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Gene expression profiling of metastatic brain cancer
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Abstract. Gene expression profiling of metastatic brain tumors
from primary lung adenocarcinoma, using a 17k-expression
array, revealed that 1561 genes were consistently altered.
Further functional classification placed the genes into seven
categories: cell cycle and DNA damage repair, apoptosis,
signal transduction molecules, transcription factors, invasion
and metastasis, adhesion, and angiogenesis. Genes involved in
apoptosis, such as caspase 2 (CASP2), transforming growth
factor- inducible early gene (TIEG), and neuroprotective
heat shock protein 70 (Hsp70) were underexpressed in
metastatic brain tumors. Alterations in Rho GTPases
(ARHGAP26, ARHGAPI), as well as down-regulation of the
metastasis suppressor gene KiSS-/ were noted, which may
contribute to tumor aggression. Overexpression of the
invasion-related gene neurofibromatosis 1 (NFI), and
angiogenesis-related genes vascular endothelial growth
factor-B (VEGF-B) and placental growth factor (PGF) was
also evidenced. Brain-specific angiogenesis inhibitors 1 and 3
(BAIl and BAI3) were underexpressed as well. Examination
of cell-adhesion and migration-related genes revealed an
increased expression of integrins and extracellular matrices
collagen and laminin. The study also showed alterations in
pS53 protein-associated genes, among these increased gene
expression of p53, up-regulation of Reprimo or candidate
mediator of the p53-dependent G2-arrest, down-regulation of
p53-regulated apoptosis-inducing protein 1 (p53AIPI),
decreased expression of tumor protein inducible nuclear
protein 1 (p53DINPI), and down-regulation of Mdm4
(MDMX). The results demonstrated that genes involved in
adhesion, motility, and angiogenesis were consistently up-
regulated in metastatic brain tumors, while genes involved in
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apoptosis, neuroprotection, and suppression of angiogenesis
were markedly down-regulated, collectively making these
cancer cells prone to metastasis.

Introduction

Metastasis, the process by which cells break free from a
primary tumor, enter the bloodstream or lymphatic system,
and spread to distant sites within the body, remains a major
cause of morbidity and mortality in many malignant
neoplasms. Breast, lung, and ovarian cancer patients may
develop metastatic lesions in the brain, often associated with a
poor prognosis given that the highly specialized and delicate
microenvironment of the brain is disrupted. To metastasize to
the brain, cancer cells must attach to microvessel endothelial
cells and invade the blood-brain barrier (BBB). After passing
through the BBB, a cell clone must attach to an area where
angiogenesis can take place. The metastatic phenotype
characterizes cells with the ability to migrate from the primary
tumor, survive in the circulation, pass through the BBB, invade
distant tissue, and form blood vessels needed for growth and
proliferation.

Metastasis is a complication of neoplastic disease that
renders a poor prognosis. Central nervous system metastases
continue to afflict those with systemic cancer, and their
incidence in the population is most likely underestimated due
to differences in methods of assessment (1). Brain metastases
frequently involve an area right beneath the gray-white matter
junction, and the largest percentage of these lesions involve the
cerebrum, with cerebellum and brainstem lesions collectively
accounting for only 20% (1). A majority of brain metastases
arise from lung or breast cancer cells that travel hemato-
genously, although testicular and melanoma cancers pose the
greatest risk for brain involvement (1). Lung cancer metastases
to the brain are also frequently multiple (52%) (1). Of all
known primary tumors that metastasize to the brain, lung
cancer is characterized by the shortest duration from diagnosis
of the primary cancer to brain involvement (3 months), as well
as the shortest duration from metastasis to death (3 months,
small-cell lung cancer), thus underscoring the aggressive nature
of this devastating disease (1). Elucidating the molecular and
biological basis of lung cancer metastasis to the brain may
allow future therapy to be targeted at preventing hemato-
genous dissemination of malignant lung cancer cells.
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The exact genetic and/or epigenetic changes that cause
cancers to become metastatic remain elusive. The prevailing
model of metastasis holds that most primary tumors have a low
metastatic potential; however, rare cells within the primary
tumors may acquire metastatic capacity through somatic
mutations (2). This view was challenged by studies that
revealed that metastasis-prone gene expression is present in
primary tumors of patients and can predict clinical outcome
(3). Studies have attempted to profile subsets of genes that
modulate the metastatic phenotype. In one particular study, a
set of genes mediating breast cancer metastasis to the lung
was discovered to encode mostly for extracellular products
such as HER/ErbB growth factor receptor ligand epiregulin,
chemokines such as CXCL1, cell adhesion receptors, and
proteases (4). Another study also provided evidence that
discrete sets of genes are associated with tissue-specific
metastasis (5). Several studies have provided evidence that
certain genes, such as p53, may be involved in brain
metastases (6,7). Since the discovery of microarray technology,
attempts have been made to identify the molecular markers
associated with metastasis (3,4). In that, organ-specific
metastasis has been associated with a set of genes that are
involved in functions such as angiogenesis, invasion, meta-
stasis, and tumorigenesis. Investigators have found that cells
originating from the same organ may have discrete genetic
signatures that may encode for metastases to different specific
organs (5). There is no study, thus far, that represents the
genes associated with cancer metastasis to the brain. Herein,
we identify genes expressed in metastatic brain tumors from
primary adenocarcinoma of the lung.

