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Abstract: Colorectal cancer is one of the most common digestive tract malignancies in the
world. Owing to the newer and more effective systemic therapies, the life of colorectal
cancer patients can be remarkably prolonged, and the incidence of brain metastases is
increasing. However, little is known about the underlying mechanisms of brain metastasis
from colorectal cancer. Here we review the tumor microenvironment and metastasis
associated molecules in brain metastases from colorectal cancer. A further understanding
of these mechanisms will help us to propose better strategies for colorectal cancer patients
with brain metastasis and improve their life quality.
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1. Introduction

Colorectal carcinoma (CRC) is the third most commonly diagnosed cancer in males and the second
most common in females worldwide [1]. The main causes of failure for treatments are local recurrence
and distant metastases, especially when vital organs such as liver and lung are involved through
hematogenous dissemination. Brain metastasis is a much less common but more fatal phenomenon and
is usually considered as the late-stage manifestation for CRC. Compared with other malignancies such
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as lung cancer, breast cancer, and melanoma, the incidence of brain metastasis from CRC is
considerably rare. Merely 0.3% to 9% of patients with CRC may develop brain metastasis
synchronically or heterochronically [2], representing only 4% to 6% of all brain metastasis cases [3].
Lately, the incidence of brain metastasis has been increasing, owing to the improved radiological
techniques and multimodality therapies for systemic diseases, which prolongs the survival rate but at
the same time increases the risk for developing brain metastases [4,5]. Considering this, the problem of
brain metastasis from CRC should be ignored no longer. Most brain metastases occur in the cerebral
hemispheres (48%—58%), followed by the cerebellum (18%-43%), and 23%—-33% patients have
multiple lesions. Brainstem metastasis of CRC is rare. Patients may complain about headache, motor
disturbance, mental change, nausea or vomiting, seizure, aphagia, or visual disturbance according to
the functional brain area involved [5-7].

Once diagnosed with brain metastasis, the patient’s prognosis is not promising, with less than
6 months survival expectancy. Several prognostic factors for patients with brain metastasis of
colorectal carcinoma have been identified, including age <65 years, shorter interval from CRC
diagnosis to BM diagnosis, and >3 intracranial metastases [8,9]. Recent researches concluded that the
amount of chemotherapy before brain metastasis [7] were also the independent risk factors for

overall survival.
2. Molecules Associated with Metastatic Potential

The process of metastatic cascade includes local invasion, intravasation, dissemination,
extravasation, and colonization at the new site. As a matter of fact, not all cancer cells in the primary
lesion are able to form a metastatic lesion. The primary tumor is usually genetic heterogeneous,
consisting of cells with different potentials to migrate and metastasize. Genetic mutations make it
possible for some of the cancer cells to gain the ability to metastasize (see in Table 1), yet these
malignant cells still need to conquer various environmental pressures (hypoxia, poor blood supply,
growth suppressor genes, cell checkpoint, DNA damage system, and immune mediators) to
successfully proliferate in the metastatic target organs.

Table 1. Genes associated with metastatic potential of colorectal cancer.

Chromosome . .
OMIM No. Gene . Function(s) of Protein
Location

An integral cell membrane glycoprotein with a postulated role in
107269 CD44 I1pter-p13 . . L. .

matrix adhesion lymphocyte activation and lymph node homing

Increases endothelial cell motility, increases invasive properties
114210 S10044 1921.3

through deregulation of the extracellular matrix
120361 MMP-9 20q13.12 Extracellular matrix degradation
A histidine kinase related to cell proliferative activity by

156490 NM23 17g21.3 ) . L
phosphorylating KSR and leading to decreased ERK1/2 activation
Encode GDP/GTP-binding proteins involved in signal transduction
190070 KRAS 12p12.1 . ) i ) .
in cellular proliferation, differentiation, and senescence
Regulating cell division, motility, adhesion, angiogenesis,
190090 SRC 20q11.23

and survival
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Table 1. Cont.

