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Abstract
Metastatic disease is the cause for 90% of breast cancer mortalities. For those 10%-20% of patients whose breast 
cancer metastasizes to the central nervous system, the one-year survival rate is just 20%. Both histology and 
molecular subtype have a correlation with the site of tumor metastasis, indicating an inherent preferential aspect to 
metastatic colony formation. The molecular differences between breast cancers may determine the site of 
metastasis through priming of the premetastatic niche in that site: cell surface molecules, exosomes released from 
the primary tumor, and soluble factors secreted from both the primary tumor and resident cells within the 
premetastatic niche all contribute to altering the premetastatic niche to be more favorable for the circulating tumor 
cells, allowing for cell invasion and growth. Here, we review breast to brain metastasis with a focus on the 
premetastatic niche. We discuss the secreted factors and exosomes that prime the premetastatic niche within the 
brain by instigating crosstalk between the resident cells of the brain microenvironment. We report on the individual 
roles that microglia, astrocytes, pericytes, neurons, and endothelial cells may have in the formation and 
maintenance of the premetastatic niche.
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BREAST CANCER AND BREAST-TO-BRAIN METASTASIS: CLINICAL AND BIOLOGICAL 
BASIS
It is estimated that over 42,000 women succumb to breast cancer in the United States every year[1,2]. Past data 
show that 90% of breast cancer mortalities are attributed to recurrent and metastatic disease[3,4]. Though 
some patients can develop metastases within 3 years of detection of a primary tumor, it is also common for 
metastases to occur more than 10 years after the initial diagnosis[3,5]. Among metastatic sites, the central 
nervous system (CNS) carries a grim prognosis: for breast-to-brain metastases the one-year survival rate is 
just 20%[6] [Table 1].

Metastasis is the process by which tumor cells invade the stromal tissue surrounding the primary tumor, 
enter vasculature, and disseminate throughout the body[12]. The circulating tumor cells (CTCs) then arrest in 
the capillaries of distant organs, and either persist as quiescent cells or proliferate and form 
micrometastases[13,14]. The phases of this metastatic process are Dissemination, Dormancy, and Colonization 
and Outgrowth at the distal site[15].

DISSEMINATION
Dissemination can start very early during primary tumor progression and can continue until the primary 
tumor is removed. As cancer cells undergo epithelial-to-mesenchymal transition (EMT), a combination of 
expression changes of cell adhesion, migratory and invasive genes of the cancer cells occur that lead to the 
remodeling of the ECM, and intravasation through a leaky vasculature or lymphatics[15]. The contribution of 
the lymphatic system in metastasis is debated, since clinical trials have shown that breast or ovarian cancer 
patients who had undergone regional lymph node dissection did not exhibit any survival benefit over 
control patients[16]; however, it has been proposed that the lymphatic system may contribute to the CTCs 
from the blood stream or the lymphatic system extravasate at the distal site, and then enter the phase of 
Dormancy during which the cancer cells at the distal site do not yet form a clinically defined lesion because 
the host environment presents barriers, physical, metabolic, and immune, which hinder tumor growth. 
Finally at the host tissue the metastatic process enters the Colonization and then Outgrowth phase. The most 
common sites of metastasis can change depending on breast cancer subtypes[9].

There are numerous risk factors that increase the likelihood of metastasis in breast cancer patients, such as 
breast cancer molecular subtypes, patient age, number of metastatic sites, and tumor size[17-22].

The overall likelihood of metastasis depends upon molecular subtypes. Currently four major molecular 
subtypes of breast cancer have been characterized, depending on the expression of the estrogen receptor 
(ER), progesterone receptor (PR) and of human epidermal growth factor receptor 2 ERBB2/HER2: Luminal 
A (described as ER+, PR±, HER2- with low Ki67 expression), Luminal B (ER+, PR±, HER2± with high 
expression of the proliferation marker Ki67), HER2+ (ER-, PR-, HER2+) and Triple Negative (TNBC: ER-, 
PR-, HER2-). In breast cancers with hormone receptor expression, concerted Ki67 expression increases the 
chance of metastasis from 27.8% to 42.9% whereas concerted ERBB2/HER2 expression increases the chance 
of metastasis to 47.9%. Sole expression of ERBB2/HER2 results in a 51.4% chance of metastasis and an 
absence of receptor expression yields a 43.1% chance[23]. Independent of molecular subtype, breast cancer 
most commonly metastasizes to bone. The frequency of metastasis to distant sites, however, is dependent on 
subtype. Breast cancers with hormone receptor expression are the most frequent of all subtypes to form 
distant metastases in bone; with the additional expression of ERBB2, the second most frequent metastatic 
site switches from the lungs to liver. With sole ERBB2/HER2 expression, the likelihood of forming liver 
metastases is similar to that of bone metastases. TNBC drives both bone and lung metastases at similar 
rates[9]. Though each subtype has the propensity to form brain metastases, ERBB2/HER2-positive and 
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Table 1. Sites of metastasis of primary breast cancer

