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Simple Summary: Why some cancers choose to form metastases in one organ rather than another
is still largely unknown. In this review, we summarized the available information on the possible
mechanisms controlling this choice. In particular, we tried to understand how some molecules,
especially amino acids, released into the environment outside the cells, participate in selecting the
brain as a target organ for the formation of metastases by specific types of aggressive tumors such as
melanoma, breast, and lung cancer.

Abstract: Brain metastases are the most severe clinical manifestation of aggressive tumors. Melanoma,
breast, and lung cancers are the types that prefer the brain as a site of metastasis formation, even if the
reasons for this phenomenon still remain to be clarified. One of the main characteristics that makes a
cancer cell able to form metastases in the brain is the ability to interact with the endothelial cells of the
microvasculature, cross the blood-brain barrier, and metabolically adapt to the nutrients available
in the new microenvironment. In this review, we analyzed what makes the brain a suitable site for
the development of metastases and how this microenvironment, through the continuous release
of neurotransmitters and amino acids in the extracellular milieu, is able to support the metabolic
needs of metastasizing cells. We also suggested a possible role for amino acids released by the brain
through the endothelial cells of the blood-brain barrier into the bloodstream in triggering the process
of extravasation/invasion of the brain parenchyma.

Keywords: metastasis; brain microenvironment; organotropism; neurotransmitters; amino acids;
metabolism; endothelial cells of the blood-brain barrier

1. Introduction

The ability to create metastases in areas distant from the site of the primary tumor
is the key feature that determines the malignancy of a tumor. The metastatic process is
divided into various steps: initially, the cells detach from the basement membrane of the
primary tumor, then enter into the circulation. In the third step, the cells stop inside the
small vessels of the target organ and extravasate to invade the organ parenchyma. Finally,
the cells adapt to the new microenvironment and grow, giving rise to the actual metastasis.

The first theory on metastasis formation was formulated by Steven Paget [1] and
called “seed and soil”. In his analysis, he argued that tumors do not form metastases in
random organs, but rather that the host organ (soil) supports the growth of tumor cells
(seed), underlying the importance of the target organ microenvironment in metastasis
development [1]. After the formulation of Paget’s theory, it was demonstrated that the
adhesion process of metastasizing cells on the endothelial cells of the microvasculature of
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the target organ was a key event in the process of organ selection, indicating also that the
migration of metastasizing cells from the bloodstream to the organ parenchyma is another
fundamental step [2].

Paget’s theory was challenged by another one which hypothesized that dissemination
of cancer cells in specific organs was linked to physical mechanisms, such as blood flow
or lymphatic drainage. The first organ encountered by chance on the way of cancer cells
along these pathways was the one showing the highest degree of metastases [3]. Currently,
the two theories are considered complementary and in apparent contrast with a third
hypothesis called “chemotaxis—metastasis theory” according to which some organs could
produce factors with a chemoattractant function, responsible for the migration of cancer
cells to the future site of metastasis. As an example, it has been shown that the interaction
between the chemokine receptors CXCR4 and CCR?7, overexpressed on breast cancer and
melanoma cells, and their relative ligands (CXCL12/SDF-1 and CCL21/6Ckine), in turn
overproduced on the endothelium of some of the main target organs such as lung, liver,
lymph nodes, and bone marrow, participate in the metastatic process [4].

Metastases forming in the brain are among the most dangerous ones, due to the deli-
cacy of the organ and the link to vital functions that often makes the surgery option difficult
or impossible. Epidemiological studies clearly show that lung (19-40%), breast (5-20%),
and melanoma (7-15%) are the types of cancer that mainly form brain metastases [5].
Regardless of the origin of the primary tumor, patients with cerebral metastasis have a poor
prognosis with a median survival between 2 and 12 months [6]. Conventional therapies
include surgery, radiotherapy, chemotherapy, and immunotherapy but with rather modest
results, and the 3-year survival rate of these patients is only 4.8% [7,8].

In this review, we focused our attention on the role of selected amino acids such as
serine, glycine, glutamate, and glutamine in affecting brain tropism of cancer cells. We
discuss how the trafficking and homeostasis of these amino acids in the brain shape the
microenvironment which then supports metastasizing cells. Furthermore, we describe
the metabolic adaptations that allow cancer cells to grow using the amino acids released
in the brain extracellular fluid. Finally, we propose a novel perspective on the involve-
ment of these amino acids in the mechanism that may guide cancer cells invasion in the
brain parenchyma.

2. The Endothelial Cells of the Blood—Brain Barrier and the Brain Microenvironment

Due to the delicacy of the organ and its peculiar physiology, the brain is defended from
the “outside world” by a particular system placed right at the level of the cerebral blood
vessels called blood-brain barrier (BBB). Unlike the more common vessels, those of the
BBB are not fenestrated, and the endothelial cells are connected by complex tight junctions
formed by many proteins including claudins, occludins, cadherins, connexins etc. These
cells are also characterized by a low number of pores on the membrane and show reduced
pinocytosis, to tightly control the entry of unwanted molecules and cells [9]. Endothelial
cells of the BBB are embedded in a peculiar basal lamina to which other cell types such as
pericytes and astrocytes also attach. This specific extracellular matrix is formed mainly by
glycoproteins that can be cleaved, playing a fundamental role in specific physiological or
pathological processes, including immune and cancer cells invasion [10,11]. A lymphatic-
like system called the “glymphatic clearance pathway” has recently been confirmed in
the brain [12,13]. Although an implication of this system in different brain pathologies
has been hypothesized [14], at the moment there is no evidence of an involvement in
metastatic processes.

Inside the brain, cells communicate by releasing and continuously reabsorbing large
quantities of neurotransmitters in response to specific stimuli that trigger an electrical
signal. In addition, neurons are not able to synthesize several metabolic intermediates
which are in turn produced by the surrounding cells, released into the extracellular fluid
and absorbed by the neurons. These metabolites, together with specific growth factors
and the neurotransmitters create the extremely peculiar brain extracellular environment,
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also playing a key role in metastasis formation, as detailed below. Melanoma cells, for
example, have been initially described to be attracted by neurotrophins like nerve growth
factor (NGF) and neurotrophin2 [15]. In addition neurotransmitters have been described
to induce chemo-attraction of breast cancer cells. A clear chemo-kinetic effect on MDA-
MB-468 breast cancer cells is given by met-enkephalin, substance P, bombesin, dopamine,
and norepinephrine, the latter showing a real chemo-attracting effect on both breast and
colon cancer cell lines, possibly due to the activation of beta-adrenoreceptors on cancer
cells [16,17]. However, the mechanism by which brain-derived neurotransmitters are
released by the endothelial cells of the BBB and attract circulating cancer cell remains to
be clarified.