Chromosome
OMIM No. Gene . Function(s) of Protein
Location
Angiogenic growth factor, controlling blood vessel formation
192240 VEGF 6p21.1 .
and permeability
Rac-specific guanine nucleotide exchange factor, directly
600687 TIAM1 21q22.11 ) o
mediate Ras activation of Rac.
Transcription factor, pivotal role in signal transduction of
600993 SMAD4 18q21.2
TGF-B
Regulates function of Rho and Rac, involved in cell signaling,
RHOGDI2 11pl1.2

proliferation, cytoskeletal organization, and secretion

2.1. Epidermal Growth Factor Receptor Signaling

Amplification and overdose of epidermal growth factor receptor (EGFR) were identified in several
brain metastatic solid tumors, indicating that EGFR mutations and amplification are involved in the
tumorigenesis of brain metastasis [10]. Scartozzi et al. [11] investigated the difference of EGFR
statuses between primary CRC and corresponding metastatic sites (liver, lung, bone, and brain).
In 19 of 53 primary tumors expressing EGFR, the corresponding metastatic site was found to be
negative, whereas it was found to be positive in 15% metastases from EGFR-negative primary cancers.
The irrelevance of EGFR status in primary and metastatic CRC can explain to some extent the fact that
some CRC patients cannot have a good prognosis after EGFR-targeted monoclonal antibodies, besides
through underlying mechanisms the metastatic CRC may alter its biophenotype such as EGFR status to
survive from immune elimination and chemotherapeutants.

The mutation of KRAS, a member of the rat sarcoma virus gene family of downstream genes of
EGFR, devotes most part of mutated genes in the EGFR signaling pathway (35%—45% of all CRC),
which strongly correlates with poorer outcomes in patients with CRC [12]. Data showed that KRAS
mutation prevalence was high in CRC patients presenting with brain metastases compared with
primary cancer, and even higher than in liver metastases [13]. These results revealed the importance of
KRAS signaling in formation of brain metastasis from CRC.

2.2. Metastasis Promoter
2.2.1. CD44

CD44 is an integral membrane glycoprotein that functions as a receptor for the extracellular matrix
glycan. The standard isoform, designated CD44s. CD44 splice variants containing variable exons are
designated CD44v. CD44 is frequently expressed on primary brain tumors and brain metastases.
CD44v expression was weak in primary brain tumors and cell lines derived from normal brain and
tumor tissue. However, high levels of isoforms were shown in all metastatic brain tumors [14]. The
expression level of CD44s and CD44v6 in CRC were significantly higher in primary tumors as
compared to their metastases [15]. Interaction with the CD44-associated signaling by inhibition of
fatty acid synthase would reduce metastasis in CRC, which suggests a potential treatment strategy for
advanced CRC [16].
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2.2.2. Rho GDP Dissociation Inhibitor 2

The potential effect of Rho GDP dissociation inhibitor 2 (RhoGDI2) on cancer cell metastasis was
first presented in human bladder cancer cell lines [17]. It functions as GTP-binding proteins of the Ras
superfamily and regulates the development of numerous aspects of the malignant phenotype, including
cell cycle progression, resistance to apoptotic stimuli, neovascularization, tumor cell motility,
invasiveness, and metastasis [18]. Up-regulation of RhoGDI2 would lead to a low activity of Rac and
Cdc42 and rector-dependent deficiency in cell migration [19]. Over-expression of wild-type or
constitutively active forms of RhoA has been shown to induce invasive behavior in non-invasive rat
hepatoma cells in vitro. Over-expression of RhoGDI2 in CRC can enhance the cell proliferation,
motility, and invasion in vitro [20]. RhoGDI2 was an independent prognostic factor for relapse-free
survival of CRC in a multivariate analysis [21], and presented as one of the potential multi-drug
resistant genes [22].

2.2.3. Smad4

Smad4 plays a pivotal role in TFG-B/Smad signaling pathway, regulating cell proliferation,
differentiation, and apoptosis. Knockdown of Smad4 results in loss of a tumor-suppressive function of
TFG-B only, i.e., cell cycle arrest, but has no effect on EMT induced by TGF-f in concert with the
Ras/Erk pathway [23]. Loss of Smad4 might underlie the functional shift of TGF-B from a tumor
suppressor to a tumor promoter [24].

