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Brain metastasis is a major cause of systemic cancer
morbidity and mortality. Many factors participate in the
development and maintenance of brain metastases. The
survival of the metastasis depends upon crucial interactions
between tumour cells and the brain microenvironment
during its development at the new site. This review focuses
on the pathobiological mechanisms involved in the
establishment and regulation of brain metastases.
Developments in molecular biology have vastly expanded
our knowledge about the mechanisms of invasion,
proliferation, metastatic cell signalling, and angiogenesis
in brain metastases. Advances in this understanding of the
pathobiology of brain metastasis may lead to novel
targeted treatment paradigms and a better prognosis for
patients with brain metastatic disease.

etastasis is a major cause of morbidity
Mand mortality in human malignancies.'

The incidence of metastases to the brain
is estimated to be about 170 000/year in the USA,
an incidence 10 times higher than that of
primary malignant brain tumours.” It has been
reported that between 20% and 40% of patients
with systemic cancer will develop metastases
involving the central nervous system (CNS)
during the course of their disease.” In adults,
metastases to the brain most commonly arise
from primary tumours of the lung (50-60%),
breast (15-20%), skin (melanoma) (5-10%), and
gastrointestinal tract (4-6%).” * New therapeutic
strategies for systemic cancer and improvements
in neuroimaging have resulted in increased
detection rates for brain metastases.’

"The incidence of metastases to the brain is
estimated to be about 170 000/year in the
USA, an incidence 10 times higher than that
of primary malignant brain tumours’’

Current systemic treatments have mostly
failed to treat brain metastases effectively. The
blood-brain barrier (BBB) remains a formidable
obstacle to the entry of most chemotherapeutic
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usually succumb rapidly to brain metastasis,
with life expectancy currently limited to several
weeks to months. Despite the crucial importance
of brain metastasis in cancer morbidity and
mortality, much remains to be learned about
the pathobiology of brain metastases. This
review will focus on the current knowledge of
the principal molecular and genetic processes
responsible for the pathobiology of brain
metastases.

THE BRAIN METASTATIC PROCESS
Metastasis of cancer cells is a highly selective,
non-random process consisting of a series of
linked sequential events. Various molecular and
genetic changes define the multistep tumour
dissemination process, which has been described
as the ““metastatic cascade”.” The steps involved
in the cascade include escape from the primary
tumour by invasion of the surrounding tissue,
entry into and survival in the bloodstream
(intravasation), arrest and/or extravasation at
the secondary site and, finally, survival and
proliferation to overt clinical metastases.®® For
a cell to form successful haematogenous metas-
tases to the brain, it must complete every step of
the cascade.

Haematogenous metastasis is an inherently
inefficient process.”” Successful metastasis is
dependent upon the interaction of tumour cells
with the host defences and the brain micro-
environment. Many characteristics of primary
tumours predispose to haematogenous dissemi-
nation. An immature neovascular system,' high
interstitial pressure,'' and the close proximity
of cancer cells to blood vessels'? "’ are factors
favouring tumour cell intravasation. Once in the
circulation, the intravascular tumour cells are
subject to non-specific mechanical forces, such
as haemodynamic turbulence, which might
cause mechanical destruction of the cells, either
before or during the extravasation process.

Primary tumours can be regarded as a geneti-
cally heterogeneous group of cells containing
subpopulations of cells with varying degrees
of metastatic potential, such as their invasive,
angiogenic, and adhesive capacity, and CNS
affinity. The brain is a unique target organ

Abbreviations: BBB, blood-brain barrier; CNS, central
nervous system; ECM, extracellular matrix; HS, heparan
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metalloprotease; MSG, metastasis suppressor gene;
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PAI-1/2, plasminogen activator inhibitor type 1/2; TIMP,
tissue inhiFl))iior of metalloproteinase; tPA, tissue-type
plasminogen activator; uPA, urokinase-rrpe plasminogen
activator; uUPA-R, uPA, urokinase-type plasminogen
tF:ctivotor receptor; VEGF, vascular encf)rhelial growth
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because it is surrounded by the BBB and lacks lymphatic
drainage. The microenvironment of the brain differs from
that of lung, liver, or bone. It is bathed in an interstitial fluid
that is high in chloride, an environment that may not be
conducive to many potential metastatic clones from cells of
epithelial origin. It may be that the unique milieu of the brain
attracts cells of neuroepithelial origin, such as small cell
carcinoma of the lung or melanoma. It has been suggested
that the common involvement of the CNS in metastatic
melanoma may be the result of a “homing” influence,
because melanocytes and neuronal subpopulations share a
common embryological origin.'* To produce brain metastases,
tumour cells must reach the brain vasculature by attaching to
the microvessel endothelial cells, extravasate into the brain
parenchyma, induce angiogenesis, and proliferate in response
to growth factors.” '

