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Abstract: Triple-negative breast cancer (TNBC) is a highly malignant subtype of breast 
cancer. High invasiveness and heterogeneity, as well as a lack of drug targets, are the main 
factors leading to poor prognosis. Brain metastasis (BM) is a serious event threatening the 
life of breast cancer patients, especially those with TNBC. Compared with that for hormone 
receptor-positive and HER2-positive breast cancers, TNBC-derived BM (TNBCBM) occurs 
earlier and more frequently, and has a worse prognosis. There is no standard treatment for 
BM to date, and one is urgently required. In this review, we discuss the current knowledge 
regarding the developmental patterns of TNBCBM, focusing on the key events in BM 
formation. Specifically, we consider (i) the nature and function of TNBC cells; (ii) how 
TNBC cells cross the blood–brain barrier and form a fenestrated, more permeable blood– 
tumor barrier; (iii) the biological characteristics of TNBCBM; and (iv) the infiltration and 
colonization of the central nervous system (CNS) by TNBC cells, including the establish-
ment of premetastatic niches, immunosurveillance escape, and metabolic adaptations. We 
also discuss putative therapeutic targets and precision therapy with the greatest potential to 
treat TNBCBM, and summarize the relevant completed and ongoing clinical trials. These 
findings may provide new insights into the prevention and treatment of BM in TNBC 
patients. 
Keywords: triple-negative breast cancer, brain metastasis, blood–brain barrier, blood–tumor 
barrier, microenvironment, therapeutic targets

Introduction
Breast cancer is the most frequently diagnosed malignancy and a leading cause of 
death in women worldwide.1 Triple-negative breast cancer (TNBC) is a highly malig-
nant and invasive subtype of breast cancer, and is defined by the lack of estrogen 
receptor (ER), progesterone receptor (PR), and human epidermal growth factor 
receptor 2 (HER2/neu) expression.2 TNBC accounts for 15~20% of all breast cancer 
and is more common in young women under the age of 40. It has a high recurrence 
rate, a high potential for metastasis, and a poor clinical prognosis, and is defined as 
a refractory breast cancer owing to its resistance to treatment. Among all the breast 
cancer subtypes, TNBC has the highest rate of distant metastasis and is associated with 
the shortest overall survival (OS).3 Despite undergoing surgical resection and adjuvant 
chemotherapy, half of all primary TNBC patients in whom the tumor is confined to the 
breast and lymph nodes have a distant recurrence within five years, and are prone to 
metastasis to the central nervous system (CNS) and internal organs such as the liver, 
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bones, the lung.4 Once distant metastasis has occurred, the 
survival time of TNBC patients is greatly shortened.

Metastasis to the brain remains the most intractable issue 
for patients with metastatic breast cancer. Brain metastasis 
(BM) formation will not only affect the physical function, 
independence, personality, quality of life, and self- 
awareness of the patients but will also greatly increase the 
mortality rate compared with metastasis to other organs, 
which can be as high as 80% within one year.5 BM accounts 
for most CNS tumors, but the incidence varies depending on 
the type of primary malignancy6,7 (Figure 1). The subtype of 
primary breast cancer is critical for metastatic behavior and 
OS. The incidence of BM is as high as 46% among patients 
with advanced TNBC, with 14% presenting with BM at 
initial diagnosis of metastatic TNBC, and is significantly 
higher than that for hormone receptor (HR)-positive and 
HER2-positive breast cancer. TNBC is associated with 
high metastatic potential, particularly to the brain. 
Compared with that for hormone receptor-positive and 
HER2-positive breast cancers, TNBC-derived BM 

(TNBCBM) occurs earlier and is more often accompanied 
by extracranial systemic lesions. Patients with TNBCBM 
also have a much shorter survival time, with a median OS of 
approximately 6 months,8–11 and the worst breast cancer- 
specific survival (BCSS) and OS.12

Differences between the intrinsic molecular subtype of 
the primary breast cancer and matched BM represent 
a complex problem that merits further investigation. In 
approximately 20% of breast cancer patients, differences 
in receptor expression exist between the primary cancer 
and the associated BM, with the most significant manifes-
tations being decreased ER and/or PR expression and 
increased HER2 expression. About 18% of TNBC patients 
gain ER/PR and HER2 expression. This difference in 
receptor expression may account for the unresponsiveness 
or resistance of intracranial disease to systemic therapy.13 

Traditional therapies have very low efficacy in the treat-
ment of TNBCBM. Additionally, most cytotoxic drugs are 
restricted in their entry into the CNS, and because TNBC 
is negative for ER and HER2 expression, endocrine 

Figure 1 Proportional etiology of brain metastasis. Of all CNS tumors, 15% are primary (red), while 85% are from metastases (blue). The incidence of BM is higher in lung 
cancer (35%) and breast cancer (30%) than other primary cancers. In breast cancer, triple-negative subtypes have the highest rate of BM, followed by HER2+ and luminal 
subtypes.
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therapy and anti-HER2-targeted therapy are ineffective. 
Surgical resection of BM is usually limited to isolated 
metastases, and it is not possible to diagnose the presence 
of space-occupying lesions in the brain as BM. 
Consequently, radiotherapy remains the main treatment 
method for BM. However, the OS is still short even after 
whole-brain radiotherapy (WBRT) or stereotactic radio-
therapy, and patients are prone to brain edema, high intra-
cranial pressure, local brain necrosis, memory and vision 
loss, and other radiation-related injuries. To date, there are 
no standard systemic treatments for TNBCBM. Moreover, 
gene expression patterns in primary TNBCs do not predict 
the occurrence of BM in this population.11 These observa-
tions highlight the need to identify potential biomarkers 
and elucidate the genetic characteristics of patients at high 
risk of BM to aid in clinical decision-making. Meanwhile, 
to effectively manage the disease and prolong the survival 
of TNBCBM patients, it is necessary to better understand 
the patterns of BM formation, including the nature and 
function of TNBC cells and the blood–brain/blood–tumor 
barriers, the biological characteristics of BM, and the 
microenvironment of the CNS. In this review, we provide 
a systematic overview of TNBCBM occurrence and devel-
opment, as well as of potential therapeutic targets.

TNBC Cells
TNBC is a subclass of ER-negative breast cancer. Due to 
the lack of ER expression, it has been generally believed 
that estrogen signaling is not involved in the occurrence 
and development of ER-negative breast cancer. However, 
this is not supported by existing evidence. Wang et al 
identified and cloned a 36-kDa ER variant, called ER- 
α36, that was mainly localized to the cytoplasm and the 
plasma membrane.14 ER-α36 lacks both the AF-1 and AF- 
2 transcription activation domains of the full-length 66- 
kDa ER-α (ER-66α) protein but retains the DNA-binding 
domain and partial dimerization and ligand-binding 
domains, which is consistent with the fact that ER-α36 
has no intrinsic transcriptional activity, but instead med-
iates nongenomic estrogen signaling.15 ER-α36 was found 
to be highly expressed in TNBC, and knockdown of ER- 
α36 reduced the response of TNBC cells to estrogen. 
Meanwhile, ER-α36 and EGFR regulated each other’s 
expression through a positive feedback loop in TNBC 
cells, which promoted their malignant growth.16 Studies 
have also shown that ER-α36 can mediate estrogen- 
induced cyclin D1 promoter activity through the Scr/ 
EGFR/STAT5 pathway, leading to increased TNBC cell 

proliferation.17,18 ER-α36 plays an important role in the 
development and progression of TNBC cells, and may 
represent a therapeutic target for the treatment of TNBC.