The protein level of Smad4 in lymph node metastases [25] and liver metastases [26] of CRC was
significantly lower than in primary tumors. Suppressing Smad4 may enhance the proliferation,
migration and invasion of the HCT116 cell line [27]. Papageougis et al. [28] found that loss of
function of Smad4 and retention of intact TGF- receptors could synergistically increase the levels of
VEGF, enhanced migration of CRC cells with a corresponding increase in matrix metalloprotease-9
enhanced hypoxia-induced GLUTI1 expression, increased aerobic glycolysis, and resistance to
5'-fluoruracil-mediated apoptosis.

2.2.4. Nonmetastatic Protein 23

Nonmetastatic protein 23 (NM23) gene was isolated as a putative metastatic suppressor gene.
NM23-H1 is one isotype of the human NM23 gene. Over-expression of NM23-HI1 in metastatic cell
lines reduced cell motility in vitro assays and metastatic potential in xenograft models [29]. Melanoma
and breast cancer with a low expression of NM23 appeared to be more at risk of developing brain
metastases [30,31]. Suzuki et al. [30] found that NM23-H1 strongly inhibited the liver metastasis of
HT-29 cells in nude mice and inhibited the epidermal growth factor-induced cell migration in vitro.
NM23-H1 expression negatively correlated with intratumoral MVD [32], suggesting NM23 may have
a tumor suppressive effect by inhibiting neoplastic angiogenesis. According to the result of a tissue
microarray with 130 CRC patients, NM23 expression was higher in the cancer tissue than in adjacent
non-neoplastic mucosa, and patients with higher NM23 protein intensity turned out to have a longer
disease-free survival [33]. However, no significant difference was found between primary and
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metastatic CRC tissue [34], which implies that increased NM23 maybe important only in the early
stage of CRC.

2.2.5. T-cell Lymphoma Invasion and Metastasis-Inducing Protein 1

TIAMI1 is expressed in almost all adult tissues, with especially high expression in the brain and
testis [35]. It is a guanine nucleotide exchange factor that activates Rac and Cdc42 [36,37]. Increased
TIAMI1 expression is associated with increased metastatic potential in colon cancer cell lines [38,39].
Evidence also implicated TIAM1 as a crucial component of the PAR complex in regulating neuronal
(axonal) and epithelial (apical-basal) polarity [40].

2.2.6. S100A4

S100A4 is known to be capable of modulating intercellular adhesion and invasive and metastatic
properties of cancer cells [41]. High S100A4 expression was associated with tumor stage and
secondary metastasis of CRC, presenting with a prognostic effect for disease recurrence and
survival [42,43]. Furthermore, S100A4 reduces the expression of occludin, and stimulates p53
expression in brain microvascular endothelial cells, so as to disturb the normal construction of the
blood-brain barrier, indicating its potential role in the formation of brain metastases [44].

2.2.7. Src

Irby et al. [45] first demonstrate Src is an oncogene in CRC. Sequencing of genome in a large set of
tumor biopsies confirmed the expression of Src mutant in about 1% of the CRC analyzed, which
means that Src oncogenic mutations are a rare event in CRC. Despite the rare incidence of Src, its
activity is an independent indicator of poor clinical prognosis in CRC [46,47]. High-level expression
of Src in primary CRC is predictive for tumor recurrence and metastasis formation [48]. Antibodies
targeting Src family kinases such like bosutinib, dasatinib, and saracatinib can strongly impact the
migration, invasion, and angiogenesis of CRC cells [49-52].

3. The Role of the Blood-Brain Barrier in Brain Metastasis

The blood-brain barrier (BBB) is formed by a complex system of endothelial cells, astroglia,
pericytes, with continuous tight junctions that restrict the passage of most circulating cells, bioactive
molecules, and therapeutics [53,54]. A physical blocking effect takes place. In addition, an
electrically-selective effect is experienced, by which, due to bioactive membrane-proteins on the
surfaces the BBB, only the entry of agents with low molecular weights (diameter less than 20 nm) is
allowed through passive diffusion, or in most situations, by bioactive memgrane-transporters on the
surfaces of brain capillary endothelias and astrocytic endfeet, such as multidrug resistance proteins
(MRPs), organic anion transporting polypeptides (OATPs) or P-glycoprotein (Pgp) [55-59].