Peritumorous brain events

The borders between a brain metastasis and the surrounding
brain parenchyma are usually distinct. Unlike gliomas, which
diffusely infiltrate the brain parenchyma, metastatic tumours
are usually sharply demarcated from the surrounding neuro-
pil. Nonetheless, the tumour cells react with the surrounding
brain parenchyma and blood vessels, resulting in a series of
pathological and biochemical changes.

Local tumour invasion

Local brain invasion is a multifaceted process of tightly
controlled mechanisms including cell motility, adhesion, and
enzymatic remodelling of the extracellular matrix (ECM)
components. Brain invasion requires paracrine interactions
between brain stromal and endothelial cells and the invading
metastatic tumour cells. Proteolytic degradation of the ECM
is thought to aid tumour invasion by clearing a pathway
for the invading tumour cells. The proteolytic activity is
concentrated in the region of the cell membrane on the
advancing edge of the invading tumour cell.'” '* In addition,
the proteolytic activity probably releases several factors from
the ECM that promote cell proliferation and angiogenesis.
Once in the brain parenchyma, the metastatic cell must
adhere to the substratum to survive.

The E-cadherin—catenin complex is a prime mediator of
cell—cell adhesion and is crucial for intercellular adhesive-
ness, and the maintenance of normal and malignant tissue
architecture. Reduced expression of this complex has been
associated with tumour invasion, metastasis, and an unfa-
vourable prognosis."” Recently, a significant correlation
between E-cadherin expression and high MIB-1 index was
reported for metastatic adenocarcinomas showing consistent
E-cadherin expression, regardless of the degree of differ-
entiation or the extent of spread of the disease.” Integrins are
major adhesion and signalling receptor proteins that mediate
cell migration and invasion. They also trigger a variety of
signal transduction pathways and regulate cytoskeletal
organisation, specific gene expression, growth control, and
apoptosis (programmed cell death). The blocking of integrin
a3B1 in an animal model using a human non-small cell lung
cancer (NSCLC) cell line significantly decreased brain
metastasis.”'

Neurotrophins (NTs) are important because they stimulate
brain invasion. In brain metastatic melanoma cells, NTs can
promote invasion by enhancing the production of ECM
degradative enzymes, such as heparanase, an enzyme capable
of locally destroying both the ECM and the basement
membrane of the BBB. Heparanase is an endo--d-glucur-
onidase that cleaves the heparan sulfate (HS) chains of ECM
proteoglycans, and it is a unique metastatic determinant
because it is the dominant mammalian HS degradative
enzyme.” Furthermore, it has been reported that p75 neuro-
trophin receptor, a common receptor for members of the NT
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family, is a molecular determinant of brain metastasis.”
Increased NT concentrations have also been reported at the
tumour-brain interface of human brain melanoma.*

Plasminogen activators and their inhibitors

Since the initial report by Astedt et al in 1976> that
urokinase-type plasminogen activator (uPA) is produced
and released from cancer cells, strong clinical and experi-
mental evidence has accumulated that the tumour associated
serine protease plasmin, its activator uPA, the receptor uPA-R
(CD87), and the inhibitors plasminogen activator inhibitor
type 1 and 2 (PAI-1/2) are linked to cancer invasion and
metastasis. Urokinase converts the zymogen plasminogen to
plasmin, a trypsin-like enzyme with broad substrate specifi-
cities. uPA binds to the surface of the cell membrane and
causes localised cell surface proteolytic activity, which is
required for the destruction of the ECM, a vital step in
tumour cell invasion. The proteolytic activity of uPA is
modulated by its cell surface receptor and by PAI-1. Plasmin
degrades components of the ECM such as fibrin, fibro-
nectin, proteoglycans, and laminin, thereby allowing cells to
migrate through the surrounding tissues. Plasmin also has
the ability to activate other proteolytic enzymes, such as the
metalloproteases.