In recent decades, cancer stem cells (CSCs), or cancer 
stemness, has attracted substantial research interest. CSCs 
are considered to be a decisive factor in tumor heteroge-
neity and the leading cause of tumor metastasis and recur-
rence. TNBC tissue is reported to be enriched for the 
expression of ALDH1 and the CD44+/CD24− phenotype 
when compared with other breast cancer subtypes,19,20 

while TNBC cells are also more likely to form mammo-
spheres than non-TNBC cells.19,21 At the transcriptional 
level, pluripotency-related transcription factors, such as 
MYC and SOX2, are highly expressed in TNBC and are 
positively correlated with poor prognosis.22,23 A recent 
study found that the gene signature of TNBC cells was 
remarkably similar to that of CSCs, and the stem cell 
signature was significantly enriched in TNBC cell lines 
compared with that in non-TNBC cell lines.24 In summary, 
TNBC cells exhibit CSC characteristics and activity at 
both the molecular and transcriptional levels.

The epithelial-to-mesenchymal transition (EMT) 
genetic program is highly associated with cancer cell 
metastasis.25 One study analyzed EMT in circulating 
tumor cells (CTCs) in breast cancer patients and found 
that it plays an important role in the blood-borne transmis-
sion of breast cancer.26 Increasing evidence has indicated 
that a close relationship exists between TNBC, and EMT 
and the CSC phenotype. Ectopic overexpression of EMT- 
promoting transcription factors, such as Snail, Twist, and 
Zeb1, confers CSCs-like features on mammary epithelial 
cells, suggesting that EMT may be a key process for the ab 
initio production of CSCs, and a viable mechanism for the 
metastatic dissemination of breast tumors.27,28 

Interestingly, TNBC cells exhibit high expression levels 
of key EMT-inducing transcription factors, concomitant 
with increased levels of mesenchymal-related proteins, 
and reduce expression of epithelial-associated proteins.29 

Additionally, mesenchymal phenotypes are mainly respon-
sible for the invasive and chemoresistant properties of 
TNBC cells.30,31 TNBC-associated EMT not only includes 
acquiring migratory and invasive ability, but also involves 
the complex reprogramming of cells to allow their adapta-
tion to the harsh conditions of the body and facilitate 
invasion and metastasis. Epigenetic changes differ signifi-
cantly between TNBC and non-TNBC tissues, including 
those associated with long noncoding RNAs (lncRNAs), 
microRNAs (miRNAs), and histone and DNA 
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modifications. Studying these changes holds promise for 
the development of new treatments and the identification 
of EMT-related biomarkers.32 Leptin, a key factor in obe-
sity, is also known to be a risk factor for breast cancer, 
including TNBC. Leptin can promote a CSC/EMT pheno-
type and upregulate the expression of multiple CSC-/EMT- 
related genes, including FOXC2, TWIST2, VIM, AKT3 and 
SOX2. Increased leptin signaling is causally associated 
with obesity-related TNBC through promoting CSC 
enrichment and EMT.33

Multiple self-renewal signaling pathways (SRSPs) 
have been reported to be abnormally activated in TNBC 
cells, such as those associated with the signal transducer 
and activator of transcription (STAT), protooncogene tyr-
osine-protein kinase Src (SRC), and Wnt/β-catenin path-
ways. The dysregulation of SRSPs leads to a loss of 
regulatory balance through both intrinsic and extrinsic 
mechanisms, which helps the widespread dissemination 
of TNBC cells. Inhibiting aberrantly activated SRSPs to 
reduce stemness has been shown to exert a therapeutic 
effect on TNBC to a certain extent.24,34

Early maturation and/or a higher expression of ele-
ments associated with inflammation and aging in TNBC 
patients are often observed in the early invasion of TNBC 
cells. The inhibition of nuclear factor kappa B (NF-κB), 
a marker of the inflammatory response, can reduce the 
proliferative and invasive ability of TNBC cells.35 

Adenosine plays an important role in inflammation and 
tumor development. The expression of adenosine A2b 
receptor (ADORA2B) is higher in TNBC cells than in 
luminal and HER2-positive breast cancer, and 
ADORA2B may drive cancer metastasis by reducing cell 
adhesion and MAPK-dependent signaling activation. The 
knockout of ADORA2B in TNBC cells reduces their 
metastasis in vivo as well as their viability and colony- 
forming ability.36 Telomerase, which is closely related to 
aging, plays a key role in tumor development, and most 
tumors achieve proliferative immortality by activating tel-
omeres. Telomere shortening is more pronounced in more 
aggressive breast cancer subtypes, especially TNBC.37

The Blood–Brain Barrier (BBB)
The BBB is a complex structure formed by brain endothe-
lial cells (BECs), pericytes, and astrocyte foot processes. 
The BBB is a highly selective barrier between the circulat-
ing blood and the brain parenchyma, and is necessary to 
maintain brain homeostasis. The passage of cells and 
solutes through the BBB is limited by their molecular 

weight and charge.38 The BBB selectively regulates sub-
stances entering the brain and protects it from toxic sub-
stances, including chemicals and targeted drugs. Tight 
junction (TJ) proteins are characteristic of BECs and 
restrict the paracellular diffusion of substances between 
the blood and the brain (Figure 2). Brain capillaries are 
characterized by high electrical resistance that increases 
the impermeability of the BBB to polar and ionic sub-
strates. Damage to TJs can lead to a leaky BBB and the 
continuous exposure of the CNS to harmful substances in 
the circulation. Additionally, changes in intracellular trans-
port in BECs contribute to BBB disruption and disease 
progression.39

The occurrence of BM requires that tumor cells cross 
the BBB. The BBB plays a dual role in cancer cell BM, 
both forming a tight barrier to protect the CNS from 
invading tumor cells, while also protecting metastatic 
cells during extravasation and proliferation in the brain.40 

The loss of BBB integrity due to neuroinflammation, 
upregulation of proteolytic enzymes, and direct destruction 
by TNBC cells may promote metastatic invasion.41 The 
partial destruction of the BBB leads to increased invasion 
of tumor cells and related molecules, thereby potentially 
promoting tumor cell brain colonization. When tumor cells 
enter the brain, they mainly gather at the branching points 
of cerebral vessels and further exude and invade.42 

Metastatic tumor cells interact with BECs through surface 
molecules, including selectins, integrins, and chemokines. 
This is accompanied by the secretion of growth factors 
such as vascular endothelial growth factor (VEGF), neu-
ropeptide, chemokines and cyclooxygenase 2 (COX2), 
which further weaken the BBB and allow tumor cells to 
penetrate the brain parenchyma.43 Avraham et al observed 
that TNBC cells disrupted the BBB, increased BBB per-
meability, and changed the structure of the TJ proteins ZO- 
1 and claudin-5. Meanwhile, angiopoietin-2 (Ang-2) 
expression was elevated in brain microvascular endothelial 
cells (BMECs). Targeted inhibition of Ang-2 prevented 
BMEC instability and the disruption of BBB integrity, 
thereby helping to inhibit TNBC cell colonization in the 
brain.44 TNBCBM was negatively correlated with the 
expression of glucose transporter 1 (GLUT1) and/or breast 
cancer resistance protein (BRCP) in intratumoral micro-
vessels, suggesting that TNBCBM might be related to the 
disruption of the BBB.45

