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Abstract

Identifying candidate genes related to complex diseases or traits and mapping their relationships require a system-level analysis at a

cellular scale. The objective of the present study is to systematically analyze the complex effects of interrelated genes and provide a

framework for revealing their relationships in association with a specific disease (asthma in this case). We observed that protein–protein

interaction (PPI) networks associated with asthma have a power-law connectivity distribution as many other biological networks have.

The hub nodes and skeleton substructure of the result network are consistent with the prior knowledge about asthma pathways, and also

suggest unknown candidate target genes associated with asthma, including GNB2L1, BRCA1, CBL, and VAV1. In particular, GNB2L1

appears to play a very important role in the asthma network through frequent interactions with key proteins in cellular signaling. This

network-based approach represents an alternative method for analyzing the complex effects of candidate genes associated with complex

diseases and suggesting a list of gene drug targets. The full list of genes and the analysis details are available in the following online

supplementary materials: http://biosoft.kaist.ac.kr:8080/resources/asthma_ppi.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Asthma is one of the most complex diseases character-
ized by specific patterns of inflammation in the airway
mucosa, infiltration of eosinophils, increased numbers of
T-helper-2 (Th2) cells relative to Th1 cells, and increased
numbers of activated mast cells (Tattersfield et al., 2002).

In addition, there are characteristic structural changes to
the airways including subepithelial fibrosis, airway smooth
muscle hypertrophy and hyperplasia, angiogenesis, and
increased mucus secretory cells (Payne et al., 2003). These
pathophysiological symptoms of asthma result from
interactions between inflammatory cells, mediators, and
inflammatory proteins that are controlled by many
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proinflammatory and cellular signaling genes (Barnes,
2004). Therefore, identifying candidate genes that could
play important roles as drug targets for asthma requires
systematic analyses of the complicated interrelations
between the genes responsible for the progress of asthma.

Various methods have been employed to identify
candidate genes to be targeted by drugs in complex
diseases (Freudenberg and Propping, 2002; Perez-Iratxeta
et al., 2002; Tiffin et al., 2005). Most of these approaches
have not extensively considered the molecular biological
pathways or the systematic interactions between compo-
nents, even though previous studies have highlighted the
importance of interactions between biological components
such as proteins and metabolic substrates (Jeong et al.,
2000, 2001). Hub proteins having numerous interactions
with other proteins are strongly related to the lethality of
an organism. The complicated interactions and identifying
hub nodes or central nodes can be analyzed by representing
the components and their relations in a network.

In this paper, we introduce a new approach involving the
network analysis of disease-related protein–protein inter-
actions (PPIs) that we have applied to asthma. We adopted
PPIs in constructing a biological network since proteins
execute nearly all cell functions associated with enzymes,
channels, and transporters (Alberts et al., 2002). The
systematic approach proposed here is useful for analyzing
the complex effects of these genes and building a frame-
work of such relations to genes associated with asthma.

2. Materials and methods

Our protocol involved three main steps: (1) finding
candidate genes from the literature database and analyzing
the results of microarray experiments; (2) using these genes
and PPI information to construct PPI networks; and (3)
analyzing these networks qualitatively by visualization.

2.1. Finding candidate genes

Genes associated with asthma were found by searching
the Online Mendelian Inheritance in Man (OMIM)
database, considered to be more authentic than published
papers (Hamosh et al., 2005), with a keyword ‘asthma’ and
from the differentially expressed genes of microarray
experiments of the Gene Expression Omnibus (GEO)
database (Edgar et al., 2002). In the GEO database, all
the data from microarray experiments related to asthma
were used: GEO series (GSE) 470 and GSE473. The
GSE470 (HG_U95a, Affymetrix) experiment is a compar-
ison of epithelial cells derived from asthmatic and normal
airways, and the GSE473 experiments (HG_U133a and
HG_U133b, Affymetrix) are investigations of CD4+
lymphocytes from patients with and without atopy in
combination with asthma. We used combined gene
expression data since we wanted to construct a total
framework network of asthma, and not one that reflects
only the active status. The Wilcoxon rank-sum test was

used to extract the significant genes associated with asthma
from the microarray experiments (Walpole and Myers,
1993). The microarray data we used do not follow the
normal distribution, as checked by a quantile–quantile
plot and a Pearson chi-square normality test (Moore,
1986; Thode Jr., 2002). The Wilcoxon rank-sum test
is a nonparametric test of the equality of means of two
samples that are non-normal, and it appears to be a robust
choice for microarray data since it operates on rank-
transformed data (Walpole and Myers, 1993; Troyanskaya
et al., 2002). We selected genes for which the probabi-
lity value was po0.05. The list of the selected genes is
provided on the online supplementary materials with their
references.

