nih.gov/26140335
https://doi.org/10.3389/fimmu.2021.715234
https://pubmed.ncbi.nlm.nih.gov/34354714
https://doi.org/10.4049/jimmunol.202.Supp.124.4
https://doi.org/10.1016/j.tranon.2023.101761
https://pubmed.ncbi.nlm.nih.gov/37603927

61.

62.

63.

64.

https://doi.org/10.3892/01.2013.1555 PMID:24179490

Zeng F, JuRJ, Liu L, Xie HJ, Mu LM, Zhao Y, Yan Y, Hu YJ,
Wu JS, Lu WL. Application of functional vincristine plus
dasatinib liposomes to deletion of vasculogenic
mimicry channels in triple-negative breast cancer.
Oncotarget. 2015; 6:36625-42.
https://doi.org/10.18632/oncotarget.5382
PMID:26429872

Shin SU, Cho HM, Das R, Gil-Henn H, Ramakrishnan S,
Al Bayati A, Carroll SF, Zhang Y, Sankar AP, Elledge C,
Pimentel A, Blonska M, Rosenblatt JD. Inhibition of
Vasculogenic Mimicry and Angiogenesis by an Anti-
EGFR IgG1l-Human Endostatin-P125A Fusion Protein
Reduces Triple Negative Breast Cancer Metastases.
Cells. 2021; 10:2904.
https://doi.org/10.3390/cells10112904
PMID:34831127

Wu X, Sheng H, Zhao L, Jiang M, Lou H, Miao Y, Cheng
N, Zhang W, Ding D, Li W. Co-loaded lapatinib/PAB by
ferritin nanoparticles eliminated ECM-detached cluster
cells via modulating EGFR in triple-negative breast
cancer. Cell Death Dis. 2022; 13:557.
https://doi.org/10.1038/s41419-022-05007-0
PMID:35725558

Butti R, Das S, Gunasekaran VP, Yadav AS, Kumar D,
Kundu GC. Receptor tyrosine kinases (RTKs) in breast
cancer: signaling, therapeutic implications and
challenges. Mol Cancer. 2018; 17:34.
https://doi.org/10.1186/s12943-018-0797-x
PMID:29455658

65.

66.

67.

68.

Ma YH, Wang SY, Ren YP, Li J, Guo TJ, Lu W, Zhou TY.
Antitumor effect of axitinib combined with dopamine
and PK-PD modeling in the treatment of human
breast cancer xenograft. Acta Pharmacol Sin. 2019;
40:243-56.
https://doi.org/10.1038/s41401-018-0006-x
PMID:29773888

Campone M, Bondarenko 1, Brincat S, Hotko Y,
Munster PN, Chmielowska E, Fumoleau P, Ward R,
Bardy-Bouxin N, Leip E, Turnbull K, Zacharchuk C,
Epstein RJ. Phase Il study of single-agent bosutinib, a
Src/Abl tyrosine kinase inhibitor, in patients with
locally advanced or metastatic breast cancer
pretreated with chemotherapy. Ann Oncol. 2012;
23:610-7.

https://doi.org/10.1093/annonc/mdr261
PMID:21700731

Saad F, Lipton A. SRC kinase inhibition: targeting bone
metastases and tumor growth in prostate and breast
cancer. Cancer Treat Rev. 2010; 36:177-84.
https://doi.org/10.1016/j.ctrv.2009.11.005
PMID:20015594

Bernsdorf M, Ingvar C, Jorgensen L, Tuxen MK,
Jakobsen EH, Saetersdal A, Kimper-Karl ML, Kroman N,
Balslev E, Ejlertsen B. Effect of adding gefitinib to
neoadjuvant chemotherapy in estrogen receptor
negative early breast cancer in a randomized phase Il
trial. Breast Cancer Res Treat. 2011; 126:463-70.
https://doi.org/10.1007/s10549-011-1352-2
PMID:21234672