"“Plasmin degrades components of the ECM such as fibrin,
fibronectin, proteoglycans, and laminin, thereby allowing
cells to migrate through the surrounding tissues”

Bindal ef a/ found high amounts of uPA in malignant
glioma and metastatic tumours, whereas normal amounts
were found in low grade gliomas. Neuroimaging analysis
showed a significant correlation between high concentrations
of uPA and necrosis and oedema. In addition, patients with
high concentrations of uPA had shorter survival than those
with low concentrations of uPA. Tissue-type plasmino-
gen activator (tPA) was absent in colon, lung, and breast
metastases, whereas metastatic melanoma had significantly
more tPA activity than normal brain. They went on to
conclude that high amounts of uPA and absent tPA activity
correlated with malignant brain tumours, aggressive beha-
viour, and shorter patient survival.® Localisation of PAI-1 in
proliferating vessels of brain metastases suggests that PAI-1
may also be involved in angiogenesis.”” A variety of app-
roaches to interfere with the expression or reactivity of uPA
or uPA-R at the gene or protein level have been reported,
including antisense oligonucleotides, antibodies, enzyme
inhibitors, and recombinant or synthetic uPA and uPA-R
analogues.”?°

Matrix metalloproteases
The matrix metalloproteases (MMPs) are a family of 20
enzymes that have the ability to degrade the ECM. Their
activity results in the breakdown of connective tissue barriers
such as collagens, laminins, fibronectin, vitronectin, and HS
proteoglycans. Most MMPs are made by stromal cells
(inflammatory cells, endothelial cells, and fibroblasts),
although their expression is regulated by tumour cells via
cytokines and the ECM metalloprotease inducer. Extra-
cellular MMP inducer is found on the surface of tumour
cells and stimulates the production of MMPs, thereby leading
to ECM degradation and tumour cell motility. MMP activity
has been found to correlate with invasiveness, metastasis,
and poor prognosis in a variety of metastatic tumours.”'
Jaalinoja et al, in their series of gliomas and metastases,
reported that all metastatic brain tumours were positive for
MMP-2. A correlation between MMP-2 expression and
survival was found in malignant brain tumours. The mean
survival of patients with MMP-2 negative tumours was 36
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months, and 7-14 months for patients with MMP-2 positive
tumours.”” In another study, Arnold ef al reported that MMP-
9 was upregulated in all brain metastases and primary brain
tumours. However, no correlation with survival was possi-
ble.”” In mice overexpressing tissue inhibitor of metallopro-
teinase 1 (TIMP-1), brain metastases were significantly
reduced by 75% compared with their wild-type littermates,
demonstrating that ectopic TIMP-1 expression exerts a
suppressive effect on metastasising tumour cells.*

Neoangiogenesis and metastasis
Angiogenesis is necessary for continued tumour growth.
Failure of vascular growth will restrict the tumour mass to a
size mediated by the limits of tissue diffusion distance,
namely: 0.2 mm.” The onset of angiogenesis within small
clusters of tumour cells, known as the ““angiogenic switch”, is
influenced by a complex interplay of proangiogenic mole-
cules—such as vascular endothelial growth factor (VEGF)
and the angiopoietin family—and antiangiogenic molecules,
such as angiostatin. MMPs and TIMP also appear to be
regulators of the angiogenic process, both by releasing
proangiogenic peptides from the ECM and degrading the
ECM to allow for the ingrowth of new blood vessels.
Recently, the switch from vascular quiescence to angiogen-
esis has been shown to involve MMP-9/gelatinase B, which
was found to be upregulated in angiogenic islets, with the
tumours releasing VEGF-A from an extracellular reservoir.>
Further evidence for the role of VEGF in brain metastases
has been reported by Kim ef a/, who in an animal model
concluded that raised VEGF expression contributes to the
ability of breast cancer cells to form brain metastases.
Targeting endothelial cells with a VEGF receptor specific
tyrosine kinase inhibitor reduced angiogenesis and restricted
the growth of the brain metastases.” Yano ef a/, in an elegant
nude mouse model using six different human cancer cell
lines in conjunction with sense and antisense VEGF iso-
forms, reported that VEGF expression was necessary but not
sufficient for the production of brain metastases.*