The metabolic adaptation to microenvironmental nutrients of the target organ by
cancer cells deriving from breast, lung, melanoma, and pancreatic cancers is fairly complex,
often involving not only a reprogramming of their own metabolism, but also of that of the
other cells present in the microenvironment, by stimulating the production and secretion
of molecules necessary for the cancer cell’s metabolism [18,19]. Non-essential extracellular
amino acids, like serine and glutamine, play a fundamental role in supporting the growth
of cancer cells. It has been shown that cancer cells from different tissues base a large
part of their energy production and anabolic metabolism on amino acids present in the
extracellular environment, often becoming essentially auxotrophic for selected amino
acids, even if the metabolic apparatus for their de novo synthesis is fully functional. As an
example, HCT116 colon cancer cells with an intact de novo serine synthesis pathway (SSP)
(see below) slowly form a tumor mass if injected in a mouse fed with a serine-/glycine-free
diet with respect to the same cells injected in a mouse fed with a normal control diet [20,21].
It is therefore possible to hypothesize that, when specific cell types metastasize in the
brain, this organ’s microenvironment meets the essential needs of the invading cells, after
they have adapted to the available nutrients such as amino acids and neurotransmitters
normally released in the extracellular fluid.

A more detailed analysis of the homeostasis of selected amino acids in the brain
microenvironment is presented below.

3. Serine/Glycine and Glutamate/Glutamine in Normal Brain

Although it is reported that the concentration of amino acids within human brain
extracellular fluid (BEF) is lower than in plasma, a complete and solid quantification
is not currently available [22]. Fundamental information comes from the cerebrospinal
fluid analysis of healthy patients used as control in a study on Alzheimer’s disease [23];
the results obtained in this work are similar to data obtained from the analysis of mice
brains [24]. Data from both papers indicate that only few amino acids are present in a
relevant amount in the cerebral extracellular fluid, including some very interesting ones
such as serine, glycine, valine, glutamine, and glutamate, shown to sustain the growth of
tumor cells or involved in the process of cell migration from the blood circulation into the
brain parenchyma.

Indeed, these four metabolites are at the crossroad of many anabolic processes in all
the cells, being relevant for energy production, nucleotide biosynthesis, nitrogen and redox
homeostasis, and neurotransmitter and tissue-specific metabolites (Figure 1). Moreover,
this amino acid quartet is also relevant for cancer-specific metabolism. Serine and glycine
fuel one carbon metabolism (SGOC) and play a pivotal role in cancer cells, by providing
building blocks (molecular components used for the synthesis of nucleotides, lipids, and
proteins) and reducing power, as well as the methylation potential necessary to maintain
high rates of proliferation [25]. Similarly, glutamine sustains proliferation in many tumor
types, by directly contributing to nucleotides biosynthesis (Figure 1) [26,27].
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Figure 1. General metabolism of serine, glycine, glutamate, and glutamine. Overview of the possible metabolic pathways
relevant to anabolism, redox and nitrogen homeostasis, and energy production. Metabolites specific to the brain, relevant
to this review, are also included in red. For clarity, only two enzymes are reported: phosphoglycerate dehydrogenase
(PHGDH), responsible for the serine synthesis pathway (SSP), a branch of glycolysis and serine hydroxymethyltransferase
(SHMT), responsible for the reversible conversion of serine and tetrahydrofolate (THF) into glycine and 5,10-methylene-THF;
SHMT isoforms are present in mitochondria (SHMT2) and cytosol (SHMT1), respectively. These enzymes fuel one carbon
metabolism (1C in the figure), which is closely connected to the folate and methionine cycles. Glutamine also contributes
to the production of purines, pyrimidines and amino sugars, as well as of nicotinamide adenine dinucleotide phosphate
(NADPH, not shown) [28,29], which, in turn, is used to maintain glutathione in its reduced state, thus keeping oxidative
stress under control. As a carbon source, glutamine plays a fundamental role in mitochondrial metabolism, supplying the
TCA cycle with anaplerotic carbons, accounting for ATP and macromolecules synthesis. The indications “Protein” refer
to protein biosynthesis. Serine-derived metabolites include sphingosine and phosphoserine; glycine-derived metabolites
include bile acids, heme and creatine; glutamate-derived metabolites include amino acids and polyglutamylate folates (only
most relevant metabolites are listed, not necessarily populated in the same cell).

The process of efflux and influx of molecules through the BBB is finely regulated by
different groups of transporters with a specifically polarized distribution on endothelial
cells. Highly specific transporters facilitate the influx of nutrients down their concentration
gradient across the physical barrier of the BBB into the brain parenchyma. On the other
hand, Na*-dependent-specific transporters are expressed on the abluminal surface to
transport metabolites from the brain parenchyma inside the endothelial cells; at this level,
the amino acids, through the facilitated transport system expressed on the luminal side,
are released into the blood [28]. Through these transporters, for example, amino acids are
released into the blood at the BBB level in the process called brain-to-blood efflux. It must
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be considered that the mechanism is however more complex than as just described, given
that the net efflux of amino acids from the brain to the blood is also linked to numerous
other chemical-physical factors such as (1) the difference in amino acid concentration
between the various compartments, (2) the relative concentrations of the different amino
acids which are also linked to the ability of the transporters to mobilize more molecules
of the same family, (3) the membrane voltage generated inside the cells (considering that
many transporters work using the electrogenic force). To add complexity to the regulatory
mechanisms involved, it is also necessary to consider that the amino acid concentration can
be regulated for example by forming peptides which thus modify the equilibrium and that
the membrane voltage can also be regulated by changes in pH or by the pKa of solutes inside
the cell and so on (for a detailed analysis of the brain-to-blood efflux mechanism related to
amino acids we suggest [30]). This transport system is part of a mechanism whose goal is
to maintain, in the brain extracellular fluid, the optimal concentration of neurotransmitters
and amino acids such as glutamate, glutamine, glycine, serine, and others.

As already mentioned, the brain represents a very special microenvironment in terms
of trafficking and metabolism of these amino acids as summarized in Figure 2.

Presynaptic neuron

Astrocyte
ayfroasy

Postsynaptic
neuron

Figure 2. Possible trafficking of selected amino acids at the tripartite synapse. L-serine (empty red
circle) is synthesized and released by astrocytes and imported into neurons, to sustain D-serine
biosynthesis by serine racemase (in red). D-serine is released and, once in the synaptic cleft, binds
to synaptic NMDAR. Glycine (green squares) may also be released by neurons and could activate
synaptic NMDARs to a lesser degree than D-serine. D-serine is finally removed from the synaptic cleft
by the asc-1 transporters. Glycine is an obligatory co-agonist of glutamate (blue triangles) to activate
NMDAR. Many inhibitory neurons release both glycine and GABA, which may act as co-agonists
of GlyRs (not shown). GlyT transporter, found mainly in astrocytes, controls glycine concentration.
Neuronal glutamate pool is controlled by glutamine released by astrocytes (empty triangles).