Study Subtype Location of single metastasis % of sample Overall survival (months)

Niwinska et al.[7]
Luminal/HER2- Brain 15 (0.2-56)*

HER2+ Brain 9 (0.6-3.4)*

TNBC Brain 3.7 (0.5-52)*

Chen et al.[8] Bone 35.60% 31

Brain 1.70% 11#

Liver 6.40% 19

Lung 9.30% 20

Wu et al.[9]
Luminal A Bone 58.52% 14.66 ± 12.83

Brain 4.30%

Liver 15.48%

Lung 21.70%

Luminal B Bone 47.28% 9.62 ± 10.96

Brain 5.89%

Liver 25.65%

Lung 21.17%

HER2+ Bone 34.49% 11.30 ± 11.71

Brain 8.31%

Liver 31.72%

Lung 25.48%

TNBC Bone 36.39% 12.48 ± 12.23

Brain 9.12%

Liver 22.40%

Lung 32.09%

Gong et al.[10]
Luminal A Bone 797% 36

Brain 1.2%

Liver 8.1%

Lung 11.0%

Luminal B Bone 61.0% 44

Brain 1.6%

Liver 20.3%

Lung 17.1%

HER2+ Bone 35.8% 34

Brain 3.4%

Liver 32.7%

Lung 28.1%

TNBC Bone 43.0% 13

Brain 5.1%

Liver 18.9%

Lung 33.1%

Gu et al.[11]
TNBC Bone 40% 13

Brain 6% 5

Liver 16% 13

Lung 37% 14

Studies reporting subtypes of primary breast cancer and their site of metastasis and the percent of patients exhibiting the metastasis in that 
location, as well as the overall survival of the patients in the study with the designated metastasis. In some of the studies listed below the reports 
did not specifically correlate overall survival with site of metastasis or molecular subtype. *Indicates survival from detection of brain metastases; 
#limited number of patients.
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TNBC are the most common subtypes to drive metastases to the brain. Of the two, TNBC has been reported 
to have a higher propensity to metastasize solely to the brain[7,24,25]. Luminal A breast cancers are more likely 
to metastasize to bone and less likely metastasize to brain, liver, and lung, and are less likely to present as 
multiple metastases[26]. Both ERBB2/HER2-positive and TNBC subtypes are also associated with the lowest 
median survival with brain metastases at 10 and 4 months. Patients with concurrent hormone receptor and 
ERBB2 expression have a median survival of thirteen months[7].

Patient age is linked to location and number of metastatic sites. Younger patients are more likely to form 
single metastases in the brain or liver than in other organs[25]. None the less, those who present with multiple 
metastatic sites also tend to be younger or middle-aged[8,25]. The increased incidence of metastases in 
younger patients may be in part due to the higher rate of diagnosis of TNBC in younger patients and the 
difficulties that surround its treatment[8]. Elderly patients (> 69 years) are more likely to have metastases in 
the lungs and less likely to solely have distant lymphatic metastases[8,25]. Among all patients with metastatic 
disease, age was linked to overall survival, with the median overall survival rates for younger and elder 
groups decreasing from 32 to 16 months[25].

The likelihood of developing metastases increases with the presence of cancer cells in the lymph nodes, 
making it a commonly used prognostic marker[27,28]. The presence of lymph node metastases in patients with 
ERBB2-overexpressing breast cancer is associated with worse prognosis than those without lymph 
metastases[29]. However, its use as a marker is not absolute, as approximately one third of patients without 
lymph-node metastases will still develop distant metastases, while approximately one third of patients with 
nodal metastases will not form distant metastases 10 years after therapy[30,31]. Though the number of nodal 
metastases is often correlated with the primary tumor size, the two act as independent but additive 
indicators of disease state. With an increase in lymph involvement, regardless of tumor size, patient survival 
decreases[27].

