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Abstract
Background: Although cigarette smoking is the major risk factor for lung cancer, only 7% of female
lung cancer patients in Taiwan have a history of smoking. The genetic mechanisms of carcinogenesis in
nonsmokers are unclear, but semaphorins have been suggested to play a role as lung tumor suppressors.
This report is a comprehensive analysis of the molecular signature of nonsmoking female lung cancer patients
in Taiwan, with a particular focus on the semaphorin gene family.
Methods: Sixty pairs of tumor and adjacent normal lung tissue specimens were analyzed by using
Affymetrix U133plus2.0 expression arrays. Differentially expressed genes in tumor tissues were identified
by a paired t test and validated by reverse transcriptase-PCR and immunohistochemistry. Functional analysis
was conducted by using Ingenuity Pathway Analysis as well as gene set enrichment analysis and sigPathway
algorithms. Kaplan-Meier survival analyses were used to evaluate the association of SEMA5A expression
and clinical outcome.
Results: We identified 687 differentially expressed genes in non–small cell lung carcinoma (NSCLC). Many
of these genes, most notably the semaphorin family, were participants in the axon guidance signaling pathway. The downregulation of SEMA5A in tumor tissue, both at the transcriptional and translational levels, was
associated with poor survival among nonsmoking women with NSCLC.
Conclusions: In summary, several semaphorin gene family members were identified as potential therapeutic targets, and SEMA5A may be useful as a prognostic biomarker for NSCLC, which may also be gender
specific in Taiwanese patients.
Impact: A novel biomarker for NSCLC is identified. Cancer Epidemiol Biomarkers Prev; 19(10); 2590–7. ©2010 AACR.

Introduction
Lung cancer is the leading cause of cancer-related
death worldwide and brings significant socioeconomic
impact to patients, their families, and society as a whole.
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Non–small cell lung carcinoma (NSCLC) accounts for the
majority of lung tumors (1). Among NSCLCs, adenocarcinoma is the major histologic type of lung carcinoma in
Taiwan (52.5%).
Smoking is the major risk factor for lung cancer (2),
although other factors, such as environmental exposure
(e.g., chemicals, physical agents, and radiation), clinical
history of lung diseases (e.g., chronic bronchitis, emphysema, pneumonia, and tuberculosis; ref. 3), familial
tumor history (4), or diet (5, 6), may also be associated
with the development of lung cancer (7). In Western
countries, 70% to 90% of lung cancers are attributable
to cigarette smoking, whereas in Taiwan, only 7% of
female lung cancer cases are associated with smoking
(8, 9). Many genes [e.g., TP53 (10, 11), EGFR (12, 13),
KRAS (14), PIK3CA (15), and EML4-ALK (16)] have been
reported in association with lung cancer in never
smokers, although the molecular mechanisms of NSCLC
in nonsmoking women still remain unclear.
In the United States and other Western countries, the
5-year overall survival rate of lung cancer is only 15%
and has not improved over several decades. In Taiwan,
lung cancer mortality rates have become the highest in
the world (17, 18). The high mortality of lung cancer
worldwide is largely attributable to the difficulty of
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obtaining an early diagnosis and the lack of effective
therapeutic methods. To improve survival rates in nonsmoking lung cancer patients, a comprehensive analysis
of the molecular signature of the carcinogenic processes
in NSCLC is needed to identify better biomarkers for
diagnosis and new molecular targets for drug development. One potential set of biomarkers for NSCLC is the
semaphorin gene family.
Semaphorins are a large family of secreted, transmembrane, and glycosyl-phosphatidylinositol–linked proteins
that were initially discovered to attract/repel growing
axons or migrating neurons (19, 20). Recent reports
showed that the semaphorin family is expressed not only
in the nervous system but also in many other tissues. In
addition, this family has been correlated to various carcinogenic processes, particularly angiogenesis and metastasis (19, 21-23), and may play a role as lung tumor
suppressors (24-26). However, most studies to date have
only focused on the semaphorin class 3 genes, and the
details of the broader involvement of semaphorins in
tumorigenesis are still unknown.
We conducted a genome-wide analysis of gene expression in nonsmoking female lung cancer patients. Several
semaphorin (SEMA) genes in the axonal guidance signaling pathway (e.g., SEMA5A, SEMA6A) were identified as
potential therapeutic targets, and SEMA5A can be further
used as a prognostic biomarker for NSCLC, which may
also be gender specific in Taiwanese patients.