The tight junctions between endothelials become “loose” when under the burden of primary or
metastatic brain tumors, resulting in a high permeability, which allows circulating tumor cells enter the
brain. However, in spite of increasing chances for tumor cells to enter into the brain parenchyma, most
systemic chemotherapeutic agents are still too large to cross the BBB. Therefore, the brain becomes a
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“refrigerator” for metastatic tumor cells and poorly-responsed to conventional chemotherapies and
biotherapies [58].

The molecular mechanisms regarding tumor cells crossing the BBB have not yet been completely
clarified. The related evidence has mostly been based on researche about Brain metastases of breast
cancer. Evidence showed that CXCR4, a receptor of chemokine CXCL12, can induce blood vessel
instability and increase the permeability of brain endotheials. Inhibition of the pathway of
CXCR4/CXCL12 would decrease breast cancer cells migration as well as vascular permeability [60].
Colorectal carcinoma cells also express a higher level of CXCR4 than normal intestinal epithelias.
Immunohistochemical analysis confirmed strong expression of CXCR4 in all brain metastases sampled [5]
as well as liver and lymph node metastases [61,62], indicating the role of CXCR4/CXCL12 pathway
may also induce the process.

On the other hand, vascular endothelial growth factor (VEGF), an important predictive factor
for various malignancies including CRC, was also found to increase brain microvascular endothelial
cell (BMEC) monolayer permeability by modulating transendothelial migration [63], reducing
occludin expression and disrupting ZO-1 and occludin organization, and to lead to tight junction
disassembly [64,65].

4. Brain Microenvironment and Tumor Metastasis

The brain extracellular matrix is lack of fibronectin and collagen, which is common in other
systemic organs, but full of tenascin, laminin and glycosaminoglycans like heparan sulfate and
hyaluronic acid [66]. The bio-function of various kinds of glial cells are not alike interstitial cells from
other organs. As a result, the tumor microenvironment in brain tissue is quite distinct from other
metastatic target organs such as liver and lung.

4.1. Extracellular Matrix
4.1.1. Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are zinc endopeptidases that degrade the extracellular matrix
proteins. By remodeling connective tissue, i.e., degradating type I collagen, laminin and fibronectin,
MMPs can assist tumor cells to pass through the extracellular matrix and enhance the migration of
tumor cells [67,68]. They also participate in the process of epithelial-mesenchymal transition during
tumor development [69]. Overexpression of MMP-1, -2, -3, -7, -9, -13 has been demonstrated in
human CRC, correlating with a late-stage of diseases and poor prognosis. Each substrate plays its
relatively-specific role in microsatellite instability and malignant transformation in CRC. In addition,
each substrate plays its relatively-specific role in microsatellite instability and malignant
transformation [69]. MMPs were found to be over-expressed in brain metastases compared with their
primary tumors [70,71]. The development of experimental brain metastasis was significantly decreased
by selective MMP inhibitors [71].
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4.1.2. Heparanase

Heparanase is the only endogenous glucuronidase found in mammalian cells up to now, and can
degrade the heparan sulfate which is the side chain of heparin sulfate proteoglycans existing in the
extracellular matrix and basement membrane, also known to destroy the blood-brain barrier [72].
Heparanase mediates the expression and subcellular localization of guanine nucleotide exchange
factor-H1 (GEF-H1), a component of a syndecan signaling complex, thus mediates the cross-talk
between tumor cells and brain endothelia and regulates the cytoskeletal dynamics of brain metastatic
melanoma and breast cancer cells [73,74]. The expression level of heparanase is a significant
independent risk factor for hematogenous metastasis in CRC [75].