Tumor size has long been considered a prognostic marker for metastasis, with primary tumors larger than 
2 cm in diameter having a high risk of metastasis, and those over 5 cm having a very high risk[27,28,31,32]. There 
is a linear correlation between tumor size and likelihood of metastasis for tumors between 1 and 5 cm in 
diameter, which allows for the prediction of tumor behavior and provides the rationale for therapy 
recommendations[33,34]. These recommendations are based on the linear model of breast cancer progression 
(Figure 1, adapted from[35]), where the disease progresses linearly from initiation of cancerous growth to 
invasion of surrounding tissue to lymphatic metastasis and, finally, distant metastasis[36]. This model is used 
to describe breast cancer progression regardless of molecular signature: according to the linear progression 
model, both lymphatic and distant metastases are seeded by the primary tumor, thus the observed linear 
relationship between size and metastatic potential would be extrapolated to both tumors smaller than 1 cm 
or larger than 5 cm; a tumor smaller than 1 cm would have a lower potential for metastasis to either the 
lymph nodes or other sites, and a larger tumor would have a higher potential for metastasis[30,37,38]. However, 
this model becomes unreliable for small tumors (< 1 cm) and large tumors (> 5 cm). For small tumors and 
large tumors, the relationship between size and metastatic potential becomes non-linear, and thus the ability 
to accurately predict the likelihood of metastasis becomes more difficult[39]. To explain the nonlinear 
relationship, a parallel model of breast cancer was proposed [Figure 1] in which a small number of cancer 
stem cells with metastatic potential are disseminated into breast tissue, lymph nodes, and distant organs. 
Based on this model, these cancer stem cells and inherent tumor biology, rather than the size of the primary 
tumor[40], are the major contributors to the metastasis.
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Figure 1. Linear Progression model vs. Parallel Progression model of cancer growth (adapted from[44]). Please see description of the 
models in the text. Image made using BioRender.

It is notable that the molecular signatures of primary tumors are not always conserved in the resulting 
metastases[41,42]. Though studies on the topic are limited, it has been shown that some colorectal tumors 
metastasizing to the liver and some breast tumors metastasizing to the brain have differing subtype 
expressions or molecular classifications. Priedigkeit et al.[42] performed a study with 20 cases of primary 
breast tumor and resulting brain metastases. Of the 20, 17 samples harbored transcriptional changes in the 
genes expressed in the brain metastasis samples. The most common change was reported to be increased 
expression of ERBB2/HER2 (n = 7), fibroblast growth factor receptor 4 (FGFR4, n = 6), Fms related receptor 
tyrosine kinase 1 (FLT1, n = 4), and aurora kinase A (AURKA, n = 2) as well as loss of estrogen receptor 1 
expression (ESR1, n = 9). Of the seven samples with increased ERBB2, three were classified as ERBB2/HER2 
negative in the original tumor, showing a shift in molecular subtype[42]. An additional study from 
Brastianos et al.[43] demonstrated genetic alterations in brain metastases derived from lung, breast, and renal 
cell carcinomas through whole exome sequencing of matched brain metastases, primary tumors, and 
normal tissue. Additional mutations were seen in 53% (n = 46) of cases with frequent mutations observed in 
genes such as phosphatase and tensin homolog (PTEN) and MTOR that would render the cells sensitive to 
PI3K/AKT/mTOR, CDK, or HER2/EGFR inhibitors indicating potential clinical relevance. In addition, in 
all paired tumor samples, branched evolution from a shared ancestor was observed[43]. The differences in the 
transcriptional signatures reported in Priedigkeit et al.[42], which may indicate a more distant relation with 
the primary tumor, in conjunction with the observed common ancestors in Brastianos et al.[43], further 
support the parallel model of tumor progression.

Here, we focus on breast cancer metastasis to the central nervous system. This affects 10%-30% of patients 
with metastatic disease and is most frequently not the first site of metastasis. Brain metastases are associated 
with a marked decrease in patients’ quality of life and have the worst prognosis in terms of patient survival 
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with the average duration of survival after diagnosis of brain metastases ranging from 6-16 months[3,23,24,44]. 
Brain metastases are most common in TNBC and ERBB2 expressing breast cancers and are most likely to be 
lethal in patients with TNBC[23-25,44,45]. Younger patients and those diagnosed with an increased tumor stage, 
detection of lymph node metastases, greater than 2 metastatic sites other than the brain, or large tumor 
diameter are more likely to form brain metastases[17-22,46]. A study performed using patient data from the 
Metropolitan Detroit Cancer Surveillance System revealed that African American women were more likely 
to form distant metastases in the brain[47]. However, a study using patient data from the SEER database 
showed that patient race or ethnicity did not appear to affect the likelihood of forming brain metastases[46]. 
Another study that included 204,941 patients reported that as expected the TNBC subtype was associated 
with higher likelihood of de novo metastases occurring in the brain in both non-Hispanic-Black (n = 36) and 
non-Hispanic-White patients (n = 92), with higher percentages among non-Hispanic-Black patients (38.9 
vs. 26.1). Surprisingly, the survival of those patients was on average 8 months for the non-Hispanic-Black 
patients and 6 for the non-Hispanic-White patients[48].