Materials and Methods
Sample collection
One hundred and twenty pairs of tumor and adjacent
normal lung tissue specimens were collected from nonsmoking females admitted to National Taiwan University
Hospital or Taichung Veterans General Hospital. Written
informed consent was obtained from all subjects and/or
guardians for the use of their tissue samples. Lung tissue
specimens were immediately immersed in RNAlater

buffer (Applied Biosystems), snap-frozen in liquid N2,
and stored at −80°C for RNA extraction. Only those
samples in which both specimens in the pair passed quality controls (n = 60) were processed for gene expression
profiling. The institutional review boards of National
Taiwan University Hospital and Taichung Veterans
General Hospital both approved the sample acquisition
and its subsequent use.
Isolation and amplification of total RNA for gene
expression profiling
Total RNAs from the tissue specimens were isolated
using TRIzol reagent (Invitrogen) and purified with
RNeasy mini kit (Qiagen) according to the manufacturers' instructions. Labeled double-strand cDNA and
cRNA were synthesized by using purified total RNA
(1-15 μg) as template following Affymetrix standard synthesis protocols. GeneChip Human Genome U133 Plus
2.0 expression arrays (Affymetrix, Inc.) were hybridized
to the biotinylated cRNA targets. After 16 hours of
hybridization at 45°C, the arrays were washed by a Fluidics Station 450 and scanned by a GeneChip Scanner 3000.
Data mining and statistical analysis
After scanning, the intensity data of GeneChip Human
Genome U133 Plus 2.0 expression arrays (Affymetrix)
were analyzed by Partek (Partek, Inc.) for mRNA expression levels. Probe-level data were preprocessed, including background correction, quantile normalization, and
summarization, using robust multiarray average analysis. After preprocessing of data, principal component
analysis (PCA), which reduces higher-dimensional data
into a two-dimensional graph, was used to evaluate the
similarity of gene expression profiles. To identify differentially expressed genes, paired t tests (P < 10−16) and
Bonferroni P value adjustments were used. Hierarchical
clustering analysis and the Genesis program (27) were
used to generate a visual representation of the expression
profiles. The similarity of gene expression profiles

Table 1. Clinical characteristics of patients in this study
Characteristics

Female
Tumor type
Adenocarcinoma
Bronchioloaveolar carcinoma
Squamous carcinoma
Others
Tumor stage
I + II
III + IV
Unknown

www.aacrjournals.org

Microarray

Immunohistochemistry

Sample size, n (%)

Age (mean ± SD, y)

Sample size, n (%)

Age (mean ± SD, y)

60 (100)

61 ± 10

49 (100)

63 ± 10

56 (93)
3 (5)
1 (2)
—

61 ± 10
66 ± 9
59
—

41
1
4
3

(84)
(2)
(8)
(6)

63 ± 11
59
66 ± 3
57 ± 8

47 (78)
13 (22)
—

61 ± 11
61 ± 7
—

13 (27)
32 (65)
4 (8)

61 ± 14
63 ± 9
62 ± 9
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Figure 1. Expression profiles of differentially expressed genes in lung cancer tissues. A, volcano plot of all genes. The −log (P) of each gene is plotted
against the log2 ratio of cancer intensity to normal intensity. Yellow line indicates the significance level at P = 10−16. Red dots indicate genes that were
upregulated in cancer tissues; green dots indicate downregulated genes. B, PCA of the 60 paired cancer and normal samples. Gray lines indicate the
paired samples from the same individual. Yellow dots denote cancer tissues; blue dots denote normal tissues. Each dot represents the expression values
of the significant genes that were summarized at the first two principal component coordinates. C, hierarchical clustering of the 687 significant genes.
Input data are the log2 ratios of cancer intensity over normal intensity. Red indicates genes that were upregulated in cancer tissues; green indicates
downregulated genes.
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between samples was assessed by Euclidean distance of
the log-transformed expression ratios for differentially
expressed genes. Finally, Ingenuity Pathway Analysis
(Ingenuity Systems, Inc.) was applied to describe genegene interaction networks, biological functions, and
canonical pathways of differentially expressed genes.