Neurons, for example, lacking phosphoglycerate dehydrogenase (PHGDH) [31,32],
show a nonfunctional de novo SSP and therefore need a continuous L-serine supply from
external sources, such as supporting cells and/or the circulation [33,34]. Astrocytes selec-
tively express the PHGDH enzyme and seem to represent, in the brain, the main source
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of L-serine that is produced at high levels and exported in the extracellular environment.
Extracellular L-serine is reabsorbed by neurons and, through the serine racemase activity,
converted into D-serine, which is then released and acts as a neurotransmitter by activating
the NMDA receptors [35-37]. Glycine is also continuously released in the extracellular
brain microenvironment and acts as an inhibitory neurotransmitter by activating different
receptors such as the strychnine-sensitive glycine receptor (GlyRs) that mediates the pro-
duction of a post-synaptic inhibitory potential. The termination of the glycinergic signal
is mediated by the re-uptake of glycine into the glycinergic terminations and surround-
ing glial cells. This process is mainly mediated by the specific Na(+)/Cl(—)-dependent
transporters GlyT1 and GlyT2. GlyT1 seems also involved in the regulation of glycine con-
centration at the level of the excitatory synapses containing N-methyl-D-aspartate receptors
(NMDAR) with glutamate and glycine acting as co-agonists. Finally, it was also observed
that, in specific areas of the brain, glycine is released together with gamma-aminobutyric
acid (GABA) potentiating its inhibitory signal [38,39].

The brain microenvironment is also rich in glutamine and glutamate, which play
important functions in the brain and participate in tightly controlling synaptic excitability,
a process with high energy demands. While glucose is used as primary energy substrate
in the brain, blood-derived glutamine (the most abundant amino acid in the blood) is
at the crossroad between central metabolism and neurotransmission [40]. Furthermore,
glutamine is a precursor of glutamate, the most abundant amino acid in the brain. In the
brain, glutamine/glutamate metabolism occurs through a particular cycle that involves the
release and reuptake of the two metabolites by different cells. This complex mechanism
requires a peculiar structure called “tripartite synapse” in which the structure formed by
the presynaptic and postsynaptic neurons is associated with astrocytes that continuously
reabsorb the secreted glutamate to avoid an erroneous and constitutive hyperpolarization
of neurons (Figure 2). The glutamate reabsorbed by astrocytes is transformed by glutamine
synthase into glutamine that is secreted into the microenvironment and internalized by
neurons in this nonexcitatory form. In the presynaptic neurons, glutamine is broken
down again into ammonia and glutamate which is packaged in secretory vesicles ready
to be released and restart the cycle [22]. Some studies have shown that cell lines of
different origins such as breast, prostate, melanoma, and glioma release glutamate into the
microenvironment, showing a behavior similar to that of neurons [41,42].

4. Serine/Glycine and Glutamate/Glutamine in Brain Metastasis

Triple negative MDA-MB-231 breast cancer cells represent an interesting model to
study the involvement of SGOC metabolism in the brain metastasis process. A series
of cell lines were obtained from the parental one, each of which, when injected into
immunocompromised mice, shows a specific metastatic tropism, in particular for the lung
(MDA-MB-231L), for the bones (MDA-MB-231Bo), and for the brain (MDA-MB-231Br).
A very recent study revealed that MDA-MB-231Br and MDA-MB-231Bo cells consume
purines faster than parental cells. The phenomenon seems to be due to an upregulation of
the one carbon metabolism-related proteins serine hydroxymethyltransferase 2 (SHMT2),
methylenetetrahydrofolate dehydrogenase 2 (MTHFD2), and its mitochondrial isoform
MTHFD1L. Metabolic flux analysis clarified that consumption of mitochondrial serine, used
in parental cells to produce ATP and GTP, is significantly more active in metastasizing cells,
as suggested by the increased sensitivity of these cells to the inhibition of SHMT proteins
with respect to the parental cells. Although the data refers only to MDA-MB-231L cells, the
inhibition of SGOC reduces the metastatic potential of these cells [43]. The SHMT1 protein,
mainly responsible for the cytoplasmic conversion of glycine to serine, does not appear to be
generally overexpressed in brain metastasis deriving from breast cancer; however, a specific
shmtl expressing subtype has been recently identified, showing a dramatically negative
association with the overall survival (p = 0.002), strikingly suggesting that adaptation to
cytoplasmic serine production confers a key advantage for these cells [44]. Interestingly,
in the same paper it has been shown that stromal cells in brain metastasis overexpress
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the SSP enzymes PHGDH, phosphoserine aminotransferase (PSAT), and phosphoserine
phosphatase (PSP) as well as SHMT1, suggesting that an increased amount of serine and
glycine could be produced and released by the stroma to support cancer cells [44].

Glycine also plays a fundamental role in supporting the development of brain metas-
tases in part due to its involvement in glutathione (GSH) production, the demand of which
is increased in breast cancer cells metastasizing in the brain [45]. These cells, to balance the
increased levels of reactive oxygen species (ROS) due to an increased respiration, overex-
press genes such as glutathione reductase and glutathione S-transferase; the metastasizing
cells are therefore up to 60 times more resistant to oxidative stress induced for example
by chemotherapy drugs such as bortezomib than parental cells [46]. Glycine is not only
employed by brain metastasizing cells to produce GSH. Experiments performed by inject-
ing labeled glucose into patients just before glioma resection show that a substantial part
of the labeled glucose is used, in the tumor mass, for the de novo production of glycine
through the SSP [47]. Very similar data were observed when analyzing the brain metastasis
of a patient affected by breast cancer [47], a detail of particular interest because breast
cancer and melanoma cells overexpress some genes of the SSP, as PHGDH, amplified at
the genomic level in a specific ER-negative tumor subset. In this model, SSP inhibition
induces not so much a drop in serine levels, but a substantial reduction in the flow of
a-ketoglutarate from glycine which supports the energy needs of these cells [48]. It has
also been reported that, in vivo, the genetic suppression and pharmacologic inhibition of
PHGDH attenuated brain metastasis, and improved overall survival in mice [49].

The close connection between neurons and cancer cells has been demonstrated not
only in brain metastasis but also in primary tumors [50]. Neurons that innervate tumors
can in principle supply nutrients to poorly perfused areas functioning as a surrogate for
blood vessels. While the axons are located in the nutrient-poor tumor, the neuronal cell
body has access to high levels of nutrients in the circulation. One example is provided
by the axons that considerably innervate pancreatic tumor masses. A subset of human
pancreatic ductal adenocarcinoma (PDAC) cell lines not expressing the SSP enzymes are
dependent on exogenous serine to grow. Pancreatic cells are auxotrophic for serine which is
constantly released, even if at low levels, by neurons that innervate the mass [50]. Without
the supply of serine from neurons, tumor cells show an inhibition in cell proliferation
and respiration due to a reduction in mRNA translation efficiency induced by a stall of
the ribosomes on 2 of the six possible serine codons (TCT and TCC), thereby limiting the
translation of proteins linked to specific pathways in which the sequences are enriched with
TCT and TCC codons. Not by chance, the production of NGF, responsible for innervating
the tumor masses, is scarcely affected by the lack of serine. The inhibition of NGF signaling
inhibits the formation of innervations responsible for the release of serine even if it is not
clear what the real source of NGF is within the tumor mass [50]. Besides serine, it has
been also shown that neurons can affect PDAC growth by releasing neurotrophic factors
and neurotransmitters [51,52]. Therefore, the axonal-cancer metabolic crosstalk is a critical
adaptation to support tumor growth in nutrient poor environments.

Other studies on MDA-MB-231Br and MDA-MB-361 cell lines, metastasizing in the
brain the first (see above) and derived from brain metastases the second, show an in-
creased ability to use glutamine in conditions of reduced availability of glucose compared
to parental MDA-MB-231 cells. Glutamine appears to be partially converted to glutamate
and then to a-ketoglutarate for energy production through the TCA cycle. Glutamine is
also invested in the gluconeogenesis process (probably to fuel ribose production), driven
by the upregulation of fructose-1,6-biphosphatase on which the cells are completely depen-
dent [53].