DORMANCY
The phase of dormancy is very difficult to model in an experimental setting, as the majority of carcinoma 
cells selected are metastatically aggressive. The theory that underlies exit from dormancy implicates a 
balance between active metastasis initiating cells and antagonistic immune surveillance. The dormant 
cancer cells receive growth-inhibitory signals in the host microenvironment, bypassing TGFβ1 brain-
specific signaling, secreting DKK1[49] to inhibit Wnt, and exhibit resistance to antimitotic therapy[50]. Exit 
from dormancy is not well understood, although changes in cell adhesion molecules, in neutrophil 
extracellular traps, and autophagy genes have been documented to affect the process[51].

Using gene analysis approaches, seventeen genes have been described that promote metastatic tropism to 
the breast cancer cells. Among them there are genes that may modify the cancer cell surface protein 
expression, like α2,6-sialyltransferase ST6GALNAC5[52], MMPs and chemokines[53] or affect the ECM 
protein expression[54], and these are reported to specifically drive metastasis to the brain. Once the cancer 
cells enter the distant site of metastasis, two processes are initiated in an effort to overcome the hostility of 
and co-opt the local environment and adapt metabolically: colonization and outgrowth of the cancer cells.

COLONIZATION
The development of BCBM depends on effectiveness of colonization of the perivascular space in the brain 
and the local initial growth of the cancer cells. During the phase of colonization the cancer cells exhibit high 
levels of oxidative stress and the formation of reactive oxygen species. Within the circulation the cancer cells 
decrease their aerobic metabolism and oxidative phosphorylation, which is re-activated as the cells reach 
their target organ location[55,56]. In that space (brain) the metastatic cancer cells interact with the brain 
parenchymal microenvironment[57] and eventually establish a metabolically-favorable tumor 
microenvironment for metastasis (TME)[58]. One of the events that lead to changes in the metabolism of the 
proximal parenchyma is the restriction of blood flow and limited nutrient availability. Levels of glutamine 
and glutamate are affected by these restrictions and the local metabolism is altered[59]. A factor involved in 
this metabolic change is the lymphoid enhancer-binding factor 1 (LEF1), which is frequently overexpressed 
in cancer cells as they colonize the brain[60]. LEF1 has recently been described to regulate glutathione 
metabolism, thus protecting the cancer cells from undergoing apoptosis. Other reports have indicated that 
cancer cells colonizing the CNS upregulate the expression of GABA receptors or GABA transporters as an 
effort to be able to metabolize GABA, which is abundantly available in the CNS, as a source for protein 
synthesis[61].
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OUTGROWTH
The metabolically-flexible breast cancer cells that colonize the brain have the ability to utilize glutamine as 
energy source, upregulate factors like the glucose regulated protein 94 (GRP94), and regulate the process of 
autophagy. The events allow the cells to grow and form the metastatic lesion at target site of the brain. This 
regulation of autophagy has been recognized as an attractive strategy to target BCBM[53]. Amplification of 
epidermal growth factor receptor (EGFR) in the cancer cells is associated with loss of PTEN, which both 
promotes survival and regulates c-Myc to facilitate metabolic reprogramming[62]. A critical factor for the 
colonizing cancer cells is their ability to modify their exposure to immune attack by changing the expression 
of MHC I, of the ligands of NK cells and effector T cells, as well as the cGAS-Sting and cytosolic DNA-
sensing pathways, and damage-associated RNAs as ligands for pattern-recognition receptors. Modifying the 
presumptive tumor microenvironment to support the infiltrating tumor cells becomes a necessary step for 
the outgrowth of the breast cancer cells in the brain[63].

DEFINING THE PRE-METASTATIC NICHE
To successfully form secondary tumors in organs distant from the primary neoplasm, tumor cells require a 
permissive environment to seed and grow. The pre-metastatic niche is defined as a supportive environment 
in a tissue prior to tumor spread. The formation of a pre-metastatic niche was first described when 
hematopoietic progenitor cells expressing vascular endothelial growth factor receptor 1 (VEGFR1) localized 
and clustered at pre-metastatic sites prior to the arrival or detection of tumor cells[64-66]. Appropriate 
expression of matrix metalloproteases and deposition of fibronectin are thought to contribute to the 
permissive environment of the pre-metastatic niche[66].

In addition to the bone marrow-derived progenitor cells, tumor cell-derived factors also play a role in the 
preparation of the pre-metastatic niche in a distant organ. These factors secreted by the tumor cells include 
both soluble factors, such as cytokines, and extracellular vesicles (EV) that interact with and influence cells 
within the pre-metastatic niche. Through these interactions, the secreted factors are involved in the 
processes of cell activation, extracellular matrix remodeling, and overall priming of the pre-metastatic 
niche[5,67-70]. Analysis of the secretome of a tumor can be useful to define these interactions and for 
therapeutic purposes as it can provide biomarkers for tumor progression and potential targets to inhibit the 
interactions between the secreted macromolecules and resident cells of the pre-metastatic niche[71].