tumor and normal microarray data were selected to conduct further comparison. Gene set enrichment analysis
(GSEA; refs. 31, 32) and sigPathway (33) were used to
analyze differences in genome-wide expression pathway
patterns between tumor and normal tissues within the
same individual.

Comparison of axon guidance pathway with
independent studies
Two independent studies, GSE7670 (28) and GSE10072
(29), were retrieved from Gene Expression Omnibus (30).
To reduce individual variances, only samples with paired

Quantitative reverse transcriptase-PCR
After reverse transcription of total RNA, real-time PCR
was done using ABI 7300 (Applied Biosystems) with SYBR
Green (Sigma) according to the standard protocols. The
PCR primers were as follows: forward primer SEMA5A,
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5′-TGGAAGACACCTGGACCACATTCA-3′, reverse
primer SEMA5A, 5′-ATCCAGCTCAGGCAGGAAGAAAGT-3′. Each measurement was made in triplicate
and normalized to a GAPDH control to ensure comparable
amounts of cDNA in all wells.
Immunohistochemical staining
Forty-nine lung tumor tissues, which were not used
for gene expression profiling, were used for immunohistochemical analysis. Tissue sections (4-μm thick) were
constructed from paraffin-embedded tissues and used
for immunostaining. The tissue sections were deparaffinized in xylene and rehydrated in graded alcohol solutions. The tissue sections were then boiled in citrate
buffer (pH 9) for 10 minutes and treated with 3%
hydrogen peroxidase to block endogenous peroxidase
activity. After washing in PBS solution, the tissue sections were incubated with normal goat serum (dilution
1:500; Dako) for 30 minutes and incubated with SEMA5A
antibody (dilution 1:50; Abgent) overnight at 4°C. The
next morning, biotin- and streptavidin-labeled antibodies
were used for 3,3′-diaminobenzidine staining. More than
50% of the tumor cells that were immunoreactive to
SEMA5A antibody were scored as having high SEMA5A
expression.
Survival analyses of two independent cohorts
Two independent cohorts (34, 35) with microarray data
were selected to further elucidate whether SEMA5A was
a prognosis biomarker in Caucasian lung cancer patients.
To reduce the variations resulting from different NSCLC
subtypes, only patients with adenocarcinoma were examined and were divided into two groups: (a) the “high
SEMA5A” group, in which RNA expression levels of
SEMA5Awere higher than the median SEMA5A expression
in all samples, and (b) the “low SEMA5A” group, in which
RNA expression levels of SEMA5A were lower than the
median SEMA5A expression in all samples. Kaplan-Meier
survival analyses were conducted on patients in the high

SEMA5A and low SEMA5A groups to evaluate the association between SEMA5A expression and clinical outcomes.

Results
Clinical characteristics of patients
In this study, we collected 120 pairs of cancer and
adjacent normal lung tissue specimens from nonsmoking
female lung cancer patients who were admitted to
National Taiwan University Hospital or Taichung Veterans
General Hospital. Among them, 60 paired samples with
good RNA quality were subjected to microarray experiments (Table 1). The mean ± SD age of patients used for
microarray experiments was 61 ± 10 years. Most of the
tumors were adenocarcinomas (93%), and 78% of the
samples were in stage I or II.
Gene expression profiling in cancer and
normal tissues
Affymetrix GeneChip Human Genome U133 plus 2.0
expression arrays were used to identify differentially
expressed genes from cancerous and normal tissues.
Because the cancer and normal tissues were from the
same individual, paired t tests and Bonferroni post hoc
P value adjustment were used. There were 687 differentially expressed genes with P values of <10−16. Among
them, 523 genes (76.1%) were downregulated and
164 genes (23.9%) were upregulated in cancer tissues
(Fig. 1). As shown in Fig. 1A, the −log (P) of each gene
was plotted against the log2 ratio of cancer intensity to
normal intensity. The number of upregulated genes (ratio
>0) was similar to that of downregulated ones (ratio <0),
but more downregulated genes (green spots) had
P values of <10−16 than upregulated ones (red spots).
Next, PCA was applied to examine whether the differentially expressed genes could be used to distinguish cancer
from normal tissues (Fig. 1B). The results of PCA showed
that cancer tissues aggregated to the left side, whereas
normal tissues clustered to the right, indicating that the