Materials and methods

Materials. Tissues from brain metastasis of primary adeno-
carcinoma of the lung (two patients: Following HIPPA
regulation) were compared with non-metastatic lung tissue.

Isolation of total cellular RNA. Total RNA was extracted using
TRIzol Reagent (Life Technologies, Inc.). Isolated RNA was
electrophoresed through 1.0% agarose-formaldehyde gels to
verify the quality. The concentration and purity of RNA were
determined from absorbance measurements at 260 and 280 nm.

cDNA synthesis and microarray hybridization. Total cellular
RNA (7 ug) was annealed to oligo(dT) and reverse-transcribed
in the presence of Cy3-labeled or of Cy5-labeled dUTP
(Amersham Pharmacia Biotech, Piscataway, NJ), using
10,000 units/ml of Superscript II reverse transcriptase (Life
Technologies, Inc.). The resulting Cy3- and Cy5-labeled
cDNAs were treated with RNase One (Promega Corporation,
Madison, WI) for 10 min at 37°C, combined, and purified by
passing through a Centricon-50 filtration spin column
(Millipore, Bedford, MA). Hybridizations were performed on
c¢DNA microarray glass overnight at 50°C in a humidified
chamber. Each slide contained 17,000 unique human cDNA
clones.

Scanning, gridding, and analysis. Slides were scanned using
a microarray scanner Scan Array Lite (Perkin Elmer,
Waltham, MA). The scanner output .tif images were gridded,
and the fluorescence intensities of microarrays were
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Table I. List of primers used for RT-PCR to validate the
expression of selected genes from cDNA microarray analysis.

Gene Primers Product
(bp)

MMP-1 F: 5' TGTGGTGTCTCACAGCTTCC 3' 250
R: 5' CACATCAGGCACTCCACATA 3'

a3-integrin F: 5' TATTCCTCCGAACCAGCATC 3' 250
R: 5' CTCTTCATCTCCGCCTTCTG 3'

VEGF F: 5' CCTTGCTGCTCTACCTCCAC 3' 197
R: 5' CACACAGGATGGCTTGAAGA 3'

Rho GTPase F:5' TTGTCCTTGGGGAGTACAGG 3' 160
R: 5' GAGAGCCCAGCGAAGTTATG 3'

Fibronectin ~ F: 5' ACCAACCTACGGATGACTCG 3' 230
R: 5' GCTCATCATCTGGCCATTTT 3'

PTEN F: 5' AGACCATAACCCACCACAGC 3' 254
R: 5' ACACATAGCGCCTCTGACTG 3'

B-actin F: 5 TCACCCACACTGTGCCCATCTACGA 3' 295

R: 5' CAGCGGAACCGCTCATTGCCAATGG 3'

calculated using the Iobion Genetraffic software. Final
intensities of green and red channels were filtered and the
ratios of the red intensity to the green intensity were
determined. The average expression level of each gene in
two groups was calculated, and the cutoff value was set to 2-
fold up or down after normalization of data.

RNA expression using RT-PCR. Gene expression was deter-
mined by RT-PCR with a One-Step RT-PCR kit (Qiagen, CA)
using primers for specific genes designed by using Primer3
(MIT, MA) and are shown in Table I and Fig. 1.

Results

The gene expression profile of metastatic brain tumors
originating from adenocarcinoma of the lung was compared to
that of non-malignant lung RNA utilizing cDNA microarrays.
The expression profile of genes under different pathways/
functions revealed the possible involvement of some known,
but several unknown, genes in the metastasis of peripheral
tumors to the brain and is presented in Table II and Fig. 2.