A comparison of the gene expression profiles of primary 
breast cancer samples that metastasized to the brain with 
those that metastasized to other organs, showed that the 

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                           

OncoTargets and Therapy 2021:14 592

Lv et al                                                                                                                                                                Dovepress

http://www.dovepress.com
http://www.dovepress.com


regulation of T cell activation was more prominent in BM- 
related samples (P<0.00002). Other studies have shown that 
T lymphocytes can increase the ability of breast cancer 
cells, especially ER-negative breast cancer, to cross the 
BBB and promote tumor invasion and metastasis in the 
brain tissue. These effects may have been mediated through 
the upregulation of guanylate-binding protein 1 (GBP1) at 
both the mRNA and protein levels.46 Another study showed 
that the increased GBP1 protein expression was associated 
with metastasis and poor prognosis in TNBC.47

Increasing evidence suggests that a close relationship 
exist between the gut microbiome and CNS diseases. Gut 
infection or dysbiosis of the gut microbiome promotes 
a series of changes in the BBB through interaction with 
the peripheral immune and neuroimmune systems. Factors 
secreted by gut microorganisms enter the circulation and 
interact with various immune cells (including T cells), 
thereby stimulating effector T cell differentiation, which 
can promote T cell brain infiltration. Meanwhile, circulat-
ing bacterial factors can up-regulate inflammatory cyto-
kines levels, which can affect BBB integrity and promote 
neuroinflammation and CNS diseases.48

The Blood–Tumor Barrier (BTB) in 
BM
Similar to the BBB, the presence of the BTB also limits 
the access of potentially effective drugs to BM. The exces-
sive production of proangiogenic factors in metastatic 
tumors, such as BM from breast cancer or other cancers, 
stimulates abnormal angiogenesis, resulting in 
a vasculature characterized by the presence of fenestrated 
vessels that increase paracellular permeability, referred to 
as the BTB (Figure 2).49 In contrast to the normal BBB, 
the BTB is leaky and tends to allow the extravasation of 
lager molecules.50 However, BTB permeability exhibits 
clear heterogeneity, both within lesions and among the 
BMs of different breast cancer subtypes. High expression 
of the pericyte protein desmin was shown to be correlated 
with the increased permeability of the BTB, indicative of 
the involvement of vascular remodeling.51

Understanding the cellular and molecular changes 
inherent to the transformation of the BBB to a BTB, and 
then from a poorly permeable BTB to a highly permeable 
one, may identify targetable pathways to improve the 
efficacy of drug therapy in the brain. When BM occurs, 

Figure 2 Triple-negative breast cancer brain metastasis (TNBCBM) and the composition of the blood–brain barrier (BBB) and blood–tumor barrier (BTB). (A) TNBC cells 
separate from the primary site and are transported to the brain via the blood; they eventually colonize the brain, forming BM. (B) The BBB is a complex structure formed via 
the physicochemical interactions of brain endothelial cells, pericytes, astrocytes, tight junctions, and efflux pumps, and is highly selective for endogenous and exogenous 
substances. (C) Cancer cells cross the BBB and stimulate abnormal (immature) angiogenesis, which is characterized by a fenestrated vasculature with increased permeability 
(the BTB). This change facilitates the entry of otherwise restricted substances into the brain parenchyma.
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the components of endothelial cells, pericytes, astrocytes, 
and microglia change. Lyle et al indicated that the trans-
formation of a BBB to a BTB did not involve random 
destruction of the BBB, but rather a consistent change in 
multiple BBB cell components. BTB permeability varies 
from tumor to tumor or even within each metastasis. When 
BMs grow beyond their blood supply, they become 
hypoxic, thus causing tumor cells to secrete VEGF and 
induce neovascularization. VEGF expression in 
TNBCBM, is 1.08×105-fold that of the uninvolved brain, 
and is significantly higher than that in HER2-positive 
cancer and inflammatory breast cancer. Notably, the 
increased expression of a desmin+ subpopulation of peri-
cytes, and the decreased expression of CD13+ pericytes 
and laminin α2 were associated with higher permeability 
in TNBCBM.52,53

Biological Characteristics of 
TNBCBM
The mechanisms involved in BM progression once the 
TNBC cells have crossed the BBB remain poorly under-
stood. Studies focusing on gene expression levels have 
shown that numerous genes play important roles in regu-
lating tumor metastasis. High-resolution clonal mapping of 
multiorgan metastasis in TNBC revealed that tumors at 
different metastatic sites display specific gene patterns. 
Although brain, lung, liver, and multiorgan metastatic 
tumors have similar genetic characteristics, their gene 
expression programs can vary, possibly due to the diverse 
organ microenvironments.54 Siegel et al showed that gene 
mutations that originated in the primary tumors were 
maintained throughout metastatic spreading. These authors 
also showed that TP53 was the only driver gene that was 
mutated in all the subtypes of breast cancer metastasis 
analyzed, and that the alterations in other driver genes 
were mainly associated with somatic copy number altera-
tions (CNAs). This study further expanded on the evidence 
of multiclonal seeding across multiple subtypes of breast 
cancer, especially for TNBC.55 Some studies have also 
implicated genes such as NAMPT, SREBP1, and MTHD 
as drivers of TNBC metastatic progression.56–58 

Inactivating mutations in ARID1A are more common in 
TNBCBMs (83%) than in HER2-positive (51%) or HR- 
positive (71%) tumors.59 Interestingly, mutations in 
ARID1A often occur together with mutations in PIK3CA 
or PTEN, and double mutations involving ARID1A and 
PIK3CA or PTEN result in ovarian tumor formation in 

mice, suggesting that PI3K and chromatin remodeling 
pathways play a synergistic carcinogenic role in 
TNBCs.60 However, further studies are needed on the 
role of ARID1A expression in TNBCBMs. Qian et al ana-
lyzed the gene expression profiles of 4801 breast cancer 
patients from 27 publicly available breast cancer datasets, 
and found that a Chromosome 3q 19-gene signature was 
closely associated with breast cancer-related aggressive-
ness and reduced distant metastasis-free survival, espe-
cially in TNBC. They further identified that the 3q 
signature was an independent predictor of metastasis to 
the brain in TNBC patients (hazard ratio [HR]: 1.61, 95% 
confidence interval [CI]: 1.21~2.13; P=0.001). PIK3CA is 
one of the most extensively studied oncogenes among the 
3q 19-gene signature. The authors of this study also 
reported that PIK3CA expression was significantly corre-
lated with BM, while PIK3CA mRNA expression was 
correlated to its CNAs, but not mutation status, in breast 
cancer.61

Epigenetic changes are increasingly recognized as key 
events in breast cancer progression. Yomtoubian et al 
identified enhancer of zeste homolog 2 (EZH2) as 
a major driver of TNBC progression through a meta- 
analysis of epigenetic genes. TNBC cells with high 
EZH2 expression exhibited stronger metastatic potential, 
and blockading the catalytic activity of EZH2 could reduce 
TNBC dissemination and metastasis.62 Among identified 
TNBC-specific transcription factors, engrailed 1 (EN1) 
was found to be high expressed in TNBC, and was asso-
ciated with the regulation of neurogenesis-related genes 
(such as NLGN4X and other neuroligin-encoding genes) 
and an increased risk of BM in TNBC patients.63 In con-
clusion, studies relating to molecular and genetic variants 
associated with TNBCBM provide hope for the prevention 
of BM in high-risk TNBC patients.