4.2. Glial Cells
4.2.1. Astrocyte

Astrocytes, also known as astroglia, are the most abundant cell of the human brain, performing
bioeffects including composing the blood-brain barrier, provision of nutrients to the neurons,
maintenance of extracellular ion balance, and damage repair. When co-cultured with astrocytes, lung
adenocarcinoma cells and breast cancer cells presented with a significantly higher growth rates [76].
Such factors suggested that the astrocytes do play a vital role in the progressions of brain tumors.
Lin et al. [77] demonstrated that astrocytes protect tumor cells from chemotherapy by sequestering
intracellular calcium through gap junction communication between astrocytes and tumor cells.
Moreover, through paracrine signaling, astrocytes upregulate extracellular matrix compositions with a
pro-neoplastic effect such as MMP and heparanase [78,79].

4.2.2. Microglia

Microglia acts as the main form of active immune defense in brain, serving as the resident
macrophages of the central nerve system. Generally, microglia accumulate around tumor cells and
in vitro conditioned medium from primary cultured mouse microglia which inhibits the proliferation of
tumor cells [80]. Nitric oxide (NO) mediates the tumoricidal effect of microglia [81], however,
brain-metastatic CRC cells may also have a protective mechanism inhibiting NO production [82].

4.3. Blood Supply for Brain Metastases

It is necessary for circulating tumor cells to form a sustained blood supply for continued tumor
growth in the new metastatic site. In fact, metastatic brain tumor cells located less than 100 um from
a blood vessel are viable. The onset of angiogenesis is activated by the combined effects of
proangiogenetic and antiangiogenetic molecules [83]. Vascular endothelial growth factor (VEGF) is
the most important bioactive molecule to promote the neoangiogenesis by stimulating the proliferation
and migration of endothelial cells. In an experiment on mice models of brain metastasis from colon
cancer, the expression of VEGF mRNA and protein in the metastatic tumors were observed, which was
correlated with angiogenesis and growth of brain metastasis. This pro-angiogenesis effect could be
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inhibited by transfecting with the antisense-BEGF165 gene [84]. The result indicated that VEGF is
necessary for production and growth of brain metastasis.

Many studies suggest that the microvessel density (MVD) within the neoplasms correlates with the
aggressiveness of the disease. A significantly higher MVD was observed in CRC with liver metastatic
disease compared with the tumors without liver metastasis [85]. This generalization, however, does not
extend to brain metastases. In experimental brain metastasis from colon cancer, the MVD within these
lesions was lower than the MVD in the surrounding uninvolved brain. The metastases contained large
blood vessels with dilated lumens, which are thought to be a form of vascular remodeling by
nonsprouting angiogenesis [83,84].

5. Site-Specific Metastatic Factor
5.1. Chemokine

Chemokines is a family of small proteins secreted by cells (8—10 kilodaltons in size), act as a
chemoattractant to guide the migration of the chemokines receptor-expressing cells like immune bells
and various tumor cells, and participate in early development, angiogenesis and lymphogenesis, tumor
growth and metastases [86]. Chemokine(C-X-C motif) ligand 12 (CXCL12) is released in high
amounts by certain organ, such as liver, lung, bone, as well as brain parenchyma. CXCR4, the specific
receptor of CXCLI12, is highly-expressed in cancer cells compared with homological normal
tissue [86—88]. These tumor cells may metastasize to organs that secret CXCL12. The attraction effect
between CXCL12 and CXCR4 causes breast cancer cells and non-small cell lung cancer cells to
migrate into brain, where cancer cells proliferate and form metastatic tumors [60,87,89]. CXCL12
can significantly increase the number of clones in CRC cell lines in vitro [61]. The expression
of CXCRLI12 and nuclear CXCR4 predicts lymph node metastases and liver metastases in
CRC [61,62,90]. Mangan et al. [55] first confirmed the association between CXCR4 and brain
metastases in CRC. Immunohistochemical staining was performed on tumor specimens in 11 patients
who underwent resection of brain metastases. All of the specimens were strongly positive for CXCR4,
with a primarily nuclear location of CXCR4 expression, combined with high pulmonary and low
hepatic metastases. Furthermore, CXCLI12 increases VEGF expression and cell proliferation; the
expression of CXCR4 and VEGF is correlated [61,88].