In addition to the metabolic one, a new role for glutamate has recently been demon-
strated, through the activation of the NMDAR receptor. The autocrine secretion of gluta-
mate stimulates the NMDAR-GKAP signaling axis, where GKAP is a scaffold protein of
NMDAR, which activates a cell survival signal and evokes an invasive tumor growth in
a mouse model of pancreatic tumor (PanNET) [54]. Interestingly, it has been shown that
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MDA-MB-231Br or mouse TS1 breast cancer cell lines, when injected into a mouse, acquire
the ability to produce the astrocytic “pseudo-tripartite synapse”. Cancer cells, through the
pseudo-tripartite synapses established between metastatic cells and glutamatergic neurons,
“capture” part of the glutamate secreted by neurons to activate the survival signal through
the NMDAR receptor. This paracrine supply of glutamate has been considered to support
the “seed and soil” theory of organ-selective metastasis [55].

The metabotropic glutamate receptors (mGluRs), known for their roles in synaptic sig-
naling, seem to also play a fundamental role in the metastatic process. Recently, an aberrant
glutamate signaling has been shown to participate in the transformation and sustenance
of several cancer types that form metastases in the brain including melanoma and breast
cancer. Glutamate secreted by cancer cells induces excitotoxicity in surrounding neurons
creating space for the expansion of the growing tumor [56]. mGluRs have been shown
to be overexpressed in melanoma and breast tumors [57,58], and to be involved in late
steps of cancer progression such as the ability of certain cancer cells to survive even in the
absence of an extracellular matrix that guarantees their anchorage (anchorage-independent
growth) [59]. mGluRs are also involved in brain-specific metastasis. Inhibition of glutamate
utilization was able to reduce the growth of melanoma metastases in the brain [56,57] and
to reduce in vitro and in vivo tumor progression by inducing apoptosis in breast cancer [60].
Elevated levels of extracellular glutamate were detected in the conditioned medium of
melanoma cells that show enhanced metastatic potential [61]. MGIuR1 has been also
involved, in metastatic cells, in an angiogenic mechanism, which results in larger tumor
growth in vivo. Glutamate may mainly modulate the development of metastasis in the
brain partly by increasing angiogenesis, and mGLUR1 inhibition reduces in vivo micro
vessel density [60], indicating that suppression of the double role played by glutamate
signaling in metastases initiation and survival could be a promising anti-angiogenic tool
and a potential target in treatment of hemorrhagic brain metastases [57].

5. Importance of Amino Acids in Brain Parenchyma Invasion

Extracellular amino acids are recently emerging as fundamental players not only in
supporting the growth of metastatic cells in the brain parenchyma, but also in the process
of extravasation and invasion [58,62,63]. A very recently published work has shown that
the bioavailability of asparagine is also fundamental in the development of metastases,
demonstrating that asparagine synthase is significantly overexpressed in a particular
model of highly metastasizing cells and in secondary lesions of patients with breast cancer
with metastases to bone, brain, and lungs [62]. The decrease of bio-available asparagine
dramatically reduces the invasive ability of these cells in vitro and the ability to form
metastases in vivo, showing, apparently, no effect on the formation of the primary tumors.
Although the mechanism has not been completely clarified, it seems that several proteins,
upregulated by the activation of the epithelial to mesenchymal transition mechanism, are
enriched in asparagine residues and that therefore the bioavailability of this amino acid is
fundamental in their production [62].

We have recently shown that serine and glycine are able to stimulate the chemo-
kinesis of lung cancer cells through a mechanism involving SHMT1-dependent control of
cytoplasmic serine, which increases ATP production and reduces ROS formation. Reducing
the import of serine and glycine activates AMP kinase, determining a complete arrest of
cell migration, and possibly affecting invasion of brain parenchyma [63]. Our working
model is based on the concept of brain-to-blood efflux (Figure 3).
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Figure 3. Hypothetical involvement of the brain to blood efflux in the metastatic process (schematic
representation) (modified from [63]). An increased number of amino acids in the brain mi-
crovasculature stimulate the chemo-kinetic ability of metastatic cancer cells triggering the brain
parenchyma invasion.

In the brain, the amount of amino acids in the extracellular fluid must be kept low
to avoid unwanted stimuli or the activation of toxic mechanisms for the cells [64]. As
previously mentioned, neurotransmitters and amino acids are rapidly reabsorbed by the
cells in the microenvironment through specific transporters which are also expressed
on endothelial cells and participate in the blood-to-brain efflux mechanism [65]. The
sodium-dependent transporters of the ASC family (SLC1A4 and SLC1A5), for example,
are responsible for efflux of alanine, serine, and cysteine, while the excitatory amino acid
transporter (EAAT) family controls glutamate efflux [66] and the sodium neutral amino
acid transporter 3 (SNAT3) is involved in alanine, proline, histidine, serine, and asparagine
efflux [30,66]. It is known that cancer cells are able to reach the microvasculature of the
brain and adhere to it, often forming micro-clots. We hypothesize that the slowing of blood
flow in the event of a micro-clot, associated with the release of amino acids through the
brain-to-blood efflux mechanism, can increase the local concentration of amino acids to a
sufficient level to trigger the invasion process by increasing the chemo-kinetic ability of
cancer cells [63].

Another hypothesis on the mechanisms that trigger the migration of disseminating
cancer cells in the brain parenchyma is related to the ability of these cells to damage the
endothelium of the BBB, altering the integrity of the barrier, thus releasing into the blood
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the molecules, including amino acids, contained in the BEF, further stimulating invasive
mechanisms [67]. For example, it has been reported that serine proteases released by
metastatic melanoma cell lines A2058 and B16/F10 damage the integrity of the barrier
by inducing apoptosis of endothelial cells [68]. Other proteases, such as urokinase-type
plasminogen activator (uPA), or seprase or matrix metalloproteinases (MMPs) released by
melanoma cells, are able to damage tight junctions among the endothelial cells, altering the
permeability of the BBB [67]. Moreover, metastatic cells can also alter the metabolism of
the endothelial cells in the brain microvasculature for example inhibiting the expression of
the endothelial cell fatty acid transporter Mfsd2a inducing, also in this case, the leakage
of the BBB [69]. We have recently shown that BEF is able to dramatically stimulate the
chemo-kinesis of lung cancer cell lines and that the amino acids serine and glycine play
a fundamental role in this process [63]. From the clinical point of view, inhibitors of
the import of these amino acids may offer novel therapeutic opportunities to control the
extravasation process, dramatically reducing brain metastasis formation.