The CNS Microenvironment
The process of distant metastasis is extremely inefficient, 
with less than 0.01% of primary tumor cells completing 
the invasion–metastasis cascade and forming metastases in 
secondary organs.64 Most cancers are known to show an 
organ-specific pattern of metastasis, which suggests that 
metastatic growth is not random, but is instead influenced 
by the microenvironment of the secondary organs. A better 
understanding of the mechanisms of metastatic diseases in 
recent years has tended to support the “seed and soil” 
hypothesis proposed by Steven Paget.65 The spread of 
tumor cells is determined by the interaction and 
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cooperation between the cancer cells (“seeds”) and the 
secondary organ (“soil”), and only falling on suitable 
“soil” can contribute to the colonization of “seeds”. The 
unique biological characteristics and specific cells and 
molecular components of the secondary organ microenvir-
onment promote the formation of metastasis, and blocking 
these signals may help to inhibit this process.66

The Tumor Microenvironment: Creating a 
Pre-Metastatic Niche in the Brain
TNBC exhibits numerous CSC-like traits and is more 
likely to lead to BM. The short time to BM occurrence 
in TNBC and the short survival time after BM diagnosis 
may be indicative of an innate ability of TNBC cells to 
adapt to the brain microenvironment.67 The vascular base-
ment membrane presents the “soil” in BM. Although more 
than 95% of early brain micrometastases were shown to 
coexist with blood vessels, there is little evidence for 
isolated neurogenic growth.68 When TNBC cells invade 
the brain parenchyma, an adequate blood supply is needed 
to provide the nutrients necessary for tumor growth and 
proliferation. Tumor angiogenesis depends on the balance 
between pro- and anti-angiogenic factors at the local tissue 
level and is regulated by the local microenvironment.69

When TNBC cells cross the BBB, TNBC cells begin to 
interact with the extracellular matrix (ECM), brain par-
enchymal resident cells (astrocytes and other stromal 
cells), and paracrine signaling molecules (cytokines and 
growth factors) in the brain microenvironment. Primary 
TNBC cells locally invade and systemically disseminate 
through EMT-related processes, while the reverse 
(mesenchymal-to-epithelial transition; MET) is involved 
in metastatic colonization in the brain.70 Zhang et al 
demonstrated that, in the brain microenvironment, epige-
netic regulation mediated by astrocyte-derived miRNA 
could reduce the expression of PTEN, which is normally 
expressed in human and mouse tumor cells. The loss of the 
expression of this tumor suppressor gene promoted the 
growth of brain metastatic tumor cells by enhancing pro-
liferation and reducing apoptosis. A subsequent blockade 
of astrocyte secretion restored PTEN levels and suppressed 
BM in vivo, reflecting the dependence of BM on the brain 
microenvironment. This study also found that the loss of 
PTEN was associated with the TNBC subtype and pre-
dicted a shorter survival time.71 Hohensee et al further 
demonstrated that the loss of PTEN expression was sig-
nificantly associated with TNBCBM (P=0.001) and 

shorter survival time after surgical BM resection 
(P=0.048). In an in vitro model, the upregulation of 
PTEN in TNBC led to reduced cell migration and invasion 
to the brain, which was primarily mediated by autocrine 
and paracrine activation of the GM-CSF/CSF2RA and 
AKT/PTEN pathways.72

Immunosurveillance Escape: Maintaining 
an Immunosuppressive Environment by 
Regulating Neuroinflammation
Tumor-associated macrophages (TAMs) are important 
components of the metastatic microenvironment. 
Metastasis-associated macrophages (MAMs) show 
TNBCBM site-dependent differences in their molecular 
profiles. Lymphotoxin β was the most significantly upre-
gulated cytokine in TNBC cells metastasized to the brain 
parenchyma compared with that in the dura mater and was 
suggested to be directly involved in the M2 polarization of 
brain parenchymal MAMs. This suggested that there may 
be a link between the site specificity of metastatic TNBC 
cells and the MAM activation state.73 BM is also modified 
by other CNS microenvironment-derived factors. The 
expression of gamma-aminobutyric acid (GABA) trans-
porters was increased in BMs derived from TNBC and 
HER2-positive breast cancer compared with that in 
matched primary tumor tissues and the BMs, particularly 
TNBCBMs, were able to proliferate by metabolizing 
GABA as a biosynthetic energy source, which was more 
prominent in TNBCBM.74

A better understanding of the immunogenicity of the 
BM environment may help explain how immunotherapy 
can help in the treatment of BM, although this is still in its 
infancy. Tumor-infiltrating lymphocytes (TILs) have 
a prognostic role in TNBC, with higher levels of TILs 
being associated with a lower rate of distant metastasis. 
The immune environment in BM is poorly characterized. 
TIL levels are lower in BM than in primary breast cancer, 
and the number of CD4+ and CD8+ T cells was signifi-
cantly decreased in the brain.75 A recent study also 
showed that BMs have reduced immune cell recruitment 
(including CD8+ T cells, regulatory T cells, and dendritic 
cells) but increased relative levels of M2-like macrophages 
when compared with their matched primary breast cancers, 
particularly the TNBC subtype.76 The lower infiltration of 
immune cells in BM may be due to immune escape. 
Sambade et al studied four histological biomarkers—glio-
sis, immune infiltrate, hemorrhage, and necrosis—and 

OncoTargets and Therapy 2021:14                                                                                         submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
595

Dovepress                                                                                                                                                                Lv et al

http://www.dovepress.com
http://www.dovepress.com


their prognostic significance in BMs. In 203 BM samples, 
necrosis was significantly higher in TNBCBMs (compris-
ing 38% of the 203 samples) than in BMs derived from 
other breast cancer subtypes (P<0.01). Gliosis was asso-
ciated with improved OS in TNBC (P=0.02), while 
immune infiltrate (P=0.001) and hemorrhage (P=0.07) 
were associated with the HER-positive subtype.77 

Immune cells are involved in, and constantly change dur-
ing, the progression of the primary tumor and its meta-
static cascade within individual patients.

