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Introduction
Cells originating from peripheral primary tumors can circulate in the 
blood flow to the brain and form brain metastases, which are also known 
as secondary brain cancers. Metastatic brain tumors occur in about 
5-25% of all cancers that spread through the body and are about 10 times 
more common than the cancers that start in the brain (primary brain 
cancers) [1]. Primary cancers that originate from the lung, breast, colon, 
and kidney, along with malignant melanoma, are the most likely to me-
tastasize to the brain [2,3]. Lung cancers and breast cancers account for 
nearly two-third of the total cases of brain metastases.

Breast cancers are the most common cancers in women in the 
United States and a leading cause of cancer death among women [4]. 
While systemic therapy reduces the risk of recurrence, many patients 
still develop metastatic disease. In some studies, about 20%-40% of the 
patients with breast cancers treated with chemotherapeutic and/or hor-
monal agents eventually develop recurrences in distant organs with a low 
5-year survival rate of only ~20% [5-8]. Breast cancers are associated with 
a relatively high rate of brain metastases carrying total incidence about 
30% [9]. Despite the improvement of primary breast cancer treatments 
in the past few decades and as a consequence of prolonged life span, the 
number of brain metastases is rising in patients with breast cancers [10]. 
In addition, due to the low permeability of most chemotherapies to the 
brain, metastasis of breast cancers to the brain is invariably associated 
with poor prognosis and causes a severe increase in mortality. 

Diagnosis and Treatment of Brain Metastatic Breast Cancers
As metastatic tumors originate from breast, the diagnosis of brain met-
astatic breast cancer is different from primary brain tumors, infectious 
processes, and other central nervous system (CNS) lesions. The current 
diagnoses for brain metastatic breast cancer include contrast-enhanced 
magnetic resonance imaging (MRI) and biopsy. MRI is the preferred imag-
ing study for the diagnosis of brain metastases [11]. With respect to de-
tection, localization, and quantification, contrast enhanced MRI has been 
widely demonstrated to be more sensitive than either non-enhanced 
MRI or computed tomography (CT) scanning [11,12]. Newer modalities 
in radiographic imaging, such as magnetization transfer (MT) [13], triple 
dose gadolinium imaging [14], echo planar imaging [15], MR spectros-
copy [16], positron emission tomography (PET) [17], and single-photon 
emission computerized tomography (SPECT) [18] have further improved 
brain lesion detection with MRI. Nevertheless, biopsy remains the gold 
standard to establish the diagnosis of brain metastases. Biopsy is par-

ticularly important in patients with a single lesion to exclude the primary 
brain tumors or lesions and to identify the breast origins of brain metas-
tases. The risk of CNS relapse among patients with breast cancer varies 
significantly by tumor stage with less than 3% among women presenting 
with early-stage breast cancers, while 10-16% in patients with metastatic 
breast cancers [19].

Although breast cancers are top sources of brain metastasis, most 
current management algorithms for brain metastatic breast cancers are 
based upon guidelines for secondary brain metastases in general, rather 
than being specific for breast cancers [20]. The stages of breast cancers, 
the prior chemotherapy, and CNS radiation exposure have all confound-
ed the therapy regimens and results [21]. Novel chemotherapy agents 
(e.g. Canazitaxel, Iromptecan) and therapeutic strategies targeting the 
human epidermal growth factor rector 2 (HER2) (e.g. Lapatinib, Afatinib), 
mTOR (e.g. Everolimus), PI3K (e.g. BKM120), PARP (e.g. Sorafenib), and 
VEGF (e.g. GRN1005) are under evaluation for the treatment of brain met-
astatic breast cancers. Systemic benefit is emphasized in these specifical-
ly molecular subtyping targeted therapies [22]. For example, HER2-pos-
itive breast cancers demonstrate a tropism for CNS spread [23]. Clinical 
trials using inhibitors targeting HER2 have witnessed the increase in the 
time for brain metastases to develop and decrease the frequency of CNS 
involvement at progression [24,25]. However, Herceptin (chemical name: 
trastuzumab) has limited ability to penetrate the blood-brain barrier 
(BBB) and is less effective in preventing the development of cerebral dis-
ease [26]. Therefore, new therapies focusing on the prevention of brain 
metastases and/or on increasing the permeability of the BBB to allow 
systemic therapies to reach the brain should be sought. 

