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alternating approach might be superior to a concomitant strategy, which might
otherwise have antagonistic effects. In the FASTACT-2 (First-line Asian
Sequential Tarceva and Chemotherapy Trial 2) study, the treatment benefit of
the intercalated combination of chemotherapy and erlotinib was noted in patients
with activating EGFR mutations in terms of PFS and OS [19]. Treatment with
sequential gefitinib and cisplatin/docetaxel has been reported to have promising
efficacy against EGFR-mutant NSCLC [20].

When EGFR-TKIs were stopped transiently and then restarted, the
maijority of patients had a decrease in tumor size and a reduction in tumor
18F-fluorodeoxyglucose (FDG) uptake [21]. Additionally, gefitinib and lapatinib
have been reported to reduce levels of the target of perﬁetrexed, thymidylate
synthase [22, 23], suggesting that alternating gefitinib and pemetrexed might
have synergistic effects. Collectively, for comparison with the concurrent regimen
arm, we used a sequential alternating regimen arm in this exploratory study.

In this study, despite the identical PFS between the groups, better OS
was observed in the concurrent regimen group. The reasons for this survival
outcome are not readily identifiable. The majority of patients had deep tumor
regression, with seven patients having CR (Figure 3); however, some patients
exhibited initial progression in the sequential alternating regimen group. Several
mechanisms for de novo EGFR-TKI resistance have been reported, and the
concurrent strategy with cytotoxic agents might circumvent such resistance.

Although almost half of the patients experienced a grade 3 or greater
hematological adverse event in this study, these events were predictable and

manageable. At the time this study was planned, an AUC = 6 of carboplatin was
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utilized based on results of a study that had shown that a combination of
pemetrexed 500 mg/m? plus carboplatin (AUC = 6), followed by pemetrexed
maintenance therapy, had been generally tolerated in a Japanese population
[24]. The incidence of hematological adverse events in this study was similar
with those previously reported following carboplatin (AUC = 8) and pemetrexed
treatment [25]. Additionally, interstitial lung diseases were not frequent in this
study when compared with the reported incidence following gefitinib
monotherapy [26, 27], and these events were reversible. Thus, the combination
of gefitinib and carboplatin/pemetrexed does not appear to have additive toxicity.
However, 41.5% of patients in the concurrent regimen group required dose
reductions of carboplatin/pemetrexed. A lower incidence of adverse
hematological events is preferred, as such, an AUC of 5 has been adopted in the
NEJOO09 study.

One limitation of this study is related to the nature of a phase I
evaluation; specifically, this study was not designed to formally identify a
difference in the efficacy and safety between the two regimens. Therefore, the
findings obtained in this study should not be considered definitive.

In conclusion, this study demonstrated that both concurrent and
sequentially alternating regimens with a combination of gefitinib and
carboplatin/pemetrexed had promising efficacy with predictable toxicities for
patients with NSCLC harboring EGFR mutations. The concurrent regimen was
chosen as an experimental arm in an ongoing phase [l NEJOO9 study. The
NEJO09 study will clarify whether this combinational strategy can be

implemented into routine clinical practice.
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FIGURE LEGENDS
Figure 1. CONSORT diagram showing patients disposition. Adverse events
causing early discontinuation of the protocol treatment are summarized in

Supplementary Table S3.

Figure 2. Kaplan-Meier curve of progression-free survival (A) and overall survival

(B) for all randomly assigned patients.