Metabolic Adaptations: Meeting the High 
Energy Demands for Survival and 
Proliferation
Metabolic adaptations are also important for the growth 
and survival of metastatic TNBC cells within the CNS 
environment. Enzymes involved in glucose-associated 
aerobic and anaerobic processes are upregulated to meet 
the high energy demands of metastatic cells in the brain, 
enabling them to survive and proliferate within the low- 
glucose microenvironment.7 Metabolic reprogramming is 
increased in TNBCBM cells, and glucose metabolism is 
more intensive. GLUT3 is crucial for the survival of 
TNBC cells in the brain, while its overexpression pro-
motes prometastatic signaling in TNBCBM cells, and 
also significantly enhances the malignant behavior of 
TNBC cells.78 TNBC mostly displays high levels of gly-
colysis. The level of glycolysis is higher in BM cells than 
in other metastatic sites or the associated primary cancer. 
The upregulated expression of lactate dehydrogenase 
A (LDH-A), which catalyzes the final step of glycolysis, 
is closely associated with TNBCBM. The upregulation of 
LDH-A enhances the adaptation of TNBC cells to the 
brain environment and is also a reflection of a high meta-
bolic rate, thus contributing to tumor proliferation.79 

Meanwhile, metastatic cells can also utilize the abundant 
amino acids (glutamine, branched-chain amino acids) in 
the CNS to carry out amino acid-dependent gluconeogen-
esis and store glycogen.7 Valine is an essential branched- 
chain amino acid catabolized in the brain. Kalita-de Croft 
et al analyzed the proteomic characteristics of TNBCBM 
and found that 3-hydroxyisobutyryl-CoA hydrolase 
(HIBCH) was essential for gluconeogenic valine catabo-
lism in the brain; HIBCH was strongly induced in BM, 
and was mostly expressed at metastatic margins and 
hemorrhagic areas. Their findings further supported that 
valine catabolism may be an effective adaptation of TNBC 

cells to the brain microenvironment, and that its intermedi-
ates or products can be transferred from tumor-associated 
glial cells.80 The upregulation of lipolysis promotes metas-
tasis, especially in TNBCBM. Oncogenic lipid signaling 
supports TNBC cell migration to the brain by promoting 
cell survival, migration, and invasion. The inhibition of 
key enzymes in lipolysis, such as monoacylglycerol lipase 
(MAGL) and alkyl glycerophosphate synthase (AGPS), 
reduces the metastatic potential of tumor cells. The meta-
bolic phenotypes differ among different breast cancer sub-
types, with the TNBC exhibiting the metabolically active 
Warburg/mixed phenotypes.81,82 A recent study reported 
that estradiol may upregulate neurotrophin receptor tropo-
myosin kinase receptor B (TRKB) signaling in premeno-
pausal women with TNBC, thereby promoting BM 
development.83 Because of the increased metabolism asso-
ciated with TNBCBM, patients with this condition may 
benefit the most from metabolic interventions. 
Understanding the BM microenvironment may contribute 
to identifying prognostic factors and new therapeutic 
strategies.

The development of TNBCBM involves a complicated 
multifactorial metastatic cascade. The main steps of metas-
tasis include TNBC cell detachment from the primary site; 
invasion of the surrounding stromal and basement mem-
brane; survival in the circulatory system (intravasation and 
extravasation); breaking down the BBB; the formation of 
a highly permeable BTB; CNS invasion; and BM 
colonization.42 The metastatic cascade is summarized in 
Figure 3.

Clinical Trials Involving TNBCBM
The widespread concern that most drugs are not likely to 
penetrate the BBB results in the exclusion of patients with 
breast cancer and other primary tumors from clinical 
trials.84 This reduces the exposure of BM patients to 
potentially beneficial novel agents and limits important 
correlative studies of brain-specific tumor responses. 
However, new treatment options are urgently needed for 
TNBCBM patients. In recent years, with a deeper under-
standing of the molecular changes occurring in TNBC, 
several promising clinical strategies have emerged, includ-
ing, among others, treatment with poly adenosine dipho-
sphate-ribose polymerase (PARP) inhibitors, VEGF 
inhibitors, and immune checkpoint inhibitors, which are 
currently under evaluation. Here, we review the completed 
TNBCBM-related clinical trials (Table 1) and summarize 
those that are ongoing (Table 2).

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                           

OncoTargets and Therapy 2021:14 596

Lv et al                                                                                                                                                                Dovepress

http://www.dovepress.com
http://www.dovepress.com


PARP is a key enzyme in DNA single-strand break 
repair. PARP inhibitors prevent self-repair in BRCA 1/ 
2-mutated cancer cells and induce PARP capture at the 
site of DNA damage; this, in combination with cytotoxic 
DNA-damaging chemotherapeutic drugs (such as platinum 
analogs), accelerates cancer cell death.85 A preclinical 
study demonstrated that carboplatin combined with veli-
parib (a PARP inhibitor) could reduce BBB permeability, 
inhibit the growth of TNBC-derived intracranial metastatic 
tumors, and improve prognosis.86 A phrase II clinical trial 
combining cisplatin with veliparib for the treatment of 
TNBCBM with or without BRCA mutations is currently 
being conducted (NCT02595905) and is expected to be 
completed by October 31, 2021. Talazoparib belongs to 
a new generation of PARP inhibitors with strong catalytic 
inhibitory activity and has a 100-fold greater PARP- 
trapping potential than other PARP inhibitors currently 
under investigation. A Phase III clinical trial of talazoparib 
(EMBRACA) was conducted on 431 patients with 
advanced breast cancer and a germline BRCA1/2 mutation 
(including 190 TNBC patients). Among the patients with 
BM, median progression-free survival (PFS) was 

significantly longer in the talazoparib group than in the 
chemotherapy group (HR=0.32, 95% CI: 0.15~0.68), sug-
gesting that talazoparib can penetrate the BBB.87 Another 
Phase II clinical trial (ABRAZO) demonstrated that tala-
zoparib exerted antitumor activity in patients with 
advanced TNBCBM who had a previous response to pla-
tinum chemotherapy, as well as in those who received at 
least three previous cytotoxic regimens without prior pla-
tinum exposure. The objective response rate (ORR) of 
TNBC was 26%, and a longer platinum-free interval was 
associated with a higher response rate.88

Iniparib mainly acts by changing reactive oxygen spe-
cies metabolism in tumor cells, and may also function as 
a PARP inhibitor. Its unique physical properties (ie, low 
molecular weight and lipophilic nature) may favor BBB 
penetration, making it a promising candidate for targeting 
BM. In a Translational Breast Cancer Research 
Consortium (TBCRC) 018 phase II clinical trial, a total 
of 34 TNBC patients with new or progressive BM were 
treated with iniparib combined with irinotecan and then 
evaluated for a curative effect. The median progression 
time was 2.14 months and the median OS was 7.8 months. 

Figure 3 Summary of the metastatic cascade and pathways promoting brain metastasis. The upward arrows (↑) indicates increased expression, and (↑↑) indicates 
overexpression. The down arrow (↓) represents a reduction, and (↓↓) represents a significant reduction. 
Abbreviations: TNBC, triple-negative breast cancer; CSC, cancer stem cell; EMT, epithelial-to-mesenchymal transition; SRSP, self-renewal signaling pathway; STAT, signal 
transducer and activator of transcription; SRC, protooncogene tyrosine-protein kinase Src; VEGF, vascular endothelial growth factor; EGFR, epidermal growth factor 
receptor; MMP, matrix metalloproteinase; BBB, blood-brain barrier; BTB, blood–tumor barrier; TAM, tumor-associated macrophage; TIL, tumor-infiltrating lymphocyte; 
MET, mesenchymal-to-epithelial transition; LDH-A, lactate dehydrogenase A.
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Table 1 Selected Completed Clinical Trials for Triple-Negative Breast Cancer Brain Metastasis (TNBCBM)

Drug ClinicalTrials. 
gov Identifier

Phase Number 
of 
Patients

Experimental Arm 
(Regimen and 
Dose)

Control Arm 
(Regimen and 
Dose)

Status Results

Talazoparib NCT0194577589 III 431 

advanced 
breast 

cancer 

patients 
(190 

TNBC)

Talazoparib 1 mg 

once daily

Standard single-agent 

therapy (capecitabine, 
eribulin, gemcitabine, 

or vinorelbine every 

21 days)

Recruiting The talazoparib 

group showed 
a 3-month extension 

of PFS and a 35.4% 

increase in ORR 
(62.6% vs 27.2%) 

compared with the 

standard-therapy 
group. For BM 

patients, talazoparib 

also prolonged PFS.