5.2. MicroRNA

MicroRNAs (miRNAs) are a large family of small non-coding RNAs that negatively control gene
expression at the mRNA and protein levels. Evidence indicates that miRNAs present with a
tissue-specific expression profile in cancer and adjacent non-tumorous tissue [91,92], and may be key
players in the regulation of tumor cell invasion and metastasis. Researchers have located several
miRNAs associated with brain metastasis of melanoma and lung cancer including miR-145 and
miR-328 [93-95]. In our previous study, we also found 2 miRNAs were down-regulated and 17
miRNAs were up-regulated in the brain metastatic colorectal carcinomas [96]. These miRNAs may
hold great potential as targets for histology-specific diagnosis and treatment.
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6. Models for Metastatic Brain Tumors

A stable animal model, mimicing the process of metastasis, is essential for further understanding
the pathogenesis and treatment of brain metastasis. There are various methods of animal models for
studying brain tumors (see in Table 2). Norihiko et al. [97] believed that different methods of animal
models reflect different pathological processes because of the unique composition of the brain. In the
stereotactic intracerebral injection model, the tumor proliferation at the injection site and the
infiltration into the brain parenchyma were observed. The intrathecal (cisterna magna) injection model
reflects leptomeningeal carcinomatosis, in which metastasis to the meninges was observed. Last but
not least, in the intracarotid injection model, both perivascular and invasive proliferations were ovserved,
as a result of which this model reflects most objectively the process of haematogenous metastasis.

However, until now, there is no spontaneous brain metastasis models of CRC ever reported. The
most commonly-used models for studying Brain metastases are experimental metastatic models,
namely the tumor cells are directly inoculated into circulation and colonize in the brain, thereby
resembling only the last steps of metastasis: survival in the circulation, extravasation, and colonization
in the target organs. Rashidi ef al. recently established a spontaneous Brain metastases model of lung
cancer by surgical orthotopic implantation (SOI) techenique, thus making it possible to mimic the
initial process of malignancy metastasis.

Table 2. Methods of animal models for brain tumors.

Methods of . . Primary
Authors Tumor Cell Lines Animals
Modeling Tumors
Intracerebral D-54 MG, U-118 MG, nu/nu genotype, . i
Bullard, D.E. [98] . . Gliomatosis
injection U-251 MG NIH Swiss, BALB/c
. Intracisternal . . . Meningeal
Yoshida, T. [99] ] . C6, 9L glioma Wistar, Fischer 344 rats . .
inoculation gliomatosis
Intracarotid K-1735, B16 melanoma C3H/HeN, C57BL/6, Melanoma and
Schackert, G. [100] o
injection UV-2237 fibrosarcoma C57BL/6 x C3H/HeN F1 fibrosarcoma
) Intracarotid .
Kim, L.S. [101] o MDA-MB-231 NCr—nu/nu mice Breast cancer
injection
Left ventricular
Mendes, O. [102] L ENU 1564 BD-IV rats Breast cancer
injection
Zhang, Z. [103], Intracarotid Lewis lung carcinoma o
) . C57BL/6NCrj mice Lung cancer
Saito, N. [104] injection cells
L . Lewis lung carcinoma .
Rashidi, B. [105] SOI (right lung) . BALB/c mice Lung cancer
cells
Intracarotid Colon carcinoma . )
Yano, S. [84] L NCr—nu/nu mice Colon carcinoma
jection KM12SM
. Intracarotid . )
Weilemann, F. [106] L. CT-26 BALB/c mice Colon carcinoma
Injection
Ovary, colon,lung
Intracerebral .
Wang, J. [107] . . pts brain metastaes rnu/rnu Rowett rats cancer, and
implantation

melanoma
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7. Conclusions

The incidence of brain metastasis from CRC is increasing as the improvement of systemic disease is
achieved. The severe neurological disability of brain metastasis followed by poor prognosis and
miserable quality of life makes it more and more urgent to further investigate the process of brain
metastasis from CRC. However, due to a relatively low incidence, little is known so far about the
underlying mechanisms of brain metastasis from CRC. Certain molecule candidates have been found
to be related to CRC brain metastasis. A stable in vivo model of CRC brain metastasis is necessary for
further understanding of the underlying mechanisms so as to propose a new strategy for CRC patients
with brain metastasis and improve their life quality.
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