Dormant brain metastases

The fact that brain metastases from numerous primary
tumours have been reported to occur months or years after
their removal supports the concept of tumour dormancy. The
dormant state is characterised by normal proliferation,
increased apoptosis, and a paucity of angiogenesis. It has
been suggested that these late occurring metastases may
result from differences in the proliferative potential of a
subgroup of cells in the growth arrested metastatic tumour,
innate biological differences between the dormant metastatic
cells, or could simply be a new manifestation of the metas-
tatic cascade (metastases forming metastases).”” Further-
more, it has been proposed that the angiogenic potential, in
addition to the balance between proliferation and apoptosis
in dormant brain metastases, may be influenced by anti-
angiogenic mediators released from the primary site, with
primary tumour removal resulting in the loss of this
antiangiogenic influence (endogenous inhibition), and sud-
den growth of the brain metastases as a result of an
upregulation in angiogenesis.”

Molecular regulation of metastatic growth

The brain and its supporting structures represent a unique
environment for metastatic growth. The unique properties of
the CNS may explain the propensity of selected tumours,
such as melanoma, to metastasise to the brain. Molecular
factors may be organ specific and influence the tumour cells
with regard to gene and protein expression, growth dyna-
mics, and responsiveness to treatment. Growth regulation of
metastatic cells in secondary sites is a crucial aspect of their
proliferation. Recently, increasing attention has been drawn
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to the metastasis suppressor genes (MSGs), which, although
distinct from oncogenes, can spontaneously suppress metas-
tatic growth at any point in the metastatic cascade.

Nm23 was one of the first MSGs to be described, and
is found in breast cancer and melanoma.” It encodes a
nucleotide diphosphate protein kinase that appears to
regulate cell growth by interacting with menin (a tumour
suppressor gene product).* This was the first identified
member of a family of genes that now has eight members.

"Patients with cutaneous melanomas with low expression
of nm23 appear to be more at risk of developing brain
metfastases’’

In vitro studies recently showed that Nm23 overexpression
results in reduced anchorage independent colonisation in
response to transforming growth factor B, reduced invasion,
and reduced motility in response to multiple factors and
increased differentiation. Furthermore, it has been suggested
that reduced signal transduction is involved in the metasta-
sis suppression effects of Nm23, and that the histidine
protein kinase activity of Nm23 is responsible.** Patients with
cutaneous melanomas with low expression of nm23 appear
to be more at risk of developing brain metastases.”

KAIl (CD82), which localises to chromosome 11pl1.2,
encodes a protein that belongs to the tetraspanin super-
family. KAI1 regulates adhesion, migration, growth, and
differentiation and was noted to be downregulated during
prostate cancer progression.** Its expression is inversely
correlated with breast metastases” *° and melanoma metas-
tases.”” It has also been found to inhibit the crucial steps of
invasion and motility in colon cancer cells.* KAIl may
suppress metastases by influencing signalling pathways,
such as those driven by the epidermal growth factor recep-
tor. The association between epidermal growth factor
receptor and KAIl may influence the Rho GTPase path-
way,” and result in the suppression of lamellipodia and
migration signalling.*

CD44, which localises to chromosome 11p11.2, encodes an
integral membrane glycoprotein that acts as a receptor for
hyaluronic acid and osteopontin and influences cell adhe-
sion.” It has been suggested that CD44 acts by regulating
the adhesion of circulating cancer cells to the endothelium
at the secondary site, with the help of hyaluronate matrix
ligand, or by its cytoplasmic attachment to actin associated
proteins of the merlin/ezrin/radixin/moesin family.”> >> DNA
hypermethylation® may be responsible for the downregula-
tion of CD44, which is associated with higher tumour grade
in clinical prostate cancer samples.””> CD44 protein expression
was reported to be upregulated in 48% of brain metastases
studied. The most consistent expression of CD44 was seen in
metastases from thyroid, skin, and breast cancer.’® Different
CD44 expression patterns have been reported in primary
brain tumours compared with brain metastases: exclusive
expression of the standard form of CD44 was seen in primary
brain tumours, whereas 22 of 26 brain metastases expressed
the splicing variant of CD44. The authors concluded that the
presence or absence of variant CD44 accounts for the high or
low metastatic potential of human malignancies.””