Of the 17,000 genes analyzed in each experiment, ~5.6%
were ESTs. The cDNA microarray results revealed 1561 genes,
the expressions (over and underexpressed) of which were
altered significantly and consistently between metastatic and
benign tumor samples. The number of overexpressed genes
was 1295 and the underexpressed genes were 266. To extra-
polate an association between these differentially expressed
genes and various functional roles associated with cancer
metastasis, we grouped genes of significance into seven
categories based on function, namely, cell cycle and DNA
damage repair, apoptosis, signal transduction molecules,
transcription factors, invasion and metastasis, adhesion, and
angiogenesis (Table I). This analysis represents gene alterations
present in both tumor samples. Certain important genes
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{2 SPANDIDOS / s N . associated with invasion and metastasis (PTEN, MMPI),
y SERLICATIONS NM. M Ratio NM/M adhesion (integrin a3 and fibronectinl), angiogenesis (VEGF)
and cell migration (Rho GTPase) in these tumor samples were
PTEN 1.05 validated by RT-PCR.

Genes involved in apoptosis, such as CASP2, were found
MMP-1 1.46 to be underexpressed. Additionally, heat shock protein Hsp0,
a major inducible heat shock protein known to inhibit
u-lntcgrin 1.06 cytochrome-C released apoptosome formation and caspase
activation, was down-regulated. Rho GTPase activating protein
Fibronectin 1.20 ARHGAP26 and Rho guanine nucleotide exchange factor
RhoGEF were underexpressed, while Rho GTPase activating
- protein ARHGAPI was up-regulated. Furthermore, decreased
Rho-GTPase 1.40 expression of EGFR and a strong overexpression of the ERBB3
VEGF 1.60 gene was seen. The f-:xpression of NF1 .ap.peared to be higher
. in the metastatic brain tumors. Transcription factors NF-«xB2

. and GATAI were also up-regulated.
B—Actm 1.03 Adhesion molecules such as collagen XVI ol (COLI6AI),

laminin 84 (LAMB4), and integrins 2 and 6 (ITGB2 and
. . o . . . . ITGB6) were overexpressed. On the other hand, certain
Figure 1. Semi-quantitative analysis of genes in metastatic brain cancer. . K
Confirmation of gene expression of selected genes by RT-PCR was  INt€grins such as ITGa5, ITGa8, and ITGf34 were under-
performed on RNA extracted from non-metastatic (NM) lung adeno-  expressed. Significant underexpression of the metastasis-
?a;Fiﬂomi and metaStag?ffbfaiﬂ “];m(’f tissue (M). Thf; ratio (ﬁM/M) suppressor gene KiSS-1 and tumor-repressor gene TIEG was
indicates the percentage 1fference between metastatic and non-mal 1gnant Tal
tissue (i.e. VEGF NM/M ratio of 1.60 translates to 60% overexpressed in observed. However, another metastasis-suppressor gene,
metastatic brain tissue). nm23, was underexpressed in only one tumor sample. Growth
factors and angiogenesis-associated genes such as VEGF-A,
VEGF-B, and PGF were markedly up-regulated. Although
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Cells
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Figure 2. Representation of certain genes associated with lung adenocarcinoma metastasis to the brain. Shown here is the process of metastatic prone cells
detaching from the primary site, entering the circulation, migrating to the brain, and forming new blood vessels. Also shown is a table categorizing some
altered genes according to their functional attributes and their over and underexpressions based on up and down arrows, respectively.
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gene expression for brain-specific angiogenesis inhibitor 2
(BAI2) was augmented, BAIl and BAI3 expression was
suppressed.

Discussion

The metastatic brain tumors in our study revealed the down-
regulation of genes involved in apoptosis, such as caspase 2
(CASP2). Cysteinyl-directed aspartate-specific proteases
(caspases) activate a cascade that culminates in apoptosis.
Caspases 2, 8, 9, and 10 are classified under the family of
initiator caspases, which cleave effector caspases to cause cell
death. Caspase 2 induces neuronal cell death under conditions
of growth factor depletion, 3-amyloid toxicity, and through
activation of Fas ligand and tumor necrosis factor a receptor
(8). Therefore, the down-regulation of CASP2 in metastatic
brain tumors may allow these tumor cells to bypass neuronal
cell death pathways and may help promote tumorigenesis.