RESIDENT CELL CONTRIBUTIONS TO THE ESTABLISHMENT OF THE BRAIN 
PREMETASTATIC NICHE
Within the brain microenvironment microglia, astrocytes, pericytes, neurons, and endothelial cells all 
interact through a network of cell signaling that results in changes in both gene expression and secretome 
[Figure 2]. Crosstalk between these CNS-residing cells and circulating tumor cells can result in the 
establishment of a more favorable environment for metastatic colonization [Figure 3][72]. All cells within the 
microenvironment collaborate to prime the premetastatic niche. Recent analyses of the eventual 
microenvironment around brain tumors have indicated that the resident CNS cells respond differently to 
primary brain tumors vs secondary, metastatic tumors, with the latter, and specifically the breast metastases, 
characterized by significant accumulation of neutrophils[73].

Microglia are the resident innate immune cells located in the brain. Although they are known to become 
activated by exaggerated CNS stimulation and pathological conditions, but until recently little was known 
about their involvement in the formation of brain metastases[74,75]. Microglia remain in a resting state 
constantly surveying the CNS parenchyma. Upon pathological stimulation they are activated and shift into 
phenotypes that have been termed either M1 or M2[76,77]. Similar to tumor associated macrophages, 
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Figure 2. Changes in gene expression and secretome in the brain parenchyma.

Figure 3. Tumor cell interactions with the cells and cell processes in the brain parenchyma. Image made using BioRender.

microglia expressing an M1-like phenotype have pro-inflammatory and tumor suppressive properties 
through the secretion of cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 
superoxide, nitric oxide (NO), reactive oxygen species (ROS), and specific proteases[78-80]. Microglia 
characterized as presenting an M2-like phenotype are anti-inflammatory and pro-tumoral through the 
upregulation of IL-4, IL-10, IL-13, and transforming growth factor-β (TGF-β) which antagonize the 
functions of the previously mentioned pro-inflammatory cytokines[77,81,82]. Activated microglia do not 
present solely M1 or M2 markers and are not exclusively in M1-like or M2-like states, but rather express 
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markers that form a continuum between the two states. In the presence of M1-like activated microglia, 
breast tumor cells are phagocytosed soon after infiltrating the brain[83]. M2-like differentiated microglia are 
thought to play a crucial role in the formation of the pre-metastatic niche by suppressing their innate 
immune function and thus allowing circulating tumor cells to enter the brain unchallenged and unharmed. 
The activation of M2-like microglia has been reported to promote breast cancer cell invasion in a Wnt-
dependent manner[84]. In breast-to-brain metastasis, M2 polarization is also triggered by the loss of 
expression of the long noncoding RNA X-inactive specific transcript (XIST) which is a major regulator of 
X-chromosome inactivation[85,86]. The effect that the breast tumor secretome may have on the activation of 
microglia is not extensively studied, nor is it known whether it is a stable or dynamic secretome, changing 
over time and during the different phases of metastasis. In a series of publications in the last year, 
bioinformatic approaches using both RNASeq and CYTOF approaches have started analyzing the immune 
microenvironment of BCBM. The majority of these studies have not yet provided information on the early 
changes in the CNS during the formation of the pre-metastatic/metastatic niche but do give new views on 
the distinct tumor microenvironment around these metastases once established[73,87,88]. Overall samples from 
brain metastases present an abundance of molecules regulating myeloid and lymphocytic cell signaling[73], 
including CSF2, IL23A and the pattern recognition receptor MARCO. Among microglia specific markers, 
prominently genes of the IL-6 signaling pathway were upregulated, normally known for suppressing 
systemic immune responses, as well as TREM1 and CXCL5. Interestingly, CXCL8 was also upregulated in 
microglia around brain metastases, which functions to chemoattract neutrophils[73]. Another chemokine 
receptor, CX3CR1, was downregulated in the CNS around metastatic lesions[89]. In an effort to look at 
newly-formed metastases in the brain, Schulz et al.[90] examined immune cell changes around smaller vs. 
bigger tumors and reported that the infiltrating tumor cells “educate” the local immune cell environment, 
with microglia displaying only changes in few genes when in proximity with small or large metastatic 
lesions in the H2030-BrM model. A limitation of this analysis, however, was the use of non-immune-
competent mice.

