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Abstract. Brain metastasis is a major complication of 
non‑small cell lung cancer (NSCLC) and leads to most of 
the mortality of this disease. However, the biological mecha-
nisms and molecular features in brain metastasis of NSCLC 
are poorly understood. In the present study, we compared 
whole‑genome copy number variations (CNVs) between a 
primary lung adenocarcinoma and secondary metastatic 
brain lesion from the same patient using array comparative 
genomic hybridization (aCGH). The number of CNV regions 
was markedly higher in the secondary metastatic tumor than 
the primary tumor in the lung. In detail, the common CNVs 
in both tumors included gains of 7p22, 7p12-p11, 7q11, 7q22, 
21q22, and 19q13; gains of 1p33-p34, 1q22, 5p13 and 14q11 
whereas losses of 3p, 4q31, 5q, 11p15, Xp21-p22 and Xq21 
were identified only in the secondary lesion. Gene Ontology 
enrichment analysis revealed that the genes with amplified 
copy numbers in both tumors were related to such processes as 
DNA replication and mismatch repair. Genes only amplified in 
the metastatic tumor were enriched in processes that include 
leukocyte migration and organ development, and genes with 
a lower copy number in the secondary tumor included the 
processes of proteolysis regulation, negative regulation of 
cell proliferation and cell adhesion. These findings provided 
new insight into the genomic mechanism of the spread of lung 
adenocarcinoma to the brain, and the candidate genes identi-
fied serve as novel indicators or putative targets in NSCLC 
brain metastasis.

Introduction

Lung cancer is the leading cause of cancer-related deaths 
worldwide (1), with a majority of the histologic subtype of 
non‑small cell lung cancer (NSCLC). Approximately 33% 
of all NSCLC patients suffer from brain metastasis  (2), 
which is a major complication accounting for the mortality 
of patients  (3). Indeed, the incidence proportion (IP) 
percentage of brain metastases from single primary lung 
cancer was reported to be 19.9%, the highest propensity of 
all malignant tumors (4). The median time to brain relapse 
after surgical resection of locally advanced NSCLC is 
7.5-9.3 months (5-7). The prognosis of patients with brain 
metastases of NSCLC is remarkably poor, with a median 
survival time of 1-2  months for untreated patients and 
6  months for those receiving surgery, radiotherapy and 
chemotherapy  (8,9). Therefore, an understanding of the 
biological characteristics and molecular mechanisms of 
NSCLC metastasis to the brain is urgently needed for the 
better prevention or treatment of this disease.

Several genes or genetic alterations have been reported to 
be involved in brain metastasis of NSCLC. The expression of 
miR-145 was found to be downregulated in brain metastatic 
tumors compared to its primary lung adenocarcinoma (10), 
and chemokine CXCL12 and its receptor CXCR4 appear 
to play a role in the development of NSCLC brain metas-
tasis (11). An immunohistochemistry analysis revealed that 
the expression of integrin αvβ3 was significantly increased 
in brain metastases compared to primary NSCLC (12). The 
S100B (13) and matrix metalloproteinase-2 (MMP-2) (14) 
proteins are also likely involved in NSCLC brain metastasis.

Furthermore, DNA copy number variations (CNVs) have 
also been found to be significant in NSCLC brain metastasis. 
A recent study reported that FGFR1 amplification in brain 
metastasis of lung adenocarcinoma (ADC) is 15.3%, 5-fold 
more frequent than primary tumors (15). Using Molecular 
Inversion Probe (MIP) technology, Lee et al (16) identified 
that amplifications of 5q35, 10q23 and 17q23-24 in primary 
lung ADC are significantly correlated with brain metastasis. 
To the best of our knowledge, CNV scanning based on a 
high‑resolution methodology such as array comparative 
genomic hybridization (aCGH) in brain metastasis and 
primary NSCLC has not yet been reported. 
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In the present study, we compared the CNV characteris-
tics of a primary lung tumor and brain metastasis in the same 
patient diagnosed with lung ADC utilizing the aCGH method.