The Rho family of small monomeric GTPases, which
includes RhoA, Racl, and Cdc42, is involved in a multitude
of cellular events, including cell cycle progression, cyto-
skeletal reorganization, and cell motility. RhoA activation is
linked to the formation of focal adhesion complexes and
actin stress fibers (9), while Racl and Cdc4?2 are associated
with lamellipodia and filopodia formation, respectively. A
recent investigation into Rho in lung cancers found that
E1AF/PEA3, an Ets family transcription factor is often over-
expressed in non-small cell lung carcinomas, activates the
Rho/ROCK signaling pathway, lending to increased cell
motility and metastasis (10). Also, a separate study utilized
siRNA against the Rho proteins Racl and Rac2, and demon-
strated that blocking the activity of Rac resulted in inhibition
of lamellipodia, migration, and invasion of glioma and breast
carcinoma cells (11). In line with these studies, our cDNA
microarray analysis revealed a marked down-regulation of
levels of ARHGAP26, a Rho GTPase activating protein (GAP),
and the overexpression of ARHGAPI in both brain tumor
samples. GAPs stimulate the conversion of Rho GTP to its
inactive GDP-bound form, thus disallowing the effects of
Rho on cell migration and growth. ARHGAP26 binds to the
carboxy-terminus of focal adhesion kinase (FAK), a mediator
of integrin-dependent cell signaling that promotes cell
proliferation (12) and cell migration (13) intracellularly, and
stimulates hydrolysis of RhoA and Cdc42. Furthermore,
when injected into cells, ARHGAP26 results in a clearing of
actin stress fibers that are normally linked to cell migratory
ability. Given the release of the GAP's control over Rho
GTPase activity, one expects a pronounced increase in all
cell functions attributable to Rho GTPase proteins, such as
metastasis, including regulation of tumor cell growth and
metastasis in vivo (14). While up-regulation of ARHGAPI
within the same brain tumor samples remains to be under-
stood, it is possible that ARHGAP] is unique from other Rho
GAPs such that it participates in a negative feedback loop
that attempts to curb uncontrolled Rho GTPase activity
within the metastasized brain samples. This may also
explain down-regulation of RhoGEF in our microarray
analysis, a Rho guanine nucleotide exchange factor that acts
to activate the Rho family proteins by converting to GTP bound
form.

ZOHRABIAN et al: GENE EXPRESSION PROFILING IN BRAIN METASTASES

Overexpression of EGFR family of receptor tyrosine
kinases has been reported in many cancers. Studies have
examined the differences in EGFR expression between
primary and secondary glioblastoma multiforme (GBM), and
have found that EGFR overexpression is associated with
tumor growth and angiogenesis, as evidenced by the up-
regulation of genes encoding VEGF, ET (B), PTN and receptor
PTRPZI, and Bax inhibitor 1 (15). Alternatively, our study
revealed a down-regulation of EGFR in metastatic brain
samples that poses a challenge in being understood. However,
the analysis of biopsies of primary and secondary glio-
blastomas by Watanabe et al makes a clear case for the
differential expression of p53 mutations, p53 protein
accumulation, and EGFR overexpression in primary and
secondary GBM (16). Hence, given the results of our study, it
may appear that EGFR overexpression, seen in lung adeno-
carcinomas and other invasive tumors, is not required for
established malignant phenotypes, while needed for the initial
steps of invasion, and may be lost after cells have established a
foothold in the ‘subsoil’ of the brain, then assuming a
genotype more akin to primary gliomas. Alternatively, our
samples showed a strong up-regulation of the ERBB3 gene,
and a recent study that examined breast cancer metastasis
found that ERBB3 signaling, through formation of a
heterodimer with ERBB2, was strongly overexpressed in
breast cancer metastasis to lung (1). Another study performed
RT-PCR on primary tumor samples of patients with a high
expression level of EGFR, ERBB2, and ERBB3 in non-small
cell lung cancer, showing that increased ERBB3 levels most
closely associated with shorter time to death (18).