Blood-brain Barrier and Brain Metastatic Breast Cancers
Brain metastasis is a multistep process that involves detachment of tu-
mor cells from the primary lesion, followed by survival in the blood ves-
sels or lymphatic system, invasion into the CNS, and sustained prolifera-
tion towards the formation of brain tumor. Metastatic breast cancer cells 
can break away from the primary tumor site and travel through blood 
and lymphatic vessels. According to the “seed and soil” hypothesis for 
organ-preference patterns of tumor metastasis (metastatic tumor cells 
as “seed”; their organ microenvironment as “soil”) proposed by Paget 
[27], the migratory cancer cells leave the primary site via intravasation, 
circulate throughout the body and eventually engraft in distant organs, 
which allow proper adherence and colonization. The “soil” for malignant 
cells in the CNS has been suggested to be vascular rather than neuronal 
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[28-30]. Therefore, the consecutive steps in brain metastasis require so-
phisticated communication between the metastatic cancerous cells and 
brain, particularly at the capillary level.

The BBB is a selective barrier that lines cerebral micro-vessels and 
actively controls the passage of substances and circulating cells from the 
blood into the cerebrospinal fluid. The BBB deliberately maintains the 
CNS homeostasis. A key aspect of BBB is the formation of the complex 
tight junctional capillaries by brain microvascular endothelial cells (BM-
VEC). Given the unique functions of the brain, the structure of BBB is 
distinct from endothelial barriers in other organs. For example, the capil-
laries in the bone marrow and the liver are fenestrated [31,32], whereas 
the tight junctional capillaries by BMVEC are backed by the “end feet” of 
astrocytes in association with neurons, forming the functional neurovas-
cular units [33]. The compromised function of BBB also represents a key 
early event in the pathogenesis of several neurodegenerative disorders 
with an inflammatory component, such as Alzheimer’s disease and Par-
kinson’s disease [34].

Recent studies showed that the brain metastasis of breast cancers 
involves mediators of extravasation through non-fenestrated capillaries. 
Brain metastasis is complemented by specific enhancers of BBB cross-
ing and brain colonization. A number of mediators have been identified 
to assist breast cancer cells crossing the BBB, including cyclooxygenase 
(COX-2), epidermal growth factor receptor (EGFR) ligand HBEGF, and 
the α2, 6-sialyltransferase ST6GALNAC5 [35]. COX-2 and EGFR are also 
known to be involved in the infiltration of breast cancer cells into the 
lung [36,37], suggesting a sharing of these mediators in cerebral and pul-
monary metastases. In contrast, ST6GALNAC5 was found to specifically 
mediate breast cancer brain metastasis [35]. In addition, the leukocyte 
adhesion molecule CD44 [38] and the vascular endothelial growth fac-
tor (VEGF) [39] also contribute to the adhesion of metastatic breast can-
cer cells to brain vascular endothelium and trans-endothelial migration 
across the BBB.

Dysregulated Mirna Secretion of Brain Metastatic Breast Cancers
MicroRNAs (miRNAs) are small non-coding RNAs that are involved in 
post-transcriptional gene regulation. Recent work has shown that miR-
NAs of cancer cells modulate the tumor microenvironment, such as 
tumor angiogenesis, tumor immune invasion, and tumor-stromal inter-
actions [40]. In breast cancer cells, miR-9 can target and downregulate 
E-cadherin, which in turn upregulates VEGF expression, leading to the 
increase of cell motility and invasiveness [41]. Furthermore, miR-210 se-
creted from breast cancer cells was found to serve as an angiogenic miR-
NA in recipient endothelial cells [42]. Plasma miR-21 was also identified 
to be elevated in patients with breast cancers. MiR-21 has been implicat-
ed to promote the tumor cell proliferation and invasion by suppressing 
smad7, which enhances EGF and TGF-β pathways [43]. In contrast, miR-
126 [44] and miR-29b [45] were shown to non-cell-autonomously restrict 
breast cancer metastasis via regulation of multiple targets involved in 
endothelial recruitment or extracellular matrix remodeling.