The function of astrocytes in the normal, physiological brain is to provide structural and functional support 
to the neurons, to regulate extrasynaptic neurotransmitter levels and to modulate specific steps in synapse 
formation and plasticity[91]. It has been speculated that astrocytes affect brain metastasis progression through 
crosstalk with cancer cells via paracrine pathways, since they are shown to surround metastatic lesions in 
the brain and their endfeet are prominent at the blood-brain barrier[52,74,92,93]. Because of this physical 
proximity, astrocytes interact with cells upon extravasation and have been reported to induce Fas-
dependent death in both lung- and breast-derived cells that have infiltrated the brain[94-96]. Astrocytes can 
also release plasminogen activators (PAs), primarily urokinase PA (uPA). PA-mediated plasmin generation 
leads to the proteolysis of L1 cell adhesion molecule (L1CAM) which is expressed by metastatic cells to 
promote spreading along brain capillaries and vascular co-option[97,98]. Both breast- and lung-derived brain 
metastatic cells express high levels of serpins that target PA, primarily Neuroserpin and Serpin B2, 
effectively neutralizing the plasmin-mediated antit-metastatic effects of astrocytes and thus promoting the 
formation of the pre-metastatic niche[96]. Activation of Notch signaling also becomes possible as a result of 
the proximity of astrocytes[99,100]. IL-1β, secreted from tumor cells, activates Jagged-1 (JAG1) expression in 
astrocytes; JAG1 then interacts with tumor cells to significantly stimulate Notch signaling[99,101,102]. The bi-
directional signaling mediated by the Notch pathway drives the formation of a permissive metastatic niche 
and eventually a tumor microenvironment. The secretion of heparanase and neurotrophins by activated 
astrocytes near sites of tumor cell arrest, extravasation, and invasion into the brain are also thought to 
initiate and promote metastatic growth through conditioning of the premetastatic niche[93,103,104]. Heparanase 
is an enzyme that degrades heparan sulfate proteoglycan, a major constituent of endothelial basement 
membranes. It is linked to increased metastasis in multiple cancer types, as degradation of the proteoglycans 
is thought to “loosen” the extracellular matrix and facilitate angiogenic responses through the release of 
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heparan sulfate-associated growth factors, such as vascular endothelial growth factor A (VEGF-A) and 
FGF-2[104-106]. The contribution of neurotrophins has been linked either directly with the upregulation of 
heparanase and its effects[107,108], or by direct effects on neighboring cells in the CNS to promote a permissive 
metastatic niche[109]. Further, sub-populations of STAT3-expressing activated astrocytes can be identified 
near the border of metastatic lesions within the brain that support continued metastatic growth through 
suppression of the innate immune system[110]. It remains unclear if this population is present prior to 
metastatic colonization. An additional mechanism by which astrocytes interact with the metastatic cells is 
through gap junctions that may form between protocadherin 7 on the metastatic cells and connexin 43 on 
astrocytes. This interaction and the subsequent upregulation of survival genes, STAT1 and the NF-κB 
signaling pathway, leads to the support of metastasis[111].

Pericytes surround the capillaries of the brain and have been described to have both signaling and barrier 
roles. Hemodynamic modulation and blood brain barrier maintenance are among the most important[112]. 
The role of pericytes on primary brain tumors has been studied extensively and, in this context, elimination 
of pericytes resulted in increase in vessel leakiness and blood supply[113]. Previously, studies have shown an 
inverse relationship between the number of pericytes and the likelihood of breast cancer metastasis to the 
lungs[114,115]. A recent study conducted by Molnár et al.[116] has reported that pericytes are crucial to the 
development of TNBC-derived brain metastases. Pericytes directly interact with the metastatic cells by 
secreting proteins of the extracellular matrix, insulin-like growth factors (IGFs), and other soluble factors 
which have chemoattractant, adhesion-, and proliferation-enhancing effects. Insulin-like growth factor 2 
(IGF2) is highly upregulated in pericytes and interacts with insulin-like growth factor 1 receptor (IGF1R) on 
TNBC cells to promote proliferation. TNBC cells respond to the increased collagen type IV and fibronectin 
secretion from pericytes by increasing intracellular focal adhesion kinase (FAK) and Src phosphorylation to 
promote focal adhesion formation with the newly formed extracellular matrix. Intercellular adhesion is also 
disrupted by pericytes which confers a migratory and invasive phenotype onto the metastatic TNBC 
cells[116]. Increased permeability of the blood brain barrier and experimental TNBC metastasis to the brain 
was found to involve changes in pericytes, namely an increase in desmin+ pericytes, and decrease in CD13+ 
pericytes, as well as in extracellular laminin α2[117]. The impact that pericytes in the brain have on the 
formation of local metastases derived from other breast cancer subtypes remains unknown as does their 
effect on priming the pre-metastatic niche.