Patient and methods

Patient. The patient was a 48-year-old female diagnosed with 
middle lobe of the right lung adenocarcinoma in 2010 January 
at China-Japan Union Hospital, Jilin University, Changchun, 
China. She then underwent lung tumor resection surgery. The 
tumor dimensions were 4.0x3.5x3.0 cm and TNM stage was 
T2N1M0, IIB. Chemotherapy with the combination of carbo-
platin and docetaxel was administered at three months after 
right lobectomy, when the patient condition was suitable for 
adjuvant treatment. After chemotherapy, the patient received 
prophylactic granulocyte colony-stimulating factor 2 (G-CSF) 
supportive therapy at each cycle on days 2, 3 and 4.

In December 2010, this patient was admitted again to 
hospital for a headache and was diagnosed as ‘brain metas-
tasis of lung cancer’ by Magnetic Resonance Imaging (MRI). 
She underwent brain tumor resection; the tumor dimensions 
were 3.5x2.5x2  cm. Radiotherapy was also administered 
after the brain tumor resection. The patient's condition to 
date is optimal. Regular radiological examination and blood 
testing were performed, with confirmed evidence indicating a 
progression-free stage.

DNA extraction and aCGH microarray analysis. Samples were 
collected from 5-µm thick formalin-fixed paraffin‑embedded 
(FFPE) sections from both the primary and secondary lesions. 
Genomic DNA (gDNA) was extracted from the cells according 
to the G4410-90020_CGH_Protocol_FFPE1 from Agilent. 
The concentrations and purities were precisely measured 
using the NanoDrop ND-1000 UV-VIS spectrophotometer.

Microarray comparative genomic hybridization was 
performed using the human 4x44k Agilent Oligo aCGH 
microarray according to the manufacturer's protocol. In brief, 
Agilent Oligo aCGH Labeling kit was used to label the tumor 
DNA and reference DNA with Cy-5 and Cy-3, respectively. 
The labeled DNA samples were mixed and hybridized with 
the aCGH microarray at 65˚C and 20 rpm for 40 h. The micro-
array slide was scanned with an Agilent scanner, and Feature 
Extraction software was used to extract and normalize the raw 
image data. The final data of log10 ratio (tumor/reference) was 
generated for the subsequent analysis.

aCGH microarray data analysis. The human genome 
data, hg18 version was used for annotation mapping. The 
whole‑genome (except chromosome Y) log10 ratio (tumor/refer-
ence) value was smoothed, and abnormal copy number regions 
were detected using the circular binary segmentation algo-
rithm (17,18) with the R package ‘DNAcopy’ from Bioconductor. 
The segments with average segmentation values of 0.2/-0.2 
were defined as gain/loss copy number regions, respectively.  
‘Circos’ software (19) or R package ‘SNPchip’ was used to 
plot the chromosome cytoband and corresponding DNA copy 
number data. The genes in the gain/loss copy number regions 
were compared between the primary and secondary lesions. 
The test for gene overlap between different gene sets was 
performed by the hypergeometric distribution test. The Gene 

Ontology (GO) term enrichment significance of the gene sets 
of interest was estimated by the hypergeometric distribution 
test, and the false discovery rate (FDR) was calculated using 
the Benjamini and Hochberg method (20); FDR<0.05 was the 
significance cut-off.

Immunohistochemistry (IHC). IHC staining was performed 
using a standard streptavidin-biotin-peroxidase complex 
method. The sections (5 mm-thick) were incubated at 4˚C in 
a humid chamber overnight with mouse monoclonal antibody 
against human epidermal growth factor receptor (EGFR; 
ready to use, catalog MAB-0196; Maixin Fuzhou, China), 
rabbit monoclonal antibody against short in-frame dele-
tions in exon 19 (E746-A750del Specific) of EGFR (1:100, 
catalog  #5747), and rabbit monoclonal antibody against 
L858R mutant in 21 exon of EGFR (1:100, catalog #3197) 
(both from Cell Signaling Technology, Boston, MA, USA). 
Phosphate‑buffered saline (PBS) instead of primary antibody 
was used as negative control. The nuclei were counterstained 
with hematoxylin. IHC results were reviewed by two experi-
enced pathologists, independently.