MKK4, located on chromosome 14, is a mitogen activating
protein kinase (MAPK) that is involved in signal transduc-
tion between MEKKI, protein kinase/JNK1, and p38
MAPK.”® Previous studies have recorded that overexpression
of the MKK4 gene results in the suppression of prostate
cancer metastases,” and an inverse relation between MKK4
staining and Gleason’s score has been reported in prostate
tumours.® There is also evidence that the MKK4 gene acts as
an MSG in ovarian cancer.®
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Table 1 Summary of known metastastic tumour genes
MSG Chromosome location Function Metastatic tumour
Nm23 17921.3 Regulates cell growth, reduces invasion and motility Breast and melanoma®
KAI1 (CD82) 11p11.2 Regulates adhesion, migration, growth, and differentiation. Prostate,* breast,** * melanoma,” colon®
Influences signalling pathways such as EGFR and Rho
GTPases
CD44 11p11.2 Influences cell adhesion; hypermethylation of DNA results  Prostate,* lung, breast, colon, melanoma*
in downregulation
MKK4 14 Regulates signal transduction between p38 and ERK/JNK  Prostate,* ** ovary®
MAPKs
KISS-1 1 Inhibition of chemotaxis and invasion; G protein coupled ~ Melanoma, breast* **
receptor ligand
BrMS1 11 Restores normal gap junction phenotype Melanoma,** bladder®
RhoGD12 11p11.2 Regulates RHO and RAC function Bladder,* prostate, bladder, breast, colorectum,
kidney, |ung, liver”
PTEN/MMAC1 1023 Homologous fo cytoskeletal protein tensin; involved in Breast, lung, colorectal, kidney, thyroid,
tumour cell invasion and metastasis through interactions endometrial, germ cell,”* melanoma®
of tensin with actin filaments at focal adhesions
EGFR, epidermal growth factor receptor; ERK, extracellular signal regulated kinase; MAPK, mitogen activated protein kinase.

KISS-1 is a gene that maps to chromosome 1 and which
encodes metastin (fragment of KISS-1). Metastin, a ligand of
the orphan G protein coupled receptor hOT7T175, inhibits
chemotaxis, invasion, spreading, monolayer growth, and soft
agar colony formation in transfected CHO cells.”> Enforced
expression of KISS-1 suppressed melanoma and breast car-
cinoma metastases.” Using in situ hybridisation, Shirasaki
et al found an inverse correlation between KISS-1 expression
and disease progression in clinical melanoma samples.*

BrMSl1 is found on chromosome 11 and is expressed
primarily in melanoma and breast cancer cells. It restores the
normal gap junction phenotype, which aids in the main-
tenance of communication between cells within the primary
tumour, thereby preventing disseminated tumour cell
growth.” In vitro studies have revealed that BRMSI
expression inversely correlates with the metastatic potential
of melanoma cells* and reduces the growth of human
bladder carcinoma cell lines.”’

SSeCKS (pronounced essex), an acronym for Src-supressed
C kinase substrate, decreases the expression of VEGF through
the reduction of AP-1, stimulates the expression of angio-
poietin 1, and may regulate BBB differentiation by modulat-
ing both brain angiogenesis and tight junction formation.
SSeCKS is also significantly downregulated in human
prostate epithelial cell lines.**

Drg-1 inhibits liver metastasis and invasion by colorectal
carcinoma after DNA methylation inhibition,” and an inverse
correlation between Drg-1 expression and Gleason’s score has
been reported in human prostate cancer specimens.”

RhoGDI12 (guanine nucleotide binding protein) has been
designated an MSG. Increased RhoGD12 RNA expression
in a bladder carcinoma cell line has been associated with
decreased metastatic potential,*” and gene expression profil-
ing of 105 clinical tumour specimens from multiple organ
sites recorded an inverse correlation with the invasive
potential of these tumours.”