Figure 3. Response to the concurrent and the sequential alternating regimens. In

this waterfall plot, the bars indicate the largest percentage change in target

lesions from baseline. The dashed line indicates a 30% reduction from baseline.
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Figure 1

80 eligible patients randomly assigned

41 allocated to concurrent gefitinib
and chemotherapy

39 allocated to sequential alternating
gefitinib and chemotherapy

[ 41 received allocated treatment j

, 39 received allocated treatment [

Early discontinuation
-Adverse events (n= 6)

35 received gefitinib and
24 cycles of chemotherapy in
induction treatment as planned

Early discontinuation
-Disease progression (n = 6)
-Adverse events (n= 8)
.| -Withdrew consent (n= 1)

24 received gefitinib and
24 cycles of chemotherapy in
induction treatment as planned

35 received maintenance treatment
- 30 received gefitinib and pemetrexed
- 5 received gefitinib alone

24 received maintenance treatment
- 17 received gefitinib and pemetrexed
- 7 received gefitinib alone
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Figure 2
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Figure 3
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Table 1. Baseline characteristics of patients

Concurrent regimen

Sequential alternating

n=41 regimen
n=39

Characteristics No. of patients (%) No. of patients (%)
Gender

Male 15 (36.6%) 13 (33.3%)

Female 26 (63.4%) 26 (66.7%)
Age (years)

Median 62 61

Range 41-75 39-75
Smoking status

Never smoked 22 (53.7%) 22 (56.4%)

Previous or current 19 (46.3%) 17 (43.6%)

smoker

ECOG performance
status score

0 21 (51.2%) 17 (43.6%)

1 19 (43.9%) 22 (56.4%)

2 1(2.4%) 0 (0%)
Histologic diagnosis

Adenocarcinoma 41 (100.0%) 39 (100.0%)
Clinical stage

B 2 (4.9%) 1(2.6%)

v 37 (90.2%) 36 (92.3%)

Postoperative relapse 2 (4.9%) 2 (5.1%)
Type of EGFR mutation

Exon 19 deletion 24 (58.5%) 17 (43.6%)

L858R 17 (41.5%) 20 (51.3%)

Others 0 (0%) 2 (5.1%)

ECOG: Eastern Cooperative Oncology Group; EGFR: epidermal growth factor

receptor.
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Table 2. Most commonly reported adverse events

Sequential alternating regimen

Toxicity Concurrent regimen (n = 41) (n =39)

o Lo palueforz
or 2 20med zemdes (DT
Vomiting 8 4 1 0 2.4% 4 2 0 0 0.0% 1.0
Appetite loss 16 1 3 0 7.3% 10 10 0 0 0.0% 0.24
Fatigue 12 10 1 0 2.4% 12 3 0 0 0.0% 1.0
Rash 20 12 1 0 2.4% 20 10 0 0 0.0% 1.0
Diarrhea 14 6 4 0 9.8% 14 2 0 0 0.0% 0.12
Stomatitis 13 6 2 0 4.9% 7 1 0 0 0.0% 0.49
Paronychia 4 5 1 0 2.4% 4 3 1 0 2.6% 1.0
Pneumonitis 1 1 0 0 0.0% 0 1 0 1 2.6% 0.49
AST/ALT elevation 16 9 4 0 9.8% 14 9 8 0 20.5% 0.22
Neutropenia 1 11 15 5 48.8% 1 5 13 5 46.2% 0.83
Febrile neufropenia 0 0 1 0 2.4% 1 0 1 1 5.1% 0.61
Anemia 1 5 9 5 34.1% 14 8 5 0 12.8% 0.035
Thrombocytopenia 8 6 6 11 41.5% 9 8 8 3 28.2% 0.25

*Grade of National Cancer Institute Common Toxicity Criteria (NCI-CTC) version 3.0; AST. aspartate aminotransferase; ALT: alanine
aminotransferase.
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REVIEW

The molecular biology of lung cancer brain metastasis :
an overview of current comprehensions and future
perspectives

Masaki Hanibuchi', Sun-Jin Kim®, Isaiah J. Fidler’, and Yasuhiko Nishicka'

'Department of Respiratory Medicine and Rheumatology, Institute of Health Biosciences, The Unitver-
sity of Tokushima Graduate School, Tokushima, Japan, *Department of Cancer Biology, The University
of Texas M. D. Anderson Cancer Center, Houston, USA