Results

Overall DNA CNVs of primary and secondary tumor lesions. 
As shown in Fig. 1A, the DNA copy number alteration pattern 
of the secondary tumor lesion was quite different from that 
of the primary tumor. Many DNA copy number alteration 
regions (gain or loss) present in the secondary tumor were not 
found in the primary tumor. Specifically, 16 gains in DNA 
copy number variation regions (segments) and 8 loss regions 
were detected in the primary tumor. In contrast, the number 
of gains and losses of CNV regions found in the secondary 
tumor were 35 and 60, respectively (Fig. 1B). The increased 
CNV region number suggests a much greater genomic 
instability or dysregulation of biological functions in the 
secondary lesion.

The CNV gain regions in the primary tumor include 3q, 
6p21, 7p, 7q, 8q, 9p, 9q, 14q32, 16q12, 19q and 21q22. Such 
DNA regions as 3q22-q24, 5q32, 6q25, 8p22 12q13, 14q24 and 
20q13 were found to be lost in the primary tumor. With regard 
to the secondary tumor, the gain regions include 1p33-p34, 
1q22, 2p11, 2q35, 5p13, 6q15, 7p, 7q, 9q22, 10q11, 11p12-p11, 
14q11, 16p12-p11, 17q, 19q and 22q; and the loss regions 
include 1p31.1, 1q41, 3p, 4q31, 5q, 6q12, 8q, 8q, 9p, 10q21-q24, 
11p15, 13q, 15q14, 15q21, 18q, 20q11 and 20q13. The common 
gain regions found in both the primary and secondary tumors 
include 7p22, 7p12-p11.2, 7q11, 7q22, 21q22 and 19q13.3.

Genes in CNV regions from the two tumors. We also 
analyzed the genes in the CNV regions in both the primary 
and secondary tumors  (Fig.  2A). For the primary tumor, 
the 16 gained CNV regions covered 351 genes. In addition, 
1,198  genes were found in the CNV gain regions of the 
secondary tumor, with 249 genes overlapping with those of 
the primary tumor (hypergeometric test, P<0.001). Similarly, 
27 genes were found in the lost CNV regions of the primary 
tumor, with 561 genes in those of the secondary tumor. The 
12 overlapping genes between the lost regions from the two 
tumor lesions were not random (hypergeometric test, P<0.001). 
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Importantly, the EGFR gene, located at 7p12 was amplified in 
both the primary and secondary tumors (Fig. 2B).

According to the results of the GO functional terms 
enrichment analysis, the 249  genes overlapping between 
the gain regions of the primary and secondary tumors 
were significantly (FDR <0.05) related to DNA replication, 

mismatch and nucleotide excision repairs, and regulation of 
apoptosis. The overlapping gene set in the loss regions did not 
reach statistical significance in the GO analysis, which may be 
due to the small gene number (only 12 genes). Importantly, the 
genes showing gain in copy number in the secondary but not 
in the primary tumor were significantly (FDR <0.05) enriched 

Figure 2. Gene comparison in DNA copy number variation regions. (A) Venn diagram presenting gene numbers of different gene sets derived from the 
gain/loss regions of the primary/secondary tumors. (B) DNA copy number alteration patterns for chromosome 7. The upper panel presents the cytogenetic 
bands of chromosome 7. The middle and lower panels indicate the CNV data of the primary and secondary tumors, respectively. For the CNV data, the x-axis 
indicates the genomic positions, y-axis indicates the log10 ratio value, grey dots indicate the raw value of each microarray probe, blue thick indicates the DNA 
segments detected by the circular binary segmentation algorithm, blue thin lines indicate the cut-off 0.2, and red shadows indicate the DNA regions with 
altered copy numbers. CNV, copy number variations.

Figure 1. Global view of DNA copy number variation patterns in primary and secondary tumors. (A) Genomic visualization of CNV patterns in the two tumor 
lesions. The outer circle indicates chromosome 1 to chromosome X, the middle circle represents the DNA copy number alteration of the primary tumor, and the 
inner circle represents the DNA copy number alteration of the secondary tumor. The colored blocks (red for gain, blue for loss) indicate the average log10 ratio 
value (only showing those reaching the cut-off 0.2) after segmentation by the circular binary segmentation algorithm. (B) Statistics of altered DNA regions 
(segments) between the primary and secondary tumors. The x-axis presents the CNV type, and the y-axis indicates the altered DNA region numbers. CNV, 
copy number variations.
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in GO processes as leukocyte migration, lipoprotein metabolic 
and organ development. In contrast, genes related to processes 
such as proteolysis and negative regulation of cell prolifera-
tion, cell adhesion and cell-matrix adhesion exhibited a loss in 
copy number only in the primary tumor.