PTEN/MMAC1

This tumour suppressor gene has been designated PTEN
(phosphatase and tensin homologue deleted on chromosome
10) or MMAC1 (mutated in multiple advanced cancers).
Extensive homology exists between PTEN/MMACI and the
cytoskeletal protein tensin, which is involved in tumour cell
invasion and metastasis through its interactions with actin
filaments at focal adhesions.”” Transfection experiments per-
formed by Tamura ef al recorded that overexpression of PTEN/
MMACI inhibited cell migration, whereas antisense PTEN/
MMACI1 enhanced migration.” ™ Hahn et al performed loss of
heterozygosity (LOH) analysis and PTEN/MMACI sequence
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Take home messages

® Many primary tumours metastasise to the brain,
particularly those of the lung, breast, skin (melanomal),
and gastrointestinal tract

® Metastasis of cancer cells occurs via the ““metastatic
cascade”’, namely: invasion of surrounding fissue,
entry into and survival in the bloodstream (intravasa-
tion), arrest and/or extravasation at the secondary site,
and survival and proliferation

® Developments in molecular biology have vastly
expanded our knowledge about the mechanisms of
invasion, proliferation, metastatic cell signalling, and
angiogenesis in brain metastases, and several impor-
tant molecules involved in these processes have been
identified, such as E-cadherin, catenins, neurotrophins,
plasminogen activators and inhibitors and matrix
metalloproteases

® Recently, several metastasis suppressor genes (MSGs),
which can spontaneously suppress metastatic growth at
any point in the mefastatic cascade, have been
identified, such as nm23 and CD44

® These advances in the understanding of the pathobiol-
ogy of brain mefastasis may lead to novel targeted
treatment paradigms and a better prognosis for
patients with brain metastatic disease

analysis in 56 brain metastases from various primary
tumours and found that despite an overall high rate of LOH
(50%), there was a low frequency of PTEN/MMACI mutation
detection (14%), indicating that one or more additional
tumour suppressor genes may be present on chromosome
10.” They also recorded a high proportion of inactivating
mutations of PTEN/MMACI in lung cancer (25%), suggesting
that inactivation of the gene contributed to tumour progres-
sion in this subgroup of metastases.

In NSCLC, the incidence of LOH on 2p and 2q was found to
be significantly higher in brain metastases than in primary
tumours.” The incidence of LOH on chromosome arms 2q,
9p, 18q, and 22q in brain metastases was significantly higher
than that seen in stage I primary lung tumours, and was
thought to play an important role in the progression of
NSCLC.” Therefore, the inactivation of tumour suppressor
genes on chromosome 2 appear to result in an aggressive
phenotype of NSCLC cells.” 77
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""Some mefastasis suppressor genes (MSGs) are more
likely to be turned off rather than mutated, suggesting that
gene silencing via methylation or histone acetylation may
be important in the regulation of MSGs”

Other MSGs whose functional importance has yet to be
defined are: collapsin response mediator protein 1, which is
involved in cell movement; gelsolin, which modulates actin
activity to regulate movement; maspin (mammary serine
protease protease inhibitor); heterochromatin associated
protein 1 (HP15%); and SHP-2 (cytoplasmic tyrosine kinase
phosphatase, involved in signal transduction)

Elimination of a single step in the metastatic cascade may
halt the process of metastasis, so that restoration of MSG
expression in competent tumour cells may produce clinical
benefit in patients with brain metastases. It appears that
some MSGs (NM23, MKK4, and KAI1)® " ” are more likely
to be “turned off” rather than mutated, suggesting that gene
silencing via methylation or histone acetylation may be
important in the regulation of MSGs. Therefore, strategies to
restore gene expression by altering the proteins responsible or
reintroducing genes or proteins not subject to this form of
regulatory control may be necessary to restore suppressor
function.® Table 1 summarises the known metastatic tumour
genes.

CONCLUSION

Insight into the molecular mechanisms regulating the
pathobiology of brain metastases should improve our under-
standing of the complex interactions between metastatic
tumour cells and the host environment. A new era of
metastasis suppressor research is currently evolving. The
identification of MSGs that have functional relevance in well
defined animal models or studies with banked human tissues
is necessary if we are to apply these experimental data in the
clinical setting. Until strategies based upon the molecular
biology of CNS metastasis are implemented, hope will remain
slim for all but the rare patient with a controlled primary
cancer and few CNS metastases.
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