NF1I was overexpressed in lung adenocarcinomas meta-
stasized to the brain. Gene sequence analysis has revealed
homology of NFI with Ras GTPase-activating protein, and
as such, the clinical manifestations of neurofibromatosis type 1
have been linked to loss of the GTPase activity, or accordingly,
increased Ras activity (19,20). NF1 regulates cell motility and
invasion via activation of the Rho-ROCK-LIMK?2 pathway,
and subsequent phosphorylation of cofilin associated with
actin stress fiber formation (21). However, our study showed
increased expression of NF'/ in metastatic brain tumors, which
may indicate its interactions with other oncogenic molecules,
a possible result of depletion of the NFI gene product. For
example, one study discovered a novel neurofibromin-
associating protein, 14-3-3, which is directed towards the
intracellular carboxy-terminus of neurofibromin and acts as a
negative regulator of NF/ by disabling NFI interaction with
Ras-GTP, both in vitro and in vivo (22). Also, overexpression
of NFI induces FAK activation (23), the overexpression of
which has been shown in cerebral metastases (24). In
concordance with this, angiopoietin 2 stimulates MMP-2
expression lending to glioma cell invasion through the FAK
signaling pathways (25), and thus, overexpression of NF/
may contribute to cancer metastasis through FAK.

The results of this study revealed up-regulation of NF-kB2
and GATA binding protein 1, and down-regulation of T/IEG
and GATA binding protein 6. p53 mutant tumor cells have
been shown to strongly activate NF-kB2 (26), as NF-xB2
promotes cell survival through induction of the anti-apoptotic
molecule Bcl-2 (2). Thus, NF-kB2 overexpression may
indicate an oncogenic-like function. 7IEG encodes a nuclear
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ncer metastasis to bone via metastasis genes /L[]
and CTGF (5). Our finding also coincides with another study
that examined the expression of 7/EG in normal and malignant
breast tissue and found the more invasive phenotype to be
associated with lower TIEG levels (28).

Adhesion and adhesion molecules also play an important
role in tumor progression. Our brain specimens revealed
alterations in collagens, laminins, and integrins, specifically an
increased expression of COLI6A1, which is overexpressed in
U33MG glioma cells that are highly migratory and invasive
(29). Our study also revealed down-regulation of /TGAS, which
is influenced by nm23, a non-metastatic gene, which has been
shown to down-regulate /TGAS8 in metastatic breast cancer
cells (30). However, in our study, only one of the samples
showed appreciable down-regulation of this gene.

The process of angiogenesis is an important event that
contributes to the metastatic process. Our study showed an
overexpression of VEGF-A in metastatic brain tumors that
has been associated with breast cancer metastases to brain in
nude mice (31). In addition, in this study, up-regulation of
VEGF-B as well as PGF was noted, both of which selectively
act on the VEGFR-1 receptor to promote angiogenesis
(32,33). VEGF-B is shown to promote and regulate adult
neurogenesis (34), while expression of PGF is associated
with the aggressive and metastatic nature of small cell lung
cancers (35). Furthermore, PGF expression is up-regulated in
primary tumors, among them gliomas, meningiomas, and
schwannomas (36). Moreover, this study revealed decreased
expression of BAIIl and BAI3 that suppress vascularization
and may be involved in the periphery-to-brain metastasis
sequence. Furthermore, BA/I is p53-inducible and decreases
stromal vascularization in pulmonary adenocarcinoma
specimens (37).

Several p53-associated genes were also altered in our
study, lending evidence to the role of mutant p53 in brain
metastases (38). The p53 protein is a transcription factor that
plays a vital role in regulating cell growth, DNA repair, and
apoptosis in response to stressful conditions. Noticeable
alterations in p53-associated genes included increased gene
expression of p53, up-regulation of Reprimo or candidate
mediator of the p53-dependent G2-arrest gene, known to arrest
cells in the G2 phase of the cell cycle through involvement of
cyclin B and the Cdc2 pathway, and down-regulation of p53-
regulated apoptosis-inducing protein 1 (p53AIP1), a novel p53
target that mediates apoptosis. Moreover, the study revealed
decreased expression of tumor protein inducible nuclear
protein 1 (p53DINPI) that is involved in p53-dependent
apoptosis, as well as down-regulation of Mdm4 (MDMX)
expression, a negative regulator of p53.

In conclusion, our study demonstrates that those genes
involved in cell survival, neuroprotection, and suppression of
vascularization, which were markedly underexpressed, make
metastasis prone cells resistant to apoptosis. On the other hand,
those overexpressed genes involved in motility, adhesion, and
angiogenesis may impart a certain molecular signature that
achieves functions necessary for the migratory and invasive
phenotype of metastatic brain tumors (Fig. 2).
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