6. Conclusions

Brain metastases have devastating effects on the life expectancy of patients, in par-
ticular for those affected by melanoma, lung, or breast cancer. In the last few years, the
role of amino acids in the processes of extravasation and survival of cancer cells in the
brain microenvironment is becoming evident. The new data produced are demonstrating
that an innovative therapeutic approach, based on the limitation of the availability of
amino acids in the serum of the patients, or on the inhibition of their uptake by cancer
cells, could represent a successful and paradigm-shifting change in the approach to this
fundamental issue.
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Abbreviations
CXCR-4 C-X-C chemokine receptor type 4
CCR7 C-C chemokine receptor type 7

CXCL12/SDF-1«  stromal cell-derived factor 1
CCL21/6Ckine C-C chemokine ligand 21

BBB blood-brain barrier

ssp serine synthesis pathway

BEF brain extracellular fluid

SGOC serine and glycine one carbon metabolism
PHGDH phosphoglycerate dehydrogenase

GlyR strychnine-sensitive glycine receptor

GlyT1 glycine transporter 1

GlyT2 glycine transporter 2

NMDR N-methyl-D-aspartate receptors

GABA gamma-aminobutyric acid

SHMT?2 serine hydroxymethyltransferase 2
MTHFD2 methylenetetrahydrofolate dehydrogenase 2
MTHFDIL methylenetetrahydrofolate dehydrogenase 1L
PSAT phosphoserine aminotransferase

PSP phosphoserine phosphatase
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GSH glutathione
ROS reactive oxygen species
PDAC pancreatic ductal adenocarcinoma
mGluRs metabotropic glutamate receptors
SLC1A4 solute carrier 1A4
SLC1A5 solute carrier 1A5
EAAT excitatory amino acid transporter
SNAT3 sodium neutral amino acid transporter 3
THF tetrahydrofolate
SHMT1 serine hydroxymethyltransferase 1
NADPH nicotinamide adenine dinucleotide phosphate
TCA tricarboxylic acid cycle
References
1.  Paget, S. The distribution of secondary growths in cancer of the breast. Lancet 1889, 133, 571-573. [CrossRef]
2. Lu, W.C,; Pardon, E.; Gumkowski, F; Kaminska, G.; Kaminski, M. Specificity of adhesion between murine tumor cells and
capillary endothelium: An in vitro correlate of preferential metastasis in vivo. Cancer Res. 1987, 47, 1492-1496.
3.  Ewing, J. Neoplastic Diseases: A Treatise on Tumours. Br. J. Surg. 1928, 16, 174-175. [CrossRef]
4. Miiller, A.; Homey, B.; Soto, H.; Ge, N.; Catron, D.; Buchanan, M.E.; McClanahan, T.; Murphy, E.; Yuan, W.; Wagner, S.N.; et al.
Involvement of chemokine receptors in breast cancer metastasis. Nature 2001, 410, 50-56. [CrossRef] [PubMed]
5. Nayak, L.; Lee, E.Q.; Wen, P.Y. Epidemiology of brain metastases. Curr. Oncol. Rep. 2012, 14, 48-54. [CrossRef]
6.  Ekici, K,; Temelli, O.; Dikilitas, M.; Dursun, L.LH.; Kaplan, N.B.; Kekilli, E. Survival and prognostic factors in patients with brain
metastasis: Single center experience. J. B.U.ON. 2016, 21, 958-963.
7. Klotz, R.; Yu, M. Insights into brain metastasis: Recent advances in circulating tumor cell research. Cancer Rep. 2020. [CrossRef]
[PubMed]
8. Hall, W.A,; Djalilian, H.R.; Nussbaum, E.S.; Cho, K.H. Long-term survival with metastatic cancer to the brain. Med. Oncol. 2000,
17,279-286. [CrossRef]
9.  Chow, B.W.; Gu, C. The Molecular Constituents of the Blood-Brain Barrier. Trends Neurosci. 2015, 38, 598-608. [CrossRef]
10. Thomsen, M.S.; Routhe, L.J.; Moos, T. The vascular basement membrane in the healthy and pathological brain. J. Cereb. Blood
Flow Metab. 2017, 37, 3300-3317. [CrossRef]
11. Arvanitis, C.D.; Ferraro, G.B.; Jain, R.K. The blood-brain barrier and blood—tumour barrier in brain tumours and metastases. Nat.
Rev. Cancer 2020, 20, 26-41. [CrossRef]
12.  Xie, L.; Kang, H.; Xu, Q.; Chen, M.J.; Liao, Y.; Thiyagarajan, M.; O’Donnell, J.; Christensen, D.J.; Nicholson, C.; Iliff, ].].; et al. Sleep
drives metabolite clearance from the adult brain. Science 2013, 342, 373-377. [CrossRef]
13. Thrane, V.R,; Thrane, A.S.; Plog, B.A.; Thiyagarajan, M.; 1liff, ].].; Deane, R.; Nagelhus, E.A.; Nedergaard, M. Paravascular
microcirculation facilitates rapid lipid transport and astrocyte signaling in the brain. Sci. Rep. 2013, 3, 2582. [CrossRef]
14. Natale, G.; Limanagqi, F.; Busceti, C.L.; Mastroiacovo, F.; Nicoletti, F.; Puglisi-Allegra, S.; Fornai, F. Glymphatic System as a
Gateway to Connect Neurodegeneration from Periphery to CNS. Front. Neurosci. 2021, 15, 639140. [CrossRef]
15.  Nicolson, G.L.; Menter, D.G. Trophic factors and central nervous system metastasis. Cancer Metastasis Rev. 1995, 14, 303-321.
[CrossRef]
16. Drell, T.L., IV; Joseph, ].; Lang, K.; Niggemann, B.; Zaenker, K.S.; Entschladen, F. Effects of neurotransmitters on the chemokinesis
and chemotaxis of MDA-MB-468 human breast carcinoma cells. Breast Cancer Res. Treat. 2003, 80, 63-70. [CrossRef] [PubMed]
17.  Masur, K.; Niggemann, B.; Zanker, K.S.; Entschladen, F. Norepinephrine-induced migration of SW 480 colon carcinoma cells is
inhibited by B-blockers. Cancer Res. 2001, 61, 2866-2869.
18. Cutruzzola, F; Giardina, G.; Marani, M.; Macone, A.; Paiardini, A.; Rinaldo, S.; Paone, A. Glucose metabolism in the progression
of prostate cancer. Front Physiol. 2017, 8, 97. [CrossRef] [PubMed]
19. Sobiepanek, A.; Paone, A.; Cutruzzola, F; Kobiela, T. Biophysical characterization of melanoma cell phenotype markers during
metastatic progression. Eur. Biophys. J. 2021. [CrossRef] [PubMed]
20. Maddocks, O.D.K,; Berkers, C.R.; Mason, S.M.; Zheng, L.; Blyth, K.; Gottlieb, E.; Vousden, K.H. Serine starvation induces stress
and p53-dependent metabolic remodelling in cancer cells. Nature 2013, 493, 542-546. [CrossRef] [PubMed]
21. Cluntun, A.A.; Lukey, M.].; Cerione, R.A.; Locasale, ]. W. Glutamine Metabolism in Cancer: Understanding the Heterogeneity.
Trends Cancer 2017, 3, 169-180. [CrossRef]
22. Lowery, EJ,; Yu, D. Brain metastasis: Unique challenges and open opportunities. Biochim. Biophys. Acta Rev. Cancer 2017, 1867,
49-57. [CrossRef]
23. Basun, H.; Forssell, L.G.; Almkvist, O.; Cowburn, R.E; Eklof, R.; Winblad, B.; Wetterberg, L. Amino acid concentrations in