Talazoparib NCT0203491690 II 84 patients 

with 
advanced 

breast 
cancer 

(35 

TNBC)

49 patients (59% 

TNBC) with 
a complete or partial 

response to 
a previous platinum- 

containing regimen, 

with no disease 
progression within 8 

weeks of the last dose 

of platinum therapy. 
Talazoparib 1 mg 

once daily

35 patients (17% 

TNBC) who had 
received three or 

more previous 
cytotoxic 

chemotherapy 

regimens and no 
previous platinum 

therapy. Talazoparib 

1 mg once daily

Recruiting BM accounted for 

11% of metastatic 
disease. Talazoparib 

had clinical activity in 
both groups of 

patients (ORR: 21% 

vs 37%; median 
duration of response: 

5.8 vs 3.8 months). 

ORR was 26% in 
TNBC.

Iniparib NCT0117349791 II 37 

TNBCBM 

patients

Irinotecan 125mg/m2 

d1,8 + iniparib 5.6mg/ 

kg d1,4,8,11 every 21 
days (when a new 

brain metastases 

occurred, the dose of 
iniparib was raised to 

8mg/kg)

None Recruiting Progression time was 

the primary endpoint; 

secondary endpoints 
were RR, CBR, OS, 

etc. 

A modest benefit of 
irinotecan plus 

iniparib in progressive 

TNBCBM.

Bevacizumab NCT0128169692 II 35 patients 

with BM 
from 

breast 

cancer (6 
TNBC)

Bevacizumab 15mg/kg 

d1 + etoposide 70mg/ 
m2/d d2–4 + cisplatin 

70 mg/m2 d2 

every 21 days

None Recruiting 27 patients (77.1%) 

with a ≥ 50% 
volumetric reduction 

in CNS lesion, 

including 13 patients 
(37.1%) with a ≥ 80% 

reduction. All TNBC 

patients responded 
to this treatment.

(Continued)
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The intracranial response rate (RR) was 12%, the intracra-
nial clinical benefit rate (CBR) was 27%, and the treatment 
was well-tolerated.89

VEGF plays an important role in BM angiogenesis. 
Bevacizumab is a VEGF inhibitor that has shown potential 
in the treatment of breast cancer BM. A window period 
between the administration of bevacizumab and that of 
cytotoxic drugs may optimize the CNS response to 
advanced breast cancer BM, including TNBCBM, after 
WBRT.90 TNBC is the most immunogenic breast cancer 
subtype, rendering the inhibition of programmed cell death 
protein 1 receptor (PD-1) and programmed cell death 
protein 1 receptor ligand (PD-L1) attractive therapeutic 
targets. Atezolizumab (PD-L1 antibody) induces TNBC 
cell death/apoptosis and reduces their proliferative/meta-
static potential and viability.91 One study suggested that 
immune checkpoint inhibitors may have therapeutic 
effects in BM.92 The IMpassion 130 phase III study 
showed that atezolizumab plus nab-paclitaxel prolonged 
PFS and OS among patients with metastatic TNBC, 
including those with BM.93

Potential Therapeutic Targets for 
TNBCBM Treatment
TNBCBM patients are still followed by the current 
medical community, and continuous exploration of valu-
able potential therapeutic targets is the priority of the 
future research. The ultimate goal is to reduce the inci-
dence of BM and prolong the survival period of these 
patients. We review the emerging therapeutic targets 
with the aim of laying the foundation for the treatment 
of TNBCBM.

MicroRNAs
Growing evidence has indicated that miRNAs play a role 
in the different steps of BM development and that they can 
regulate the expression of multiple gene. Accordingly, 
miRNAs are regarded as attractive therapeutic targets for 
the treatment of cancer metastasis.94 Debeb et al showed 
that the overexpression of miR-141 in TNBC cells 
enhanced BM colonization, while its knockdown inhibited 
the ability of inflammatory TNBC to metastasize to the 
brain. Additionally, high miR-141 serum levels have been 
associated with shorter BM-free survival (P=0.04) and 
were independent predictors of PFS and OS. This suggests 
that miR-141 may be a regulator of TNBCBM and has the 
potential for use as a biomarker and potential target for the 
prevention and treatment of BM.95 Wang et al demon-
strated that TNBC cells can secrete miR-122, which pro-
motes metastasis by increasing nutrient availability in the 
premetastatic niche, and downregulates glucose uptake in 
astrocytes. The inhibition of miR-122 in vivo restored 
glucose uptake in distant organs (including the brain), 
thereby reducing the incidence of BM.96 MiR-509 signifi-
cantly inhibited the ability of TNBC cells to metastasize to 
the brain through regulating the expression of two genes— 
TNF and RHOC—that affect brain invasion.97 MiR-7 
weakens the invasive and self-renewal ability of breast 
cancer stem cells by downregulating the expression of 
the KLF4 gene, thereby specifically inhibiting BM.98 

Another study reported that miR-20b levels were increased 
in BM cells, including those derived from TNBC. MiR- 
20b also significantly enhanced the colony-forming ability 
of breast cancer cells as well as their aggressiveness; 
however, where miR-20b has potential as a therapeutic 

Table 1 (Continued). 

Drug ClinicalTrials. 
gov Identifier

Phase Number 
of 
Patients

Experimental Arm 
(Regimen and 
Dose)

Control Arm 
(Regimen and 
Dose)

Status Results

Atezolizumab NCT0242589195 III 902 
metastatic 

TNBC 

patients, 
including 

61 BM 

patients

Atezolizumab 840mg 
d1,15 + nab- 

paclitaxel 100mg/m2 

d1,8,15 
every 28 days

Placebo 840mg d1,15 
+ nab-paclitaxel 

100mg/m2 d1,8,15 

every 28 days

Recruiting Atezolizumab plus 
nab-paclitaxel 

prolonged PFS and 

OS (PFS: 7.2 months 
vs 5.5 months, 

P=0.002; OS: 21.3 

months vs 17.6 
months, P=0.08).