EGFR expression in primary tumor in lung and secondary 
metastasis in brain. EGFR staining was predominantly located 
in cytoplasm and membrane of tumor cells. Overexpression 
of EGFR was detected both in primary tumor in lung 
and secondary metastasis tumor in brain  (Fig. 3B and F). 
Furthermore, secondary tumor showed stronger staining of 
E746-A750del specific short in-frame deletions in 19 exon of 
EGFR than in primary tumor (Fig. 3C and G). L858R mutant 
in 21 exon of EGFR was not detectable in either the primary 
or the secondary tumors (Fig. 3D and H).

Discussion

Brain metastasis is one of the most frequent complications of 
NSCLC, accounting for the major mortality in this disease. 
Nonetheless, the complex molecular events involved in 
this process are poorly understood. In the present study, we 
compared DNA copy number variations (CNVs) between a 
tumor from the primary site and a secondary brain metastasis 
lesion from the same patient diagnosed with lung ADC using 
aCGH technology. Compared with the primary tumor, an 
increase in the number of DNA CNV regions was observed 
in the secondary tumor, indicating enhanced genome insta-
bility during the evolution of brain metastasis. Our analysis 
of Gene Ontology (GO) terms revealed that the CNV regions 
identified only in the secondary tumor included genes related 
to leukocyte migration, organ development, cell adhesion, and 
extracellular matrix compounds.

CNV is a common genomic alteration that may contribute 
to tumor initiation and the progression in a variety of cancers, 
including NSCLC. In the lung ADC case of the present study, 

the primary tumor and the heterochronous brain relapse lesion 
showed several common amplified CNV regions, including 
7p22, 7p12-p11.2, 7q11, 7q22, 19q13.3 and 21q22. This obser-
vation suggests that the primary and secondary tumors likely 
shared the same ancestor lineage during progression of the 
tumor. Importantly, the amplification of 7p12 in NSCLC was 
previously reported, and a gain of copy number of the EGFR 
gene in this region was a predictor for a patient to benefit from 
treatment with tyrosine kinase inhibitors (TKIs) (21). Our IHC 
results showed that the EGFR protein was upregulated in both 
primary and secondary tumor. We further investigated the 
expression condition of two major EGFR mutation proteins, 
E746-A750del specific short in-frame deletions in 19 exon 
and L858R mutant in 21 exon. For this patient, the 19 exon 
E746-A750del mutation protein was found significantly over-
expression in the metastatic tumor.

The amplified regions only present in the secondary tumor 
included 1p33-p34, 1q22, 5p13 and 14q11. Our data showed 
4q28-q31 loss in the secondary lesion but not in the primary 
tumor (Fig. 4), which was consistent with a previous study 
indicating that 4q deletion is associated with the distant meta-
static propensity of lung cancer (22). In addition, the secondary 
tumor exhibited Xp21-22 and Xq21 loss compared with the 
primary tumor, which may be an explanation for the observa-
tion of more frequent brain metastasis in female patients with 
lung cancer than males (4).

According to our data, leukocyte migration-related genes 
were enriched in the regions showing gain in DNA copy 
number only in the metastatic tumor, indicating the involve-
ment of leukocyte-related molecules in brain dissemination 
of NSCLC. Cytokines and chemokines play significant roles 
in regulating the tumor-leukocyte interaction (23,24), which 
contributes to the migration and invasion of cancer cells. 
In addition, the upregulation of the chemokine-receptor of 
CXCL12/CXCR4 was observed in NSCLC brain metastatic 
tumors compared with the primary lesion (11). The percentage 
of TH17 cells and IL-17 levels in peripheral blood was found 

Figure 3. Expression of EGFR protein in formalin-fixed and paraffin-embedded tissues by IHC staining. (A and E) H&E staining of primary tumor in lung and 
secondary metastasis tumor in the brain. (B and F) Overexpression of EGFR was detected both in primary tumor in lung and secondary metastasis tumor in 
the brain. (C and G) Secondary tumor showed stronger staining of E746-A750del specific short in-frame deletions in 19 exon of EGFR than in primary tumor. 
(D and H) L858R mutant in 21 exon of EGFR was not detectable in either the primary or the secondary tumors. EGFR, epidermal growth factor receptor; 
IHC, immunohistochemistry.
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to be increased in patients with brain metastases of lung 
cancer, suggesting a potential involvement of TH17 cells in 
lung metastasis to the brain (25).