Abstract : Brain metastases occur in 20-40% of patients with advanced malignanecies and
lung cancer is one of the most common causes of brain metastases. The occurrence of brain
metastases is associated with poor prognosis and high morbidity in patients with advanced
lung cancer, even after intensive multimodal therapy. Progress in treating brain metas-
tases has been hampered by a lack of model systems, alack of human tissue samples, and
the exclusion of brain metastatic patients from many clinical trials. While the biology of
brain metastasis is still poorly understood, it is encouraging to see more efforts are be-
ginning to be directed {oward the study of brain metastasis. During the multi-step process
of metastasis, functional significance of gene expressions, changes in brain vasculature,
abnormal secretion of soluble factors and activation of autocrine/paracrine signaling are
considered to contribute to the brain metastasis development. A better understanding of
the mechanism of this disease will help us to identify the appropriate therapeutic strate-
gies, which leads to circumvent brain metastases. Recent findings on the biology of lung
cancer brain metastases and translational leads identified by molecular studies are dis-
cussed in this review. J. Med. Invest. 61 : 241-253, August, 2014

Keywords : brain metastasis, lung cancer, molecular biology

I. INTRODUCTION

Brain metastases constitute the most frequent ma-
lignant disease in the central nervous system (CNS),
outnumbering primary brain tumor cases 10-fold

(1). Up to 20-40% of patients with adult systemic
malignancies will develop brain metastases in the
course of their disease (2). A variety of systemic
malignancies can metastasize to the CNS, although
the majority of the lesions come from lung cancer

Abbreviation used : CNS, central nervous system ; QOL, quality
of life ; NSCLC, non-small cell lung cancer ; SCLC, small cell lung
cancer ; WBRT, whole brain radiation therapy ; BBB, blood-brain
barrier ; TJ, tight junction ; ECM, extracellular matrix ; ICAM,
intercellular adhesion molecule ; VCAM, vascular-cell adhesion
molecule ; PECAM, platelet-endothelial-cell adhesion molecule ;
EMT, epithelial-mesenchymal transition ; VEGF, vascular endo-
thelial growth factor ; PIGF, placental growth factor ; MMP, ma-
trix metalloproteinase ; ADAM, a disintegrin and metalloprotease ;
EGFR, epidermal growth factor receptor ; ALK, anaplastic lym-
phoma kinase ; ROCK, Rho kinase ; HGF, hepatocyte growth fac-
tor ; PI3K, phosphoinositide 3-kinase ; ET, endothelin ; miRNA,
microRNA ; SNP, single nucleotide polymorphism ; TGF-B,
transforming growth factor-B ; CEA, carcincembronic antigen ;
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ProGRP, pro-gastrin-releasing peptide ; PCI, prophylactic cranial
irradiation ; IL, interleukin ; TNF-a, tumor necrosis factor-a ;
EGFR-TX], epidermal growth factor receptor-tyrosine kinase in-
hibitor ; CSF, cerebrospinal fluid ; EMILA4, microtubule-associated
protein-like 4
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(40-50%) followed by breast cancer (20-30%), mela-
noma (5-10%), lymphoma, and various other pri-
mary sites like the gastrointestinal tract (4-6%) and
prostate (3, 4). Brain metastasis represents a signifi-
cant healthcare problem and has an adverse impact
on patient morbidity and outcome (5). In addition,
tumors in the CNS strongly affect patients’ quality
of life (QOL), impairing sensory and motor neural
functions and inducing headache, nausea, vomiting,
and seizures (6), While conventional treatment regi-
mens provide marginal survival benefits (7), the
prognosis for patients with brain metastases is dis-
mal. With an increasing incidence (8), and a fre-
quent occurrence in patients whose extracranial
cancer has been controlled, brain metastasis is be-
coming a major limiting factor for cancer patients’
QOL and survival.

Lung cancer, including non-small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC), is the
leading cause of malignancy-related death world-
wide. Lung cancer is the malignancy that most com-
monly gives rise to brain metastases. Approximately
10-25% of lung cancer patients have brain metasta-
ses at initial diagnosis and about 40-50% of them
develop brain metastases during the course of dis-
ease (9). Treatment options are limited and standard
of care is generally whole brain radiation therapy
(WBRT) with corticosteroids to alleviate edema and
overall survival is 3-6 months after diagnosis of
CNS disease. Favorable prognostic factors that af
fect survival include Karnofsky’s performance status,
patient age (<65 years), control of primary tumor,
and absence of extracranial metastatic disease (10).