Abbreviations: PFS, progression-free survival; OS, overall survival; CNS, central nervous system; CBR, clinical benefit rate; RR, response rate; ORR, objective response 
rate.
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target remains unknown.99 Using next-generation sequen-
cing (NGS), Sereno et al revealed that circulating miRNAs 
were dysregulated during TNBCBM progression. The 
authors found that the downregulation of miR-802-5p 
and miR-195-5p was a precocious event in TNBCBM, 
and that the transcription factor myocyte enhancer factor 
2C (MEF2C) was a target of the two miRNAs, while 
MEF2C expression in TNBC cells was increased with 
BM development.100

Long Noncoding RNAs
Xing et al examined the lncRNA expression profiles in 
primary breast cancer and BM and found that X–inactive 
specific transcript (XIST) was the top differentially 
expressed lncRNA between the two groups. XIST expres-
sion was significantly downregulated in BM compared 
with other metastatic tumors, with the most significant 
reduction being recorded in the TNBC subtype. In the 
study, the authors also established a TNBCBM mouse 

Table 2 Selected Ongoing Clinical Trials for Triple-Negative Breast Cancer Brain Metastasis (TNBCBM)

ClinicalTrials. 
gov Identifier

Title Phase 
and 
Status

No of 
Patients

Lead Study Intervention Primary 
Outcome

Secondary 
Outcome

NCT04303988, 

2020, Jian Zhang

A prospective, single-arm, 

single-center, multi-cohort 
phase II clinical study of HER2- 

positive and triple-negative 

breast cancer brain Metastases

II, active, 

no 
recruiting

59 Fudan 

University

TNBC patients will 

receive SHR1316 in 
combination with 

bevacizumab plus 

cisplatin or 
carboplatin

ORR in 

the CNS

CBR in the 

CNS; PFS; 
OS; first 

progression 

site; safety

NCT03483012, 
2018, Nancy U 

Lin

A phase II study of 
atezolizumab in combination 

with stereotactic radiation for 

patients with triple-negative 
breast cancer and brain 

metastasis

II, 
recruiting

45 Dana– 
Farber 

Cancer 

Institute

Atezolizumab + 
stereotactic 

radiosurgery

PFS Extracranial 
ORR; PFS; 

CBR; OS; 

neurological 
evaluation

NCT02595905, 

2016, Eve T 
Rodler

Phase II randomized placebo- 

controlled trial of cisplatin with 
or without ABT-888 (Veliparib) 

in metastatic triple-negative 

breast cancer and/or BRCA 
mutation-associated breast 

cancer, with or without brain 

metastases

II, active, 

no 
recruiting

333 Anchorage 

Associates 
in 

Radiation 

Medicine

Cisplatin d1 + 

veliparib d1–14, every 
21 days

PFS OS; RR; 

CBR

NCT02448576, 

2017, Shusen 
Wang

A phase III randomized 

controlled trial of prophylactic 
cranial irradiation in patients 

with advanced triple negative 

breast cancer who had 
a response to first line 

chemotherapy

III, active, 

no 
recruiting

326 Sun Yat-sen 

University 
Cancer 

Center

Prophylactic cranial 

irradiation in 
advanced TNBC 

patients who had 

a response to first 
line chemotherapy

BM-free 

survival

Cumulative 

risk of BM 
within 

one year; 

PFS; OS; 
CNS score

NCT03168880, 

2017, Rajendra 

A Badwe

A randomized controlled trial 

of neoadjuvant weekly 

paclitaxel versus weekly 
paclitaxel plus weekly 

carboplatin in women with 

large operable or locally 
advanced, triple negative 

breast cancer

III, active, 

no 

recruiting

720 Tata 

Memorial 

Centre

Arm A: paclitaxel; 

Arm B: paclitaxel + 

carboplatin

DFS and 

OS

RR

Abbreviations: PFS, progression-free survival; OS, overall survival; CNS, central nervous system; CBR, clinical benefit rate; RR, response rate; ORR, objective response rate.
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model, and found that XIST downregulation led to the 
activation of three different pathways, namely, EMT, 
MSN/c-Met, and release of exosomal miR-503. Jointly, 
these pathways promoted the expression of metastatic 
traits in CSCs and triggered the upregulation of immuno-
suppressive factors in the CNS microenvironment through 
l exosome-mediated communication. In summary, 
lncRNA XIST exerts a metastasis-suppressive function 
preferentially in the brain, and its downstream pathway 
may be an effective target for the treatment of BM.101 

Wang et al identified a lncRNA associated with breast 
cancer BM (lnc-BM), and found that the increased 
expression of lnc-BM in breast cancer cells (including 
TNBC cells) could drive BM progression, while lnc-BM 
depletion mediated through nanoparticle-encapsulated 
siRNAs elicited the opposite effect. Further investigation 
showed that interaction between lnc-BM and JAK2 
enhanced the communication between breast cancer 
cells and the CNS microenvironment to promote BM. 
Targeting lnc-BM represents a potential strategy for treat-
ing BM.102

Circular RNA
Circular RNA (circRNA) expression was compared 
between TNBCBM cells and parental nonspecific meta-
static cells. The results showed that hsa_circ_0001944, 
hsa_circ_0001481, hsa_circ_0000646, hsa_circ_0001006 
and hsa_circ_0000732 were upregulated, whereas hsa_-
circ_0001910, hsa_circ_0008285, and hsa_circ_0000002 
were downregulated. Further analysis indicated that hsa_-
circ_0001944 might be involved in BM development by 
stimulating miR-509 and interfering with its binding to 
downstream targets.103

Progesterone
Membrane progesterone receptor alpha (mPRα) is not 
associated with classical PR and is expressed in tissue 
lacking PR expression. Zhou et al demonstrated that 
mPRα was highly expressed in TNBC tissues and that its 
expression level was negatively associated with TNM 
stage. The authors also showed that progesterone inhibited 
TNBC cell growth and metastasis to the brain via mPRα, 
and provided evidence of a new mechanism, mediated by 
the progesterone/mPRα axis, in the development and pro-
gression of TNBC. These observations suggest that, pro-
gesterone may be a potential target for the treatment of 
TNBCBM.104

Proteins
ADAM8 is a transmembrane protein belonging to the “a 
disintegrin and metalloprotease” (ADAM) family. This 
protein is highly expressed in TNBC and derived metas-
tases, and high ADAM8 levels predict poor prognosis. 
ADAM8 stimulates angiogenesis by releasing VEGF-A 
and promotes tumor cell proliferation by activating 
Integrin beta-1. Treatment with an anti-ADAM8 antibody 
could significantly reduce CTC numbers and BMs, sug-
gesting that ADAM8 is a promising therapeutic target for 
TNBCBM treatment.105 Aldehyde dehydrogenase family 
1 member A3 (ALDH1A3) is one of the representative 
proteins of EMT.106 A recent study identified ALDH1A3 
as promoting BM development by regulating CTC adhe-
sion and migration in the TNBCBM cascade. Knocking 
out ALDH1A3 has a selective inhibitory effect on BM, 
and dose not inhibit liver or bone metastasis.107 Gong et al 
found that inhibiting the expression of angiopoietin-like 4 
(ANGPTL4), a secreted glycoprotein, in TNBC cells 
reduced metastatic growth in the brain. Furthermore, the 
secretion of transforming growth factor beta 2 (TGF-β2) 
by astrocytes upregulated the expression of ANGPTL4 in 
TNBC cells. This finding suggests that the invading 
TNBC cells interact with astrocytes in the CNS microen-
vironment, and promotes BM through a TGF-β2/ 
ANGPTL4 axis.108 The increased expression of protocad-
herin 7 (PCDH7) in TNBC cells, induced through astro-
cyte interaction, has been reported to promote BM 
colonization. Furthermore, PCDH7 knockdown decreased 
metastatic lesion numbers and area sizes in the mouse 
brain.109 Dual-specificity phosphatase 6 (DUSP6) has 
been associated with breast cancer progression, recur-
rence, and metastasis. Wu et al found that, in TNBC 
patients, the DUSP6 protein was predominantly expressed 
in the nucleus of BM cells, but not in that of cells from 
lung or pleura metastasis; in contrast, DUSP6 was loca-
lized to the cytoplasm in primary tumor tissues. These 
results suggested that nuclear-localized DUSP6 expression 
may be associated with BM in TNBC patients, and 
thatDUSP6 peptide inhibitors may potentially reduce the 
risk of TNBC-related BM.110 The molecular chaperone 
αB-crystallin is highly expressed in TNBC and is asso-
ciated with the promotion of an aggressive phenotype. 
Furthermore,αB-crystallin also has a role in promoting 
TNBC cell adhesion to BMECs, transendothelial migra-
tion, and BBB transmigration. The overexpression of 
αB-crystallin increases BM occurrence in an orthotopic 
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TNBC model, whereas αB-crystallin silencing elicits the 
opposite effect.111