Until recently, the role that neurons had on the formation of breast-derived brain metastases had remained 
largely unexplored. Zeng et al.[118] revealed that neurons interact with metastatic cells to activate the 
glutamine-stimulated N-methyl-D-aspartate receptor (NMDAR) signaling (GluN2B-mediated) in the 
invading cancer cells within the brain. They demonstrated a dependence on NMDAR activation for 
successful colony formation in the pre-metastatic niche, thus indicating that this signaling axis may yield 
potential therapeutic targets for the prevention of metastasis[118].

Endothelial cells are critical for the process of extravasation of tumor cells from the CNS vasculature[119]. 
Soto et al.[120] have demonstrated in vitro that the adhesion molecules E-selectin, vascular cell adhesion 
molecule-1 (VCAM-1), activated leukocyte cellular adhesion molecule (ALCAM), intercellular adhesion 
molecule-1 (ICAM-1), and very late antigen 4 (VLA-4) are upregulated on the surface of CNS endothelial 
cells in the presence of TNBC cells. In parallel, expression of ligands to these adhesion molecules is 
increased on the surface of TNBC cells. Inhibition of ALCAM and VLA-4 significantly decreased the 
number of brain metastases, further demonstrating the importance of these adhesion molecules in the 
formation of the pre-metastatic niche to allow metastatic colony formation in the CNS[120]. Activation of 
endothelial cells has also been shown to allow for the extravasation of T cells from the periphery into the 
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brain[119], although the process is not fully understood in the context of breast to brain metastasis. Decreases 
in zonula occludens (ZO)-expression and interactions of VLA1 and LFA1 with VCAM and ICAM have 
been described in other types of tissue injury or inflammation[119].

The role of neutrophils in the pre-metastatic niche has not been fully explored. Neutrophils are innate 
immune cells that maintain tissue homeostasis by adjusting their function in response to various 
stimuli[121,122]. Although initially thought to not play an active role in cancer development, through the use of 
preclinical models, it has been demonstrated that different subpopulations of neutrophils modulate cancer 
metastasis[123]. High numbers of neutrophils, compared to lymphocytes in peripheral blood, have been 
associated with poor prognosis for patients with primary brain tumors or metastases to the brain[124], and in 
the microenvironment of a tumor they have been shown to support tumor growth, partly as a result of their 
polarization by IL-17+ γδ T cells[125]. It has been reported that they are attracted via G-CSF[124] or by CXCL8 
secreted by microglia[73] around brain metastases and infiltrate the sites of metastasis prior to the tumor 
cells, to create an immunosuppressive, tumor promoting milieu through upregulation of Arg1 and other 
immunosuppressive factors. The neutrophil-like CD11b+Gr1+ myeloid cells promote the formation of a pre-
metastatic niche within the brain through secretion of proinflammatory cytokines, such as S100A8, S100A9, 
and SAA3[126,127]. Activated neutrophils release S100A8 and S100A9, which form heterodimers to support this 
mechanism across systems[128]. Once the initial metastatic niche has been formed, additional 
immunosuppressive neutrophils are recruited through the function of phosphorylated EZH2[124].

Although it is not entirely understood why the inflammatory cascades are triggered in the CNS upon the 
circulation of cancer cells in the blood stream and their extravasation into the brain, it has been reported 
recently that the fact that the circulating cancer cells must first arrest in brain microvessels prior to 
colonizing the brain leads to local platelet activation and the formation of microthrombi, which could 
initiate tissue inflammatory processes[129].

Metastatic cancer stem cells and their interaction with the CNS niches: to allow for the seeding of metastatic 
cancer cell, a small population of cancer stem cells support the initial expansion of the cells at the secondary 
site. Periostin, present in the stroma of the primary breast tumor, is induced by infiltrating cancer cells in 
the secondary target organ to initiate colonization[130]. Part of the colonization process involves shifting of 
energy generation towards the infiltrating cells. For example, cancer cell-secreted circulating miR-122 
suppresses CNS-resident cell glucose uptake by downregulating the glycolytic enzyme pyruvate kinase[131].