M. Hanibuchi, ¢t al. The molecular biology of brain metastasis

To overcome lung cancer brain metastases, an un-
derstanding of the molecular biology of brain metas-
tasis is crucial. The current review gives a broad
overview aboul the accumulating recent knowledge
of lung cancer brain metastasis and the latest devel-
opments in the field.

Il. BIOLOGY OF BRAIN METASTASIS

Similar to the metastatic process in other organs,
brain metastasis formation is a highly selective,
multi-step process, involving complex interactions
between tumor and host cells, which is clearly ex-
plained by the “seed-and-soil” hypothesis (11, 12).

The brain is considered as a “sanctuary” site
for metastatic cancer cells because many of the
therapeutic agents can not cross the blood-brain
barrier (BBB) (13). The BBB is a network com-
posed of both endothelial cells and supporting com-
ponents that protects the CNS microenvironment.
In contrast to the periphery, the endothelium of
brain micro-vessels is characterized by continuous
tight junctions (TJs), decreased pinocytosis activity,
very low pinocytic activity, and overexpressed efflux
pumps (14) (Figure 1). With the reinforcement of
the surrounding extracellular matrix (ECM), basal
membrane, pericytes, and the end-feet of astrocytes,
the BBB effectively prevents the free exchange of
substances between the blood and the interstitial
fluid of the brain (15). Therefore, the brain forms
a special challenge for tumor cells because of BBB
and all other steps have to be successfully completed

Capillary in the periphery

Fenestration

Endothelial
cell

Transport
vesicle

Intercellular
space

Brain capillary

Neuron

Astrocyte
foot process

Endothelial
cell

Tight
junction

Figure 1.

Schematic comparison of a brain capillary with a capillary in the periphery. Schematic structure of the blood-brain barrier.

Cerebral endothelial cells, coming in contact with pericytes and astrocytes, form the morphological basis of the blood-brain barrier.
Endothelial cells are interconnected by a continuous line of tight junctions (Cited from reference number 14 and revised).
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for tumor cells to invade through BBB and sur-
vive.

‘When metastatic cancer cells enter the brain
circulation, they might arrest in sites of slow flow
within the capillary bed at vascular branch points,
Then, interactions between cancer cells and brain
endothelial cells or transendothelial migration are
mediated by interaction of tumor cell-surface recep-
tors and endothelial cell adhesion molecules (16).
After overcoming the BBB, tumor cells are con-
fronted with components of the local microenviron-
ment including the extracellular matrix (ECM), resi-
dent brain parenchymal cells (astrocytes, microglia),
and paracrine signaling molecules including cy-
tokines and growth factors (16). Survival and suc-
cessful tumor growth require adaption to and inter-
action with these factors. The brain also establishes
an adequate blood supply via angiogenesis, angio-
ectasia, vasculogenesis, vasculogenic mimicry, mak-
ing brain metastases grow and proliferate better
(17). During the above process, functional signifi-
cance of gene expressions, changes in brain vas-
culature, abnormal secretion of soluble factors and
activation of autocrine/paracrine signaling contribute
to the brain metastasis development.

Ill. MOLECULAR PATHWAYS MEDIATING
LUNG CANCER BRAIN METASTASIS

1. Gene expression analyses

In order to identify pathways specific to the de-
velopment of brain metastasis and novel molecular
targets/translational leads, several groups have un-
dertaken gene expression studies in animal models
and human tissue cohorts.