Table 2. Dysregulation of axonal guidance signaling pathway in lung cancer using GSEA and
sigPathway algorithms
Algorithm

Pathway

Study

Significance level*

Gene number

GSEA (31, 32)

Axon guidance (HSA04360 in KEGG)

sigPathway (33)

Axon guidance (GO:0007411 in GO)

Lu et al.
Su et al. (28)
Landi et al. (29)
Lu et al.
Su et al. (28)
Landi et al. (29)

0.0046†
0.0061†
0.0988
0.0001†
0.0080†
0.0016†

128
113
113
106
56
56

Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.
*The significance level was determined by the P value for the GSEA algorithm and the q value for the sigPathway algorithm.
†
P < 0.01.
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differentially expressed genes could be used to separate
the tissue samples into two distinct groups.
To validate the expression pattern of these significant
genes, two public data sets with tumor and normal
tissues from the same individual and with the same microarray platform were compared with our data (28, 29).
To reduce variations caused by different versions, probes
present in both Affymetrix U133A and U133 plus2.0
arrays (n = 391) were selected for further analyses.
As shown in Supplementary Fig. S1, these 391 genes
showed highly similar expression patterns among our
data and that of Su et al. (28) and Landi et al. (29), despite differences in population, gender, and smoking
history. This result suggests that the expression profile
of differentially expressed genes may not be specific to
nonsmoking females with Asian ethnicity, but a general
gene expression pattern observed in tumor and normal
tissues from the same individual.

Figure 2. Downregulation of SEMA5A in lung cancer tissues is
associated with poor overall survival. A, box plots of SEMA5A
expression ratios of tumor to normal tissue by microarray (n = 60) and
quantitative RT-PCR (n = 58). The median for each method is indicated
by the center line of the gray box; the first and third quartiles (the
interquantile range, IQR) are indicated by the edges of the gray area.
The values within 1.5 times the IQR from the upper or lower quartile
are indicated by the ends of the lines extending from the IQR, and
those >1.5 times the IQR are indicated by dots. GAPDH was used for
an internal control in quantitative RT-PCR. B and C, Kaplan-Meier
estimates of SEMA5A expression with clinical outcome in two
independent cohorts of lung adenocarcinoma patients. B, the Bild et al.
(35) cohort of adenocarcinoma (n = 58). C, the Shedden et al. (34)
cohort of adenocarcinoma (n = 469).
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Dysregulation of axon guidance signaling pathway
in lung cancer
To investigate which functional categories and canonical pathways were significantly dysregulated in tumors
compared with normal tissues, Ingenuity Pathway Analysis was carried out. Fisher's exact test identified 16
canonical pathways that were significantly [−log (P) >
1.3] enriched in tumor tissues (Supplementary Table S1).
The three pathways with the most significant P value
include axonal guidance signaling, ephrin receptor signaling, and angiopoietin signaling (Supplementary Table S1).
Angiopoietin signaling molecules have been reported to
be associated with lung cancer (36), but it was not clear
why genes in the axon guidance and ephrin receptor
signaling pathways would be differentially expressed
in lung cancer. Because ephrin receptors are a subset of
axon guidance signaling molecules (20), further investigation was focused on genes that were involved in the axon
guidance signaling pathway.
Once again, the expression levels of genes involved in
the axon guidance signaling pathway were compared
with Su et al.'s (28) and Landi et al.'s (29) data. As shown
in Supplementary Fig. S2, these axon guidance genes (n =
208) had very similar expression patterns among the
three studies. In addition, considering that the significant
genes were identified by an arbitrary P value threshold,
we used two other algorithms, GSEA (31, 32) and sigPathway (33), which use genome-wide pathway expression patterns, to analyze our data alongside that of Su
et al. (28) and Landi et al. (29). Both algorithms identified the axon guidance pathway as significantly dysregulated in both our data and those of the two other
studies (Table 2).
Downregulation of SEMA5A in tumor tissues is
associated with poor clinical outcome
To choose candidate genes for further investigation, the
expression ratio and P value of each axon guidance
pathway gene were examined. Notably, for the four
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Figure 3. Low expression of SEMA5A protein in
lung tumor tissues is associated with poor
overall survival. A, representative images of
immunohistochemistry staining for SEMA5A
protein on primary tumor specimens from
NSCLC cancer patients (n = 49). B, patients
were divided into the high SEMA5A group or
the low SEMA5A group, with tumor sections
showing immunoreactivity to SEMA5A antibody
in ≥50% or <50% of the cancer cells,
respectively. Kaplan-Meier estimates of overall
survival in an independent cohort of 49 NSCLC
cancer patients according to their SEMA5A
protein expression levels (P = 0.037).