Natural Products
Gingerols are the main active components in ginger oleor-
esin. Martin et al reported that [10]-gingerol inhibits TNBC 
growth and spontaneous metastasis, especially that to the 
brain, by inducing caspase-dependent apoptosis.112 

Cannabinoids derived from Cannabis sativa were shown to 
suppress TNBC growth in preclinical models. Furthermore, 
they could also inhibit tumor progression and invasion by 
reducing tumor angiogenesis, EGFR expression, and AKT 
phosphorylation, while also limiting the supply of nutrients 
and oxygen needed for tumor growth.113

Potential Precision Anti-TNBCBM 
Therapy: Nanotechnology
Although the BM-related BBB (the BTB) is structurally 
impaired and has greater permeability than healthy BBB, it 
remains an important barrier to the delivery of drugs sites 
of to BM.51 In recent years, nanotechnology, has revolu-
tionized how drugs are delivered and has unique advan-
tages in the treatment of TNBCBM. Nanomaterials are 
used as carriers in chemotherapy, which can greatly 
improve the efficacy of conventional chemotherapy. They 
also allow drugs to freely cross the barriers of the body, 
such as the BBB, targeting drug delivery to specific lesions 
(such as BM). Additionally, through their high drug load-
ing capacity, prolonged blood circulation time, capacity 
for sustained drug release, and potential for reduced 
enzyme-mediated drug degradation, nanomaterials can be 
used to maximize the benefits of treatment.114

Nanoparticles (NPs) loaded with doxorubicin (DOX), 
paclitaxel (PTX), or docetaxel (DTX) as therapeutic agents 
are currently the most studied formulations for treating 
metastatic breast cancer. Metastatic TNBC can be specifi-
cally targeted and treated with NPs that carry single or 
multiple therapeutic agents.115 He et al developed an 
amphiphilic polymer-lipid nanocarrier system that could 
deliver DTX to TNBCBMs. Compared with an equivalent 
dose of a clinical preparation of DTX, DTX-NPs showed 
rapid uptake by TNBC cells, elevated intracellular drug 
concentrations, prolonged drug circulation time, and 
increased brain bioavailability, which significantly inhib-
ited BM growth and prolonged the survival time of 
patients. Importantly, these effects were not accompanied 
by histological changes in the main organs, including the 

lungs, liver, kidneys, and heart.116 Li et al constructed 
a PTX-loaded liposome co-modified with acid-cleavable 
folic acid (FA) and the BBB-transmigrating, cell- 
penetrating dNP2 peptide (cFd-Lip/PTX) to synergically 
improve BBB penetration and the targeting of the tumor 
microenvironment (TME). The authors found that cFd-Lip 
was the sensitive to cleavage in the acidic TME, which 
maximized the function of both FA and the dNP2 peptide. 
This liposome allowed for deeper penetration and 
increased accumulation in primary breast cancer and sites 
of BM, thus helping to enhance anti-tumor activity. This 
cascade targeting strategy provides a feasible method for 
overcoming the TME and the BBB in primary breast 
cancer and associated BM.117 Zhang et al designed 
a multitarget drug delivery system consisting of a cyclic 
internalizing peptide (iRGD)-modified terpolymer-lipid 
hybrid nanoparticle system (TPLN) coloaded with DOX 
and mitomycin C (MMC) (iRGD-DMTPLN). Compared 
with untargeted DMTPLN or a free DOX/MMC combina-
tion, iRGD-DMTPLN treatment reduced the TNBCBM by 
6-fold and 19-fold, respectively, and prolonged host med-
ian survival by 1.3-fold and 1.6-fold, respectively. 
Meanwhile, this nanosystem also reduced the cardiotoxi-
city associated with the DOX/MMC combination.118

Because many nanocarriers and targeting moieties can 
bind nonspecifically to tumor cells, as well as to extracellu-
lar and intravascular components, developing effective 
nano–drug preparations targeting tumor cells has always 
been challenging. The recently developed “DART” nanopar-
ticles could effectively ameliorate this problem. PTX-DART 
nanoparticles could directly bind to fibroblast growth factor- 
inducible 14 (Fn14) that is highly expressed on the surface 
of TNBC cells in both primary TNBC and associated BM, 
and released a high concentration of PTX to kill the cancer 
cells while reducing the killing of normal cells.119

Nanotechnology has brought new opportunities for anti- 
TNBCBM precision therapy. The development of precision 
medicine, in combination with an in-depth understanding of 
TNBCBM-specific markers, will allow for more accurate 
identification of tumor proliferation and metastatic-related 
signaling pathways and the discovery of drug targets in 
CSCs. Novel TNBCBM drug delivery systems, which inte-
grate nanotechnology and precision therapy, hold promise as 
a means of blocking BM occurrence and development.

Conclusion
BM is one of the main complications associated with 
TNBC and the most severe event threatening the survival 
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of TNBC patients. However, there is no FDA-approved 
drug currently available for the treatment of TNBCBM. 
Consequently, there is a need for a comprehensive under-
standing of the biology of TNBCBM to allow the devel-
opment new therapies. The unique biological 
characteristics of TNBC cells are conducive to brain inva-
sion and metastasis, and the destruction of the BBB, the 
formation of highly permeable BTB, and changes in the 
CNS microenvironment all play a key role in the forma-
tion of TNBCBM. Although newly identified therapeutic 
targets and novel strategies have brought new hope to BM 
patients, more research is required to allow the develop-
ment of effective and low-toxicity treatment regimens for 
TNBCBM patients. Future research directions may include 
(i) further investigation of the mechanisms underlying the 
development of TNBCBM, such as lipid metabolism in 
metastatic cells in the brain, BM-specific gene mutations, 
and changes in gene expression; (ii) developing novel 
therapeutic agents that can adequately penetrate the BBB 
and target the main steps of the metastatic cascade; (iii) 
conducting preclinical and clinical studies of targeted 
drugs to explore their mechanism-of-action, efficacy, and 
appropriate doses; (iv) identifying the high-risk factors for 
BM in TNBC patients and developing risk prediction 
tools. The emergence of modern precision medicine, in- 
depth knowledge of the biological behavior of TNBCBM 
and related signaling pathways, the selection of more 
accurate targeted therapies, and the development of more 
clinical trials, may in the future, lead to more precise and 
individualized treatment options for TNBCBM patients.
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