Kikuchi et al. compared gene expression of pri-
mary lung adenocarcinoma with brain metastases
originating from these tumors. Of 23,040 genes
tested, 244 showed a different expression level, in-
cluding genes coding for plasma membrane pro-
teins, cellular antigens and cytoskeletal proteins,
which may modulate cell-cell interactions (18).
Brain metastases of lung adenocarcinoma were
evaluated in another study as well, by comparing the
gene expression profile of metastatic brain tumors
originating from lung adenocarcinoma with that of
healthy lung. Zohrabian et al. have found 1,561 dif-
ferently expressed genes by using cDNA microar-
ray. The overexpression of genes associated with
invasion and metastasis, adhesion, angiogenesis and
cell migration was validated by real-time PCR (19).

216

In a cohort of primary tumors from lung cancer
patients who developed brain metastases, Grinberg-
Rashi et al. found the expression levels of three
genes, CDH2, KIFC1, and FALZ, was highly pre-
dictive of brain metastases (20). N-cadherin, which
is coded by CDH2 gene, is involved in multiple proc-
esses including inducing invasion, migration, pro-
moting survival of cancer cells, regulating adhesion
and neurite outgrowth (21). Clinically, N-cadherin
overexpression has been shown to be associated
with decreased survival in poorly differentiated
SCLCs (22).

DCUNI1D], a squamous cell carcinoma-related
oncogene, is associated with tumor progression
and poor outcomes in NSCLC. Recently, the over-
expression of DCUN1D1 has been found to be use-
ful in identifying patients who are at higher risk
for brain metastases. Yoo et al. showed that 14 of
16 DCUN1D1-positive NSCLC patients (87.5%) re-
sulted in brain metastases (23).

However, as previously reported in other primary
and metastatic clinical or experimental tumors (24-
26), the genetic heterogeneity would limit the trans-
lation of the gene profiles into the clinical trials.

2. Cell surface molecules

1) Integrins

Integrins are a family of cell surface receptors
that mediate cell adhesion and signal transduction.
Integrins interact with ECM components such as
collagen, laminin, and fibronectin and play crucial
roles in cell migration. Integrins can also activate
signaling cascades to mediate cell survival (27). The
expression of integrin a3p1 has been associated
with lung cancer brain metastasis. Compared with
their parental cell line and bone-metastasizing coun-
terparts, tumor cells that preferably metastasize
to the brain highly expressed o3p1 integrin (28).
Moreover, inhibiting a3p1 integrin function de-
creased brain metastases formation in nude mice
(28). It has been posited that the interaction of the
03B1 integrin with laminin, which promotes tumor
cell migration and invasion, may be critical to this
effect (28).
2) Immunoglobulin superfamily of ceil adhesion mole-
cules

Endothelial cells express several adhesion mole-
cules belonging to the immunoglobulin superfamily,
including members of the intercellular adhesion
molecules ICAMs), vascular-cell adhesion molecule
(VCAM) and platelet-endothelial-cell adhesion mole-
cule (PECAM) (29). These are essential in immune
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response and inflammation, but some of them were
also shown to be involved in the interaction of vas-
cular endothelial and tumor cells and formation of
metastases. Recently, ICAM-1 and VCAM-1 were
shown to play a crucial role in polychlorinated bi-
phenyl-mediated enhancement of brain metastasis
formation of lung carcinoma cells (30).
3) Cadherins

Cadherin dysfunction is involved in tumor pro-
gression and metastasis formation. Loss of expres-
sion of E-cadherin induces epithelial-mesenchymal
transition (EMT) in carcinoma cells, which initi-
ates an increase in cell motility and metastasis for-
mation. In metastatic lesions, a re-expression of
E-cadherin has been observed, which plays an im-
portant role in the proliferation of tumor cells at the
metastatic site. Correspondingly, metastatic brain
tumors were shown to express high levels of E-
cadherin (31), while low expression of E-cadherin
in primary NSCLC was shown to correlate with in-
creased risk for the development of brain metastasis
(32). In addition, the expression level of N-cadherin
was observed to be highly predictive of brain me-
tastasis formation in NSCLC (20).