major axon guidance signaling families (20), many genes
were significantly downregulated, especially SEMA5A
(P < 10−19; lowest P = 1.03 × 10−21) in the SEMA gene
family (Supplementary Table S2). Therefore, we focused
on SEMA5A for further analysis.
First, to validate the microarray results, quantitative reverse transcriptase-PCR (RT-PCR) was conducted in 58
paired tumor and normal tissues. As shown in Fig. 2A,
quantitative RT-PCR results were in good agreement
with the microarray data, and SEMA5A expression was
significantly (P = 4.1 × 10−13) downregulated in tumor
tissues.
Second, because most of the patients who provided
samples for our microarray experiments are still alive,
we chose two other independent cohorts to further
investigate the association between SEMA5A expression
and survival rate (34, 35). To reduce the variations resulting from different NSCLC subtypes, only patients with
adenocarcinoma were examined. They were divided
into two groups as described in Materials and Methods:
the high SEMA5A group and the low SEMA5A group.
Kaplan-Meier survival curves showed that the low
SEMA5A group had significantly (P < 0.05) poorer
survival rate than the high SEMA5A group (Fig. 2B
and C).
Third, in addition to examine the association at the
transcriptional level, immunohistochemistry was used
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on tissues that had not been used for microarray experiments (n = 49) to examine the amount of SEMA5A protein. High SEMA5A expression in tissue samples was
defined as being immunoreactive to SEMA5A antibody
in >50% of the tumor cells (Fig. 3A). The results of
Kaplan-Meier survival analysis showed that patients with
low SEMA5A protein expression had poor overall survival (P < 0.05) compared with the high expression group
(Fig. 3B).