cerebrospinal fluid and plasma in Alzheimer’s disease and healthy control subjects. |. Neural Transm. Park. Dis. Dement. Sect.
1990, 2, 295-304. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(00)49915-0
http://doi.org/10.1097/00000441-192808000-00014
http://doi.org/10.1038/35065016
http://www.ncbi.nlm.nih.gov/pubmed/11242036
http://doi.org/10.1007/s11912-011-0203-y
http://doi.org/10.1002/cnr2.1239
http://www.ncbi.nlm.nih.gov/pubmed/33372393
http://doi.org/10.1007/BF02782192
http://doi.org/10.1016/j.tins.2015.08.003
http://doi.org/10.1177/0271678X17722436
http://doi.org/10.1038/s41568-019-0205-x
http://doi.org/10.1126/science.1241224
http://doi.org/10.1038/srep02582
http://doi.org/10.3389/fnins.2021.639140
http://doi.org/10.1007/BF00690600
http://doi.org/10.1023/A:1024491219366
http://www.ncbi.nlm.nih.gov/pubmed/12889599
http://doi.org/10.3389/fphys.2017.00097
http://www.ncbi.nlm.nih.gov/pubmed/28270771
http://doi.org/10.1007/s00249-021-01514-8
http://www.ncbi.nlm.nih.gov/pubmed/33730175
http://doi.org/10.1038/nature11743
http://www.ncbi.nlm.nih.gov/pubmed/23242140
http://doi.org/10.1016/j.trecan.2017.01.005
http://doi.org/10.1016/j.bbcan.2016.12.001
http://doi.org/10.1007/BF02252924
http://www.ncbi.nlm.nih.gov/pubmed/2078309

Cancers 2021, 13, 2891 12 of 13

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Dolgodilina, E.; Imobersteg, S.; Laczko, E.; Welt, T.; Verrey, E.; Makrides, V. Brain interstitial fluid glutamine homeostasis
is controlled by blood-brain barrier SLC7A5/LAT1 amino acid transporter. |. Cereb. Blood Flow Metab. 2016, 36, 1929-1941.
[CrossRef]

Amelio, I.; Cutruzzola, E; Antonov, A.; Agostini, M.; Melino, G. Serine and glycine metabolism in cancer. Trends Biochem. Sci.
2014, 39, 191-198. [CrossRef]

Yoo, H.C; Yu, Y.C,; Sung, Y.; Han, ]. M. Glutamine reliance in cell metabolism. Exp. Mol. Med. 2020, 52, 1496-1516. [CrossRef]
[PubMed]

Yang, C.; Ko, B.; Hensley, C.T.; Jiang, L.; Wasti, A.T.; Kim, J.; Sudderth, ]J.; Calvaruso, M.A.; Lumata, L.; Mitsche, M.; et al.
Glutamine oxidation maintains the TCA cycle and cell survival during impaired mitochondrial pyruvate transport. Mol. Cell
2014, 56, 414-424. [CrossRef]

Mathur, D.; Stratikopoulos, E.; Ozturk, S.; Steinbach, N.; Pegno, S.; Schoenfeld, S.; Yong, R.; Murty, V.V.; Asara, ].M.; Cantley,
L.C,; et al. PTEN regulates glutamine flux to pyrimidine synthesis and sensitivity to dihydroorotate dehydrogenase inhibition.
Cancer Discov. 2017, 7, 380-390. [CrossRef]

Jiang, L.; Shestov, A.A.; Swain, P; Yang, C.; Parker, S.J.; Wang, Q.A.; Terada, L.S.; Adams, N.D.; McCabe, M.T.; Pietrak,
B.; et al. Reductive carboxylation supports redox homeostasis during anchorage-independent growth. Nature 2016, 532, 255-258.
[CrossRef] [PubMed]

Zaragoza, R. Transport of Amino Acids Across the Blood-Brain Barrier. Front. Physiol. 2020, 11, 973. [CrossRef] [PubMed]
Furuya, S.; Tabata, T.; Mitoma, J.; Yamada, K.; Yamasaki, M.; Makino, A.; Yamamoto, T.; Watanabe, M.; Kano, M.; Hirabayashi, Y.
L-Serine and glycine serve as major astroglia-derived trophic factors for cerebellar Purkinje neurons. Proc. Natl. Acad. Sci. USA
2000, 97, 11528-11533. [CrossRef] [PubMed]

Yamasaki, M.; Yamada, K.; Furuya, S.; Mitoma, J.; Hirabayashi, Y.; Watanabe, M. 3-Phosphoglycerate dehydrogenase, a key
enzyme for L-serine biosynthesis, is preferentially expressed in the radial glia/astrocyte lineage and olfactory ensheathing glia in
the mouse brain. J. Neurosci. 2001, 21, 7691-7704. [CrossRef] [PubMed]

Ehmsen, J.T.; Ma, T.M.; Sason, H.; Rosenberg, D.; Ogo, T.; Furuya, S.; Snyder, S.H.; Wolosker, H. D-serine in glia and neurons
derives from 3-phosphoglycerate dehydrogenase. J. Neurosci. 2013, 33, 12464-12469. [CrossRef]

Yamashita, N.; Sakai, K.; Furuya, S.; Watanabe, M. Selective expression of L-serine synthetic enzyme 3PGDH in Schwann cells,
perineuronal glia, and endoneurial fibroblasts along rat sciatic nerves and its upregulation after crush injury. Arch. Histol. Cytol.
2003, 66, 429-436. [CrossRef] [PubMed]

Dickens, A.M.; Tovar-Y-Romo, L.B.; Yoo, S.W,; Trout, A.L.; Bae, M.; Kanmogne, M.; Megra, B.; Williams, D.W.; Witwer, KW.;
Gacias, M.; et al. Astrocyte-shed extracellular vesicles regulate the peripheral leukocyte response to inflammatory brain lesions.
Sci. Signal. 2017, 10, eaai7696. [CrossRef] [PubMed]

Neame, S.; Safory, H.; Radzishevsky, L; Touitou, A.; Marchesani, F.; Marchetti, M.; Kellner, S.; Berlin, S.; Foltyn, V.N.; Engelender,
S.; et al. The NMDA receptor activation by D-serine and glycine is controlled by an astrocytic Phgdh-dependent serine shuttle.
Proc. Natl. Acad. Sci. USA 2019, 116, 20736-20742. [CrossRef] [PubMed]

Wolosker, H.; Radzishevsky, I. The serine shuttle between glia and neurons: Implications for neurotransmission and neurodegen-
eration. Biochem. Soc. Trans. 2013, 41, 1546-1550. [CrossRef]

Eulenburg, V.; Armsen, W.; Betz, H.; Gomeza, J. Glycine transporters: Essential regulators of neurotransmission. Trends Biochem.
Sci. 2005, 30, 325-333. [CrossRef] [PubMed]

Hernandes, M.S.; Troncone, L.R.P. Glycine as a neurotransmitter in the forebrain: A short review. J. Neural Transm. 2009, 116,
1551-1560. [CrossRef]