3. Soluble factors

1) Vascular endothelial growth factor (VEGF)
Angiogenesis is an important aspect of tumor
metastasis. Recent studies have examined the roles
of VEGF, which influences both angiogenesis and
blood vessel permeability. VEGF signaling and func-
tion in brain metastasis has also been extensively
characterized in preclinical models. Measurement
of VEGF levels in the culturing media of cells grow-
ing in vitro has shown that VEGF is secreted by
tumor cells with high brain metastatic activity (33).
Increased VEGF secretion has also been detected
in brain metastasis xenografts in nude mouse mod-
els (33). Antisense VEGF transfectants of PC14-PE6
lung adenocarcinoma cells exhibited a decreased
incidence of experimental brain metastases, suggest-
ing that VEGF is necessary for brain tumor initiation
and growth (33). Jubb et al. compared VEGF ex-
pression, proliferation, microvessel density, vascular
pattern and vascular maturity in matched primary
NSCLC and brain metastases (34). They found that
brain metastases are characterized by a significantly
higher proliferation rate and vascular maturity than
their matched primaries. These findings are impor-
tant because if the vasculature of brain metastasis is
mature, then patients with cerebral secondaries may
be less likely to respond to anti-VEGF treatment,
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even though patients with primary NSCLC might
benefit from such therapy (34).
2) Placental growth factor (PIGF)

Li et al. (35) recently found PIGF, a member of
VEGF subfamily, may be associated with SCLC
brain metastasis. PIGF in the serum of SCLC pa-
tients with brain metastases was significantly higher
than that without brain metastases and normal speci-
mens. In addition, SCLC cell-derived PIGF activates
the VEGFR1/Rho/ERK signaling pathway in cere-
bral endothelial cells, resulting in the disassembly
of TJs and promoting transendothelial migration
(35). Moreover, the down-regulation of PIGF sup-
pressed SCLC cell metastasis to the brain in an ex-
perimental brain metastasis model.

3) Chemokines

Chemokines play an important role in cell migra-
tion, invasion and tumor angiogenesis (36). Emerg-
ing data support the putative involvement of the
CXCR4/CXCL12 signaling axis in NSCLC brain me-
tastasis (37). High CXCL12 expression within sites
of lung cancer metastasis has been demonstrated
in mouse xenograft studies (38). Hartmann et al.
showed that the CXCR4 chemokine receptor closely
co-operates with integrins to promote adhesion and
chemoresistance of SCLC cells (39). Overexpres-
sion of CXCR4 and CXCL12 has been described in
histolopathological specimens of brain metastases
and correlated with brain-specific metastasisin a
cohort of NSCLC patients (40). In a recent study,
Paratore et al. (41) have investigated the expression
of CXCR4/CXCL12 in primary NSCLC specimens of
patients with and without brain metastases. CXCL12
and CXCR4 immunoreactivities in metastatic NSCLC
samples were significantly higher than that in paired
non-metastatic NSCLC.

4. Proteases

1) Matrix metalloproteinases (MMPs)

Different proteolytic enzymes have been impli-
cated in brain metastasis formation and migration of
tumor cells through BBB endothelial cells. MMPs
might have special importance in the process of
transendothelial migration of tumor cells through
the BBB, because TJ proteins can be targets of
MMP degradation. MMP-induced disruption of TJs
was shown to promote invasion of tumor cells into
the CNS (42). MMP-9 was reported to be overex-
pressed by brain metastatic lung adenocarcinoma
cells (43).

2) A disintegrin and metalloprotease 9 (ADAMY)

ADAM-9 is a membrane-tethered protease and
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belongs to a member of the “a disintegrin and met-
alloprotease” family. ADAMS9 is overexpressed in
brain metastatic lung cancer cells. Shintani ez al.
found that the expression of ADAM9 up-regulated
integrin 0381 and facilitated brain metastasis for-
mation (44).