WWWw.aging-us.com

8104

AGING


https://doi.org/10.3892/ol.2013.1555
https://pubmed.ncbi.nlm.nih.gov/24179490
https://doi.org/10.18632/oncotarget.5382
https://pubmed.ncbi.nlm.nih.gov/26429872
https://doi.org/10.3390/cells10112904
https://pubmed.ncbi.nlm.nih.gov/34831127
https://doi.org/10.1038/s41419-022-05007-0
https://pubmed.ncbi.nlm.nih.gov/35725558
https://doi.org/10.1186/s12943-018-0797-x
https://pubmed.ncbi.nlm.nih.gov/29455658
https://doi.org/10.1038/s41401-018-0006-x
https://pubmed.ncbi.nlm.nih.gov/29773888
https://doi.org/10.1093/annonc/mdr261
https://pubmed.ncbi.nlm.nih.gov/21700731
https://doi.org/10.1016/j.ctrv.2009.11.005
https://pubmed.ncbi.nlm.nih.gov/20015594
https://doi.org/10.1007/s10549-011-1352-2
https://pubmed.ncbi.nlm.nih.gov/21234672

SUPPLEMENTARY MATERIALS

Supplementary Figures

A B

Sample clustering

e

Sample clustering

Height
150

L
Height
140

1

100
i

60 80 100

Cluster Dendrogram

o ¢ o
= i —— Scale independence Mean connectivity
o
o | & (789101214 182 1
< © | 5 6 o
B o 4 o _|
c 3 o
2 ~
© 2 o | >
> 2 2
g © = 5 g
=3 [} £ 34
£ 3 T4 @ -
z 2 &
c
< | S
- §3q° S §-
o © -
2 o
~ = o | = °
S g ° 8 1%
Lo
° o o
5 3456
i T 7] 1 o + 78910 12 14 16 18 2(
\ ‘ ‘ ‘ T T T T T T
Modike colors 1l ‘ & 10 15 20 5 10 15 20
: - — Soft Threshold (power) Soft Threshold (power)

Supplementary Figure 1. Gene co-expression network examination with weighted approach. (A, B) A hierarchical clustering tree
was built for all TNBC samples (N = 116), and one outlier sample was identified. This outlier was removed, and subsequent analyses were
performed with the remaining samples (N = 115). (C) Hierarchical clustering results. (D) Soft-thresholding selection.
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Supplementary Figure 2. The risk score was validated in three internal validation groups and one external validation group

GSE135565. (A-J) The results of both internal and external validations were similar to those of the training set, which confirmed the good
predictive performance of the risk model.
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Supplementary Figure 3. Drug sensitivity in the high-risk and low-risk groups. Comparison of the ICso for 138 drugs between the
high-risk and low-risk groups in the training set. A total of 69 drugs were identified with significant differences between the high-risk and low-
risk groups: (A) Drugs with lower ICsg in the high-risk group compared to that in the low-risk group. (B) Drugs with higher ICsq in the high-risk
group compared to those in the low-risk group.
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Supplementary Figure 4. Depletion of KCND2 and VSTM4 reduces TNBC cell proliferation and migration in vitro. (A) The
knockdown efficiency of KCND2 siRNA in MDA-MB-231 cells was validated. (B) EdU incorporation analysis and (C) CCK-8 assay demonstrated
that the knockdown of KCND2 affects cell proliferation in MDA-MB-231 cells. (D) The knockdown efficiency of VSTM4 siRNA in BT-549 cells
was verified. (E) EdU incorporation analysis and (F) CCK-8 assay indicated that the knockdown of VSTM4 affected the cell proliferation in BT-
549 cells. (G) The wound healing assay revealed that the knockdown of KCND2 impacted MDA-MB-231 cell migration. (H) Wound healing
assay results showed that the knockdown of VSTM4 affected BT-549 cell migration. NS, no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 2—7.

Supplementary Table 1. 24 VM.

ID
TFPI
SERPINF1
TF
MAPK1
PIK3CA
ROCK1
VEGFA
NOTCH1
ROCK2
MAPK3
EPHA2
LAMC2
CDH5
KDR
PTGS2
MMP9
SNAIL
TWIST1
MMP2
LOXL2
TFPI2
SNAI2
TGFB1
TWIST2

Supplementary Table 2. 235 gene.

Supplementary Table 3. GO.

Supplementary Table 4. KEGG.

Supplementary Table 5. GSEA_GO_result.

Supplementary Table 6. GSEA_KEGG_result.

Supplementary Table 7. Pathway.
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