Hamberger, A.; Nystrom, B.; Larsson, S.; Silfvenius, H.; Nordborg, C. Amino acids in the neuronal microenvironment of focal
human epileptic lesions. Epilepsy Res. 1991, 9, 32—43. [CrossRef]

Seidlitz, E.P.; Sharma, M.K,; Saikali, Z.; Ghert, M.; Singh, G. Cancer cell lines release glutamate into the extracellular environment.
Clin. Exp. Metastasis 2009, 26, 781-787. [CrossRef] [PubMed]

Takano, T,; Lin, ] H.C.; Arcuino, G.; Gao, Q.; Yang, J.; Nedergaard, M. Glutamate release promotes growth of malignant gliomas.
Nat. Med. 2001, 7, 1010-1015. [CrossRef]

Li, AM.; Ducker, G.S.; Li, Y.; Seoane, J.A.; Xiao, Y.; Melemenidis, S.; Zhou, Y.; Liu, L.; Vanharanta, S.; Graves, E.E.; et al. Metabolic
profiling reveals a dependency of human metastatic breast cancer on mitochondrial serine and one-carbon unit metabolism. Mol.
Cancer Res. 2020, 18. [CrossRef]

Kim, H.M.; Jung, W.H.; Koo, J.S. Site-specific metabolic phenotypes in metastatic breast cancer. . Transl. Med. 2014, 12, 3428.
[CrossRef]

Blazquez, R.; Rietkotter, E.; Wenske, B.; Wlochowitz, D.; Sparrer, D.; Vollmer, E.; Miiller, G.; Seegerer, J.; Sun, X.; Dettmer, K.; et al.
LEF1 supports metastatic brain colonization by regulating glutathione metabolism and increasing ROS resistance in breast cancer.
Int. ]. Cancer 2020, 146, 3170-3183. [CrossRef]

Chen, E.I; Hewel, J.; Krueger, ].S.; Tiraby, C.; Weber, M.R.; Kralli, A.; Becker, K.; Yates, ].R.; Felding-Habermann, B. Adaptation of
energy metabolism in breast cancer brain metastases. Carncer Res. 2007, 67, 1472-1486. [CrossRef] [PubMed]

Maher, E.A.; Marin-Valencia, I.; Bachoo, R.M.; Mashimo, T.; Raisanen, J.; Hatanpaa, K.J.; Jindal, A.; Jeffrey, EM.; Choi, C.; Madden,
C.; et al. Metabolism of [U-BC]glucose in human brain tumors in vivo. NMR Biomed. 2012, 25, 1234-1244. [CrossRef] [PubMed]


http://doi.org/10.1177/0271678X15609331
http://doi.org/10.1016/j.tibs.2014.02.004
http://doi.org/10.1038/s12276-020-00504-8
http://www.ncbi.nlm.nih.gov/pubmed/32943735
http://doi.org/10.1016/j.molcel.2014.09.025
http://doi.org/10.1158/2159-8290.CD-16-0612
http://doi.org/10.1038/nature17393
http://www.ncbi.nlm.nih.gov/pubmed/27049945
http://doi.org/10.3389/fphys.2020.00973
http://www.ncbi.nlm.nih.gov/pubmed/33071801
http://doi.org/10.1073/pnas.200364497
http://www.ncbi.nlm.nih.gov/pubmed/11016963
http://doi.org/10.1523/JNEUROSCI.21-19-07691.2001
http://www.ncbi.nlm.nih.gov/pubmed/11567059
http://doi.org/10.1523/JNEUROSCI.4914-12.2013
http://doi.org/10.1679/aohc.66.429
http://www.ncbi.nlm.nih.gov/pubmed/15018145
http://doi.org/10.1126/scisignal.aai7696
http://www.ncbi.nlm.nih.gov/pubmed/28377412
http://doi.org/10.1073/pnas.1909458116
http://www.ncbi.nlm.nih.gov/pubmed/31548413
http://doi.org/10.1042/BST20130220
http://doi.org/10.1016/j.tibs.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/15950877
http://doi.org/10.1007/s00702-009-0326-6
http://doi.org/10.1016/0920-1211(91)90044-G
http://doi.org/10.1007/s10585-009-9277-4
http://www.ncbi.nlm.nih.gov/pubmed/19526315
http://doi.org/10.1038/nm0901-1010
http://doi.org/10.1158/1541-7786.MCR-19-0606
http://doi.org/10.1186/s12967-014-0354-3
http://doi.org/10.1002/ijc.32742
http://doi.org/10.1158/0008-5472.CAN-06-3137
http://www.ncbi.nlm.nih.gov/pubmed/17308085
http://doi.org/10.1002/nbm.2794
http://www.ncbi.nlm.nih.gov/pubmed/22419606

Cancers 2021, 13, 2891 13 of 13

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Possemato, R.; Marks, K.M.; Shaul, Y.D.; Pacold, M.E.; Kim, D.; Birsoy, K.; Sethumadhavan, S.; Woo, HK.; Jang, H.G.; Jha,
AK,; et al. Functional genomics reveal that the serine synthesis pathway is essential in breast cancer. Nature 2011, 476, 346-350.
[CrossRef] [PubMed]

Ngo, B.; Kim, E.; Osorio-Vasquez, V.; Doll, S.; Bustraan, S.; Liang, R.].; Luengo, A.; Davidson, S.M.; Ali, A.; Ferraro, G.B.; et al.
Limited Environmental Serine and Glycine Confer Brain Metastasis Sensitivity to PHGDH Inhibition. Cancer Discov. 2020, 10,
1352-1373. [CrossRef]

Banh, R.S.; Biancur, D.E.; Yamamoto, K.; Sohn, A.S.W.; Walters, B.; Kuljanin, M.; Gikandi, A.; Wang, H.; Mancias, ].D.; Schneider,
R.].; et al. Neurons Release Serine to Support mRNA Translation in Pancreatic Cancer. Cell 2020, 183, 1202-1218.e25. [CrossRef]
[PubMed]

Renz, B.W,; Takahashi, R.; Tanaka, T.; Macchini, M.; Hayakawa, Y.; Dantes, Z.; Maurer, H.C.; Chen, X,; Jiang, Z.; Westphalen,
C.B,; et al. 32 Adrenergic-Neurotrophin Feedforward Loop Promotes Pancreatic Cancer. Cancer Cell 2018, 33, 75-90.e7. [CrossRef]
Sinha, S.; Fu, Y.Y.; Grimont, A.; Ketcham, M.; Lafaro, K.; Saglimbeni, J.A.; Askan, G.; Bailey, ]. M.; Melchor, ].P.; Zhong, Y.; et al.
PanIN neuroendocrine cells promote tumorigenesis via neuronal cross-talk. Cancer Res. 2017, 77, 1868-1879. [CrossRef]

Chen, J.; Lee, H.J.; Wu, X.; Huo, L.; Kim, S.J.; Xu, L.; Wang, Y.; He, J.; Bollu, L.R.; Gao, G.; et al. Gain of glucose-independent
growth upon metastasis of breast cancer cells to the brain. Cancer Res. 2015, 75, 554-565. [CrossRef]