THE INFLUENCE OF EXOSOMES AND EXOSOME CARGO
Exosomes are vesicles ranging in size from 30-100 nm. Released from donor cells via exocytosis, they 
contain functional biomolecules such as proteins, lipids, RNA, and DNA. Through endocytosis, exosomes 
enter recipient cells, and the contained biomolecules are released[132-139]. Tumor derived exosomes have the 
ability to direct metastasis formation in specific organs based on the exosomal integrins (ITG) present. 
These integrins bind in a tissue-specific fashion, which initiates the formation of the pre-metastatic niche. 
Breast cancer derived exosomes that had preferential localization to the liver, lungs, or brain were found to 
express unique integrins depending on their fate. The liver-tropic exosomes expressed ITGβ5, lung-tropic 
exosomes expressed ITGα6, and brain-tropic exosomes expressed ITGβ3. ITGs bind a number of ECM 
molecules and common signaling proteins. The expressed integrins bind neighboring cells, such as Kupffer 
cells in the liver and epithelial cells in the lungs, at the sites of future metastasis which allows for exosome 
uptake. It was shown that the liver- and lung-tropic exosomes were able to increase the rate of metastases to 
the respective organs; however, this study was not extended to examine the brain-tropic exosomes[64]. The 
ability of exosomes to drive metastasis in a site-specific manner suggests that they may contain cargo that 
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helps to promote the formation of a premetastatic niche in a target organ.

A study by Fong et al.[131] reported that breast cancer cell-secreted vesicles containing miR-122 
downregulated pyruvate kinase in astrocytes and neurons, thereby decreasing their glucose uptake. The 
level of ATP in the miR-122 expressing cell line was not significantly changed, suggesting that an alternate 
metabolic pathway was used to meet energy needs. In the cells of the CNS microenvironment, the level of 
ATP was not measured so it remains unknown if they are affected by the decrease in glucose uptake or if 
they are able to overcome it by means of another metabolic pathway. It was suggested that this suppression 
of glucose consumption by resident cell types increased the availability of the nutrient for the cancer cells 
once they arrive. Interestingly, miR-122 antagonism reduced breast cancer metastasis to the brain (and the 
lungs) in a mouse xenograft model[131]. This study was one of the first to show modulation of metabolic 
environment to support cancer cell seeding and growth in the pre-metastatic niche.

Other reports propose additional exosomal cargo that modulates the ability of breast cancer cells to 
metastasize to the brain. MiR19a-enriched exosomes are secreted by astrocytes and taken up by tumor cells. 
The uptake results in reduced expression of PTEN. Suppression of miR19a significantly decreased breast to 
brain metastasis[140]. In a recent study by Arnold et al.[141] live cell imaging and microarray data revealed that 
Tubulin Tyrosine Ligase Like 4 (TTLL4) expression correlated with brain metastasis by altering extracellular 
vesicle homeostasis and allowing the breast cancer cells to adhere to endothelial cells and increasing the 
compromise of the BBB. In some studies, the compromise of BBB was not necessary, as tumor-derived 
exosomes could be transferred into the CNS parenchyma by transcytosis[142]. Beyond aligning and adhering 
to blood vessels, Lu et al.[143] reported that lncRNA GS1-600G8.5 was responsible for compromising the BBB 
by decreasing the expressing of tight junction proteins, including ZO-1, Claudin-5, and N-cadherin. 
Exosomes containing cell migration-inducing and hyaluronan-binding protein (CEMIP) facilitated 
metastasis specifically to the brain, as opposed to other organs. Uptake of CEMIP by parenchymal microglia 
and by endothelial cells induced perivascular inflammation and local vascular remodeling[144].

CONCLUSION
Conditioning of the premetastatic niche is vital for metastatic colony formation. Exosomes originating from 
the primary tumor have organ specific characteristics and can dictate the site of metastasis. Exosomes and 
the cargo they carry may cause the initial priming of the premetastatic niche. Further crosstalk between 
exosomes or circulating tumor cells with the resident cells of the target tissue around the premetastatic 
niche allows for initial changes to be made to the microenvironment. M2-like activated microglia not only 
release pro-tumoral cytokines, but they also decrease their innate immune function which allows circulating 
tumor cells to enter the CNS. The secretion of heparanase from activated astrocytes degrades the endothelial 
basement membranes which further aids metastatic cell invasion. The extracellular matrix of the 
premetastatic niche is affected by pericytes which secrete factors that have chemoattractant, adhesion-, and 
proliferation-enhancing effects on circulating tumor cells. Endothelial cells aid in the process of 
extravasation through the upregulation of adhesion molecules on the cell surface. Exosomes carrying miR-
122 are able to interact with astrocytes and neurons of the premetastatic niche and may change local cellular 
metabolism[145], resulting in a decrease in glucose uptake from the environment. This excess glucose can 
then be utilized by invading metastatic tumor cells which require a larger amount of glucose to meet the 
metabolic demands.

Metastasis is the leading cause of breast cancer related death with metastasis to the brain having the worst 
prognosis. While molecular subtype and histological grade can allow for predictions on likelihood of 
metastasis as well as metastatic sites to be made, secondary metastatic colonies would not be able to form 
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without initial priming of the premetastatic niche. Further understanding of the components of the 
premetastatic niche and how they work in concert is vital for more accurate predictions of metastatic 
location and formation and may provide therapeutic targets.
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