Discussion
The high mortality of lung cancer is largely attributable
to difficulties in early diagnosis and the lack of effective
therapeutic methods. Recent studies suggest that lung
cancers arising in nonsmokers are more often adenocarcinoma, are more likely to have epidermal growth factor
receptor mutations, and have a better natural history
and prognosis with therapy (37). However, the majority
of molecular analyses of lung cancer have focused on
genetic profiling of pathways responsible for metabolism
of tobacco carcinogens. Limited research has been conducted among nonsmokers. In this study, we report a
comprehensive analysis of the genetic expression profile
from paired tumor and normal tissues among nonsmoking female lung cancer patients in Taiwan. Results
revealed that the axon guidance signaling pathway was
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significantly dysregulated in lung cancers not attributable to smoking and that the expression of SEMA5A
was associated with clinical outcome.
It is known that tumor tissues are highly heterogeneous between different individuals. For this reason, this
study investigated paired tumor and normal tissues
from the same individual, which can dramatically decrease confounding factors from interindividual differences, as shown by the conspicuously low P values
(<10−16) in our results. Further functional and pathway
analyses unexpectedly identified the axon guidance signaling pathway as being strongly dysregulated in lung
cancer compared with normal cells. Although there is
little literature on the topic, a few recent studies have
indicated that axon guidance molecules, especially
semaphorins, are closely related to angiogenesis, metastasis, and apoptosis in cancer (20, 38, 39). Therefore,
exploring lung carcinogenesis by paired tumor and
normal samples may help better identify distinct pathways and genes compared with investigating tumor
samples only.
Semaphorins are a large family of secreted, transmembrane, glycosyl-phosphatidylinositol–linked proteins initially characterized in the development of the nervous
system and axonal guidance. In addition to commanding
the outgrowth and regeneration of neurons, many studies indicated that semaphorin genes were strongly associated with cell mobility by regulating the dynamics of
actin formation and cytoskeletal changes in cancer
tissues (20, 21, 39). However, the functions of semaphorins are promiscuous in that they have been reported as
putative tumor suppressors and antiangiogenic factors,
and at the same time as mediators of tumor angiogenesis,
invasion, and metastasis. Semaphorins may even display
divergent activities in different cell types (40). These
multifaceted functions may be explained by the involvement of different kinds of semaphorin receptor complexes and by the consequent activation of multiple
signaling pathways in different cells or at different stages
of the cell cycle.
In lung cancer, two genes in the semaphorin III family
have been suggested as potential tumor suppressors:
SEMA3B, which induces apoptosis of lung cancer cells
(24), and SEMA3F, the loss of which correlates with
advanced grade and stage of lung cancer (41). However,
as shown in Supplementary Table S1, many semaphorin
genes, especially the semaphorin V family, were significantly downregulated in lung tumor tissues. The functions of
the other semaphorins are mainly unknown. In addition
to the amino-terminal SEMA domain, the semaphorin V
family was characterized by seven thrombospondin
repeats functionally important for tumorigenicity and
metastasis (21). Although some studies reported that
SEMA5A and its receptor plexin B3 improved angiogenesis
(42, 43) and promoted tumor invasiveness in gastric, pancreatic, and prostate cancer cells (44-46), our results showed
that SEMA5A was significantly (P < 10−19) downregulated
in lung tumor tissues. Two previous studies (34, 35) that
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conducted survival analyses in Caucasians indicated that
adenocarcinomas with higher expression of SEMA5A correlated with significantly lower mortality rates, whereas
squamous lung cancers did not show such a correlation.
Furthermore, immunohistochemistry results revealed that
female patients with lower amounts of SEMA5A protein
had poorer survival rates. Therefore, the functional role
of SEMA5A in the metastatic progression of different cells
and functional stages deserves further investigation.
Importantly, we observed that the association between
the SEMA5A expression levels and clinical outcome
existed only in women, not men (data not shown). This
might suggest that SEMA5A protein is a potential
gender-specific prognostic biomarker of lung cancer patients in Taiwan. Yet, in the transcriptional data, the significance level of the Cox hazard regression model was not
changed in Shedden's study (34) after adjusting by
gender, suggesting that SEMA5A was also an effective
prognostic biomarker of lung cancer in Caucasian males.
This gender discrepancy between Taiwanese and Caucasians might arise not only from ethnic differences but
also from the higher proportion of smokers among
Caucasian women. However, as described in some review
articles (7, 37, 47), the definition of nonsmokers is ambiguous and inconsistent among different studies. More
studies will be required to further evaluate whether
smoking and gender are important parameters related
to SEMA5A.
In conclusion, a comprehensive analysis of the genetic
expression profile from paired samples of normal and
cancerous lung tissue was conducted. SEMA5A was identified as a novel biomarker of lung cancer in nonsmoking
women. Furthermore, survival correlated with both transcriptional and translational levels of SEMA5A in NSCLC
patients in different ethnicities. Thus, SEMA5A may be a
potential new prognostic biomarker and treatment target
for NSCLC.
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