Li, L.; Zeng, Q.; Bhutkar, A.; Galvén, ].A.; Karamitopoulou, E.; Noordermeer, D.; Peng, M.W.; Piersigilli, A.; Perren, A.; Zlobec,
L; et al. GKAP Acts as a Genetic Modulator of NMDAR Signaling to Govern Invasive Tumor Growth. Cancer Cell 2018, 33,
736-751.e5. [CrossRef]

Zeng, Q.; Michael, L.P; Zhang, P; Saghafinia, S.; Knott, G.; Jiao, W.; McCabe, B.D.; Galvan, ].A.; Robinson, H.P.C.; Zlobec, I.; et al.
Synaptic proximity enables NMDAR signalling to promote brain metastasis. Nature 2019, 573, 526-531. [CrossRef] [PubMed]
Yu, L.J.; Wall, B.A.; Chen, S. The current management of brain metastasis in melanoma: A focus on riluzole. Expert Rev. Neurother.
2015, 15, 779-792. [CrossRef]

Korangath, P.; Teo, W.W.,; Sadik, H.; Han, L.; Mori, N.; Huijts, C.M.; Wildes, F.; Bharti, S.; Zhang, Z.; Santa-Maria, C.A.; et al.
Targeting glutamine metabolism in breast cancer with aminooxyacetate. Clin. Cancer Res. 2015, 21, 3263-3273. [CrossRef]
[PubMed]

Banda, M.; Speyer, C.L.; Semma, S.N.; Osuala, K.O.; Kounalakis, N.; Torres, K.E.T.; Barnard, N.J.; Kim, H.J.; Sloane, B.F.; Miller,
ER.; et al. Metabotropic glutamate receptor-1 contributes to progression in triple negative breast cancer. PLoS ONE 2014, 9,
e81126. [CrossRef]

Speyer, C.L.; Smith, J.S.; Banda, M.; DeVries, ]J.A.; Mekani, T.; Gorski, D.H. Metabotropic glutamate receptor-1: A potential
therapeutic target for the treatment of breast cancer. Breast Cancer Res. Treat. 2012. [CrossRef]

Speyer, C.L.; Hachem, A.H.; Assi, A.A.; Johnson, ].S.; DeVries, J.A.; Gorski, D.H. Metabotropic glutamate receptor-1 as a novel
target for the antiangiogenic treatment of breast cancer. PLoS ONE 2014, 9, e88830. [CrossRef] [PubMed]

Nygaard, V.; Prasmickaite, L.; Vasiliauskaite, K.; Clancy, T.; Hovig, E. Melanoma brain colonization involves the emergence of a
brain-adaptive phenotype. Oncoscience 2014. [CrossRef]

Knott, S.R.V.; Wagenblast, E.; Khan, S.; Kim, S.Y.; Soto, M.; Wagner, M.; Turgeon, M.O.; Fish, L.; Erard, N.; Gable, A.L.; et al.
Asparagine bioavailability governs metastasis in a model of breast cancer. Nature 2018. [CrossRef] [PubMed]

Bouzidi, A.; Magnifico, M.C.; Paiardini, A.; Macone, A.; Boumis, G.; Giardina, G.; Rinaldo, S.; Liberati, FR.; Lauro, C.; Limatola,
C.; et al. Cytosolic serine hydroxymethyltransferase controls lung adenocarcinoma cells migratory ability by modulating AMP
kinase activity. Cell Death Dis. 2020. [CrossRef]

Hladky, S.B.; Barrand, M. A. Elimination of substances from the brain parenchyma: Efflux via perivascular pathways and via the
blood-brain barrier. Fluids Barriers CNS 2018, 15, 30. [CrossRef]

Hosoya, K.I; Ohtsuki, S.; Terasaki, T. Recent advances in the brain-to-blood efflux transport across the blood-brain barrier. Int. J.
Pharm. 2002, 248, 15-29. [CrossRef]

Cohen-Kashi-Malina, K.; Cooper, I.; Teichberg, V.I. Mechanisms of glutamate efflux at the blood-brain barrier: Involvement of
glial cells. J. Cereb. Blood Flow Metab. 2012. [CrossRef]

Fares, J.; Kanojia, D.; Rashidi, A.; Ulasov, I.; Lesniak, M.S. Genes that Mediate Metastasis across the Blood—Brain Barrier. Trends
Cancer 2020, 6, 660-676. [CrossRef] [PubMed]

Fazakas, C.; Wilhelm, I.; Nagyoszi, P.; Farkas, A.E.; Haské, J.; Molndr, J.; Bauer, H.; Bauer, H.C.; Ayaydin, E; Dung, N.T.K,; et al.
Transmigration of melanoma cells through the blood-brain barrier: Role of endothelial tight junctions and melanoma-released
serine proteases. PLoS ONE 2011, 6, e20758. [CrossRef] [PubMed]

Tiwary, S.; Morales, ].E.; Kwiatkowski, S.C.; Lang, EF; Rao, G.; McCarty, ] H. Metastatic brain tumors disrupt the blood-brain
barrier and alter lipid metabolism by inhibiting expression of the endothelial cell fatty acid transporter Mfsd2a. Sci. Rep. 2018.
[CrossRef]


http://doi.org/10.1038/nature10350
http://www.ncbi.nlm.nih.gov/pubmed/21760589
http://doi.org/10.1158/2159-8290.CD-19-1228
http://doi.org/10.1016/j.cell.2020.10.016
http://www.ncbi.nlm.nih.gov/pubmed/33142117
http://doi.org/10.1016/j.ccell.2017.11.007
http://doi.org/10.1158/0008-5472.CAN-16-0899
http://doi.org/10.1158/0008-5472.CAN-14-2268
http://doi.org/10.1016/j.ccell.2018.02.011
http://doi.org/10.1038/s41586-019-1576-6
http://www.ncbi.nlm.nih.gov/pubmed/31534217
http://doi.org/10.1586/14737175.2015.1055321
http://doi.org/10.1158/1078-0432.CCR-14-1200
http://www.ncbi.nlm.nih.gov/pubmed/25813021
http://doi.org/10.1371/journal.pone.0081126
http://doi.org/10.1007/s10549-011-1624-x
http://doi.org/10.1371/journal.pone.0088830
http://www.ncbi.nlm.nih.gov/pubmed/24633367
http://doi.org/10.18632/oncoscience.11
http://doi.org/10.1038/nature25465
http://www.ncbi.nlm.nih.gov/pubmed/29414946
http://doi.org/10.1038/s41419-020-03215-0
http://doi.org/10.1186/s12987-018-0113-6
http://doi.org/10.1016/S0378-5173(02)00457-X
http://doi.org/10.1038/jcbfm.2011.121
http://doi.org/10.1016/j.trecan.2020.04.007
http://www.ncbi.nlm.nih.gov/pubmed/32417182
http://doi.org/10.1371/journal.pone.0020758
http://www.ncbi.nlm.nih.gov/pubmed/21674054
http://doi.org/10.1038/s41598-018-26636-6

	Introduction 
	The Endothelial Cells of the Blood–Brain Barrier and the Brain Microenvironment 
	Serine/Glycine and Glutamate/Glutamine in Normal Brain 
	Serine/Glycine and Glutamate/Glutamine in Brain Metastasis 
	Importance of Amino Acids in Brain Parenchyma Invasion 
	Conclusions 
	References