5. Driver mutations

1) Epidermal growth factor receptor (EGFR) mutations
It is found that driver mutations in NSCLC, at
least in part, would be associated with brain metas-
tases. In East Asian patients, Matsumoto ez al. (45)
and Gow et al. (46) have found EGFR mutations in
63 and 44% of brain metastases, respectively. This
prevalence is similar to that reported in primary tu-
mors of the same population, varying from 30 to 50%
(47, 48). Among the 110 patients enrolled, Li et al.
found the frequencies of EGFR mutations were 64%
and 31% in the patients with and without brain me-
tastases, respectively (49). Eichler ez al. showed that
the numbers of brain metastases were significantly
higher in patients with EGFR-mutated NSCLC com-
pared to those with wild-type (50). Sekine et al.
demonstrated that NSCLC patients with the exon
19 deletions had more multiple and smaller brain
metastases with smaller peritumoral brain edema
than those without any mutations (51). Moreover,
Heron ez al. (52) reported that tumors with exon 19
deletions showed a higher incidence of CNS involve-
ment as compared with tumors bearing a L858R
mutation (21% vs. 3%). While published data are
limited to draw any definite conclusions, brain me-
tastases would be more frequent in NSCLC patients
with EGFR mutations.
2) Anaplastic lymphoma kinase (ALK) translocations
More recently, ALK translocations have been
found to be another ““druggable’ alteration besides
activating EGFR mutations in NSCLC (53). ALK
translocations appear to be constant between pri-
mary tumors and brain metastases (54), and ALK-
positive tumors may predispose to brain metastasis
formation (55). In contrast, Doebele ez al. found pa-
tients with ALK translocations were predisposed
to liver, but not adrenal, bone, or brain metastases,
compared to ALK-negative cohort (56). Further
studies should be required to clarify the significance
of ALK translocations in NSCLC patients with brain
metastases.

6. Growth factors and signaling pathways

1) Wat signaling
The activation of canonical Wnt/TCF pathway has
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also been identified as playing a role in lung cancer
spread to the brain. Treatment of a brain-seeking
lung cancer cell line H2030-BrM3 with Wnt3a sig-
nificantly increased the expressions of the WNT/
TCF target genes, LEF1 and HOXBS. Confirming
that LEF1 and HOXBS are involved in metastasis,
overexpression of the two genes led to an increase
in brain metastases whereas knockdown of each
gene decreased metastatic incidence (57). Support-
ing the hypothesis that TCF4 may play an important
role in lung cancer development, Xu et al. found in-
creased TCF4 overexpression in lung cancer pa-
tients with advanced stages (stage III-IV) compared
with early stages (stage I-II) (58). Furthermore, ex-
pression of Wnt3a in a four-gene signature pre-
dicted increased mortality rates in lung cancer pa-
tients (59).
2j Rho/Rho kinase (ROCK) signaling

During invasion of tissues and migration through
vessel walls and ECM components, metastasizing
tumor cells require increased motility, which is de-
pendent on the remodeling of the cytoskeleton.
Rho/ROCK pathways had been proposed to be in-
volved in the regulation of paracellular permeability
and junctional dynamics in endothelial cells (60).
‘While little is known about the behavior of tumor
cells during transmigration through the BBB, it has
been shown that inhibition of ROCK decreases the
migration of SCLC cells through the brain endo-
thelium (61).
3) Hepatocyte growth factor (HGF)/Met signaling

The receptor tyrosine kinase Met and its ligand
HGF promoted metastatic spread to the lung, liver
and brain in an experimental model using the NCI-
H460 lung cancer cell line (62). A study of matched
lung cancer brain metastases and primary tumors
from the same patients identified increased expres-
sion of total and phosphorylated c-Met in the brain
metastases. The expression and activation of c-Met
in the primary lung tumors also correlated with the
development of brain metastases (63).
4) Phosphoinositide 3-kinase (PI3K)-Akt signaling

The PI3K-Akt pathway is a crucial regulator of
cell survival and proliferation, and increased PI3K
activity has been reported in several cancer types.
Recently, a PI3K inhibitor was found to effectively
control metastatic growth of HER2-positive breast
cancer cells in multiple organs, including brain me-
tastases (64). However, inhibition of PI3K had no
effect on the transmigration of SCLC cells through
brain endothelial cells (61).