Degradation and remodeling of the extracellular matrix 
play important roles in the invasiveness and metastatic 
capacity of cancer cells to metastasize (26). For example, high 
expression of matrix metalloproteinase-2 (MMP-2) was signif-
icantly correlated with the central nervous system metastasis 

of lung cancer (14). In the present study, a loss in DNA copy 
number of serpin family members, which are negative regu-
lators of proteolysis occurred in the brain metastatic tumor. 
Consistent with our findings, a recent study (11) reported that 
SERPINB2 (of the serpin family) inhibited the metastatic 
capacity of cancer cells (27). Accordingly, cell adhesion genes 
(such as collagens of COL9A1, COL19A1 and protocadherins 
of PCDH10 and PCDH20) also showed loss in DNA copy 

Figure 4. Different DNA copy number variations in the primary and secondary tumors. DNA copy number alteration patterns for chromosome 1, 4, 5, 8, 
22 and X. The upper panel represents the cytogenetic bands of each chromosome. The middle and lower panels indicate the CNV data of the primary and 
secondary tumors, respectively. For the CNV data, the x-axis indicates genomic positions, y-axis indicates the log10 ratio value, grey dots indicate the raw 
value of each microarray probe, blue thick lines indicate the DNA segments detected by the circular binary segmentation algorithm, blue thin lines indicate 
the cut-off 0.2, and red shadows represent the DNA regions with altered copy numbers. CNV, copy number variations.
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number in the secondary tumor in the brain. These observa-
tions indicate that the promotion of extracellular degradation 
and suppression of the expression of cell adherin molecules 
are critical steps for the development of brain metastasis of 
lung cancer. However, the decrease in copy number of CDH2 
and POSTN in the metastatic tumor of our case is not in agree-
ment with other studies showing that CDH2 (N-cadherin) is a 
positive marker for metastatic spread to the brain (28) and that 
POSTIN upregulation is associated with the progression and 
poor outcome of NSCLC (29). The exact mechanism of the 
extracellular balance of NSCLC metastasis to the brain needs 
to be studied further.

The dysregulation of rapid cell proliferation is one of the 
characteristics of cancer. Indeed, a high level of cell division 
contributes to poor differentiation, aggressive progression and 
local or distant relapse of NSCLC. According to our results, 
genes related to the negative regulation of cell proliferation 
(APC, PTEN, CDKN2A and CDKN2B) and induction of 
apoptosis (FAS and IFNA2) were identified in the lost regions 
of the secondary tumor in the brain. APC (30) and PTEN (31) 
are well-known tumor suppressor genes that regulate the cell 
cycle to prevent cancer cells from uncontrolled rapid division. 
Consistently, loss of heterozygosity (LOH) of the APC gene 
has been observed in brain metastases originating from the 
lung or colon (32). The loss of PTEN DNA copy number was 
reported to be associated with the poor prognosis of NSCLC, 
with or without gefitinib treatment (33). Collectively, these 
data suggest that the suppression of cell cycle inhibitors and 
apoptosis inducers is involved in the brain metastasis process 
of NSCLC.

In summary, the present study compared CNVs of a brain 
metastasis and primary lung adenocarcinoma from the same 
patient. Several CNVs were identified only in the metastatic  
lesion, including gains of 1p33-p34, 1q22, 5p13 and 14q11 and; 
loss of 3p, 4q31, 5q, 11p15, Xp21-22 and Xq21. These find-
ings provide new insight into the genomic mechanism of lung 
adenocarcinoma spread to the brain, and these candidate genes 
may serve as novel indicators or putative targets in the brain 
metastasis of NSCLC.
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