Regarding the brain metastasis of breast cancers, Zhou et al. [46], 
for the first time, identified that the transwell migration of primary BM-
VEC was significantly stimulated by exosomes from MDA-231 metastatic 
breast cancer cell line, but not the noncancerous mammary epithelial cell 
line MCF-10A. Using the deep sequencing technique, they identified a 
number of miRNAs differentially secreted in exosomes between the two 
lines, particularly miR-105. The exosomal enriched miR-105 from MDA-
231 cells was predicted to target multiple sites on the mRNAs of tight 
junction proteins. A panel of metastatic breast cancer cell lines isolated 
from pleural effusion was further characterized to secrete high levels 
of exosomal miR-105. Indeed, miR-105 was identified to be involved in 
a cancer-germline transcript (CT-GABRA3) displaying DNA hypomethyl-
ation-dependent activation in various tumors [47]. The serum level of 
neutral sphingomyelinase 2 (nSMase 2), which regulates the exosomal 
miRNA secretion, was found to be enhanced in a breast cancer model 
previously [42]. The serum miR-105 levels, correlated with the progres-
sion of distant metastases of clinical breast cancers, suggest a predicator 
role of miR-105 in the diagnosis of brain metastasis. Therefore, the met-
astatic breast cancer cells have the potential to secrete miR-105 in exo-

somes as paracrine or endocrine regulatory mechanism to break away 
from the primary tumor site and travel through blood and lymphatic ves-
sels of distant organs.

Besides miR-105, miR-10b was also reported in the invasion and me-
tastasis of breast cancers [48]. Singh et al. revealed that miR-10b was very 
highly expressed in exosomes secreted by metastatic breast cancer cells 
[49]. Upon uptake by recipient cells, miR-10b can suppress the protein 
level of its target genes, such as HOXD10 and KLF4. These two factors 
are involved in the regulation of cell proliferation and differentiation, 
promoting the invasive ability of non-malignant breast cancer cells. Most 
recently, metastatic breast cancer cells were identified to secrete high cir-
culating miR-122 levels [50]. MiR-122 can suppress the glucose uptake by 
non-tumor cells in the premetastatic niche to promote metastasis [50]. 
Inhibition of miR-122 could restore glucose uptake in distant organs, in-
cluding brain and lungs, and decrease the incidence of metastasis.

Evasion of Brain Defense by Metastatic Breast Cancers
The recently identified extracellular (circulating or exosomal) miRNAs 
were shown to mediate the ability of metastatic breast cancer cells to 
target the distant brain endothelium and vasculature. However, brain 
metastasis tends to be a late complication of cancer in the clinic [51,52]. 
Most cancer cells that leave a solid tumor perish, and much of this attri-
tion happens as circulating cancer cells infiltrate distant organs [53]. Re-
al-time imaging [54] and MRI [55] techniques revealed that most cancer 
cells that pass the BBB die. This means that during or following the migra-
tion and transverse, the breast cancer cells will face local defense from 
the brain. Valiente et al. [56] recently showed a preventive mechanism of 
the brain against cancer cell brain metastases. The reactive brain stroma 
expresses plasmin as a defense against the metastatic invasion of breast 
cancers in two ways: first, plasmin can convert the membrane-bound as-
trocytic FasL into a paracrine death signal for invading tumor cells, medi-
ating the killing of the metastatic cells. Second, plasmin prevents vascular 
cooption by inactivating the axon pathfinding molecule L1 cell adhesion 
molecule (L1CAM) expressed in metastatic cells. This L1CAM inhibition 
prevents the adherence of breast cancer cells to the surface of endothe-
lial capillaries and growth as a sheath around the vessels. Interestingly, 
breast cancer cells of brain metastatic phenotype express upregulated 
levels of neuroserpin (NS) and serpin B2 as compared to their parental 
cells. NS and serpin B2 are associated with plasminogen activator (PA)-in-
hibitory activity, which enables the metastatic cells to evade the suppres-
sion by plasmin. NS was previously believed to be restricted to neurons 
where it protects against PA cytotoxicity from reactive astrocytes [57]. 
Indeed, cancer cells infiltrate the brain and are immediately exposed to 
astrocytes that abound in the perivascular space and produce either the 
death signals to invading cells or factors to prevent the colonization of 
metastatic cells from the brain. Therefore, the increased expression of 
serpins by disseminated breast cancer cells provides an adaptation for 
successful brain metastasis.

Conclusion
The high incidence of brain metastasis and the comparison of metastat-
ic and non-metastatic phenotypes indicate an active crosstalk of brain 
metastatic breast cancers with the BBB. Certain miRNAs and serpins are 
regulatory molecules in defining the metastatic potential of breast can-
cers. Targeting these factors that favor the metastatic microenvironment 
may provide future therapeutic interventions for the brain metastasis of 
breast cancers.
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