2.2. PPI networks

The construction of the PPI networks associated with
asthma was based on the protein expressed from a gene
being a functional molecule in a biological system.
Although the mRNA expression level does not necessarily
represent the true protein abundance, several studies have
found mRNA and protein expression levels to be
correlated (Griffin et al., 2002; Cardozo et al., 2003;
Greenbaum et al., 2003; Mijalski et al., 2005). Therefore,
we chose the proteins as nodes of the network correspond-
ing to candidate genes obtained from the OMIM and GEO
microarray data, and then adopted the PPIs between
candidate proteins as links, which were extracted from the
Human Protein Reference Database (HPRD) (Peri et al.,
2004) during April 2005. The HPRD provides human PPIs
found from researching of biological research papers. The
reliability and quality of the interactions were ascertained
by the subcellular localization information of SwissProt
(http://www.ebi.ac.uk/swissprot).

2.3. Network analysis

The following measurements were used to reveal target
proteins that play important roles in the network: (1)
degree (or connectivity); (2) the betweenness centrality
(BC); (3) the edge BC; and (4) the closeness centrality (CC).
The degree tells us how many links a node has to other
nodes and the degree distribution is obtained by counting
the number of nodes with a given degree and dividing by
the total number of nodes. The degree distribution reveals
a relatively small number of highly connected nodes that
are known as hubs and they play a major role as a local
property in the network (Barabasi and Oltvai, 2004). On
the other hand, the BC was measured to find non-hub
proteins that still play important roles as a global property
since the BC is a useful measurement for detecting
bottlenecks in a network. For node k BC is defined as

bðkÞ ¼
X

i;j

bi!jðkÞ ¼
X

i;j

gk
i!j

gi!j

,
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where gi-j is the number of shortest geodesic paths from
node i to node j, and gk

i!j is the number of geodesic paths
among gi-j from node i to node j that pass through node k

(Freeman, 1977; Brandes, 2001). Since we have to
investigate all nodes of the network to calculate the BC,
it has global properties in the network compared to the
degree that can be obtained by investigating its nearby
nodes, and therefore has local properties. The edge BC is
defined in the same way as BC, but refers to an edge rather
than a node, and the CC is the inverse of the network
diameter defined as the average number of hops (jumps)
through the shortest geodesic paths from node k to all
other nodes. The diameter characterizes the ability of two
nodes to communicate with each other: the smaller the
diameter (the larger CC) is, the shorter is the expected path
between them. Therefore, a large CC indicates that the
node is close to the topological center of the network
(Sabidussi, 1966; Freeman, 1977).

From the results of network analysis, we chose the high-
degree nodes and high-centrality (BC and CC) nodes as the
key nodes that are considered playing an important role in
a network. Half of the maximum degree of the network
was used as the critical point of high-degree nodes. The
selected key nodes are about 10% of the largest connected
cluster of the network. All key nodes are connected to each
other by a link that has a large edge BC, and they form a
skeleton of the network (Kim et al., 2004).

2.4. Biological function analysis of asthma

The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database was searched to elucidate the
function of target proteins in the biological pathway
(Ogata et al., 1999), gene ontology (GO) information being
used to translate lists of candidates into the associated
biological phenomena (Harris et al., 2004). The statistical
significance of each biological process (i.e., the probability
value) was estimated by adopting the core algorithm of
Onto-Express (Draghici et al., 2003) according to

p ¼ 1�
Xx�1
i¼0

K

i

� �
M

N

� �i

1�
M

N

� �K�i

.

Let us consider a microarray involving N genes that are
in one of two biological processes: F and non-F and among
N genes, M genes are F. A subset of K genes is selected, and
we observe that x of these K genes are F and want to
determine the probability of this happening by chance. The
probability that a certain category occurs x times just by
chance in the list of differentially regulated genes is
appropriately modeled by a hypergeometric distribution
with parameters N, M, and K (Tavazoie et al., 1999). Based
on this, the probability of having x genes or fewer in F can
be calculated by the summation of the probabilities of a
random list of K genes having from 1 to x genes of category
F. It is well known that the hypergeometric distribution
tends to the binomial distribution when N is large.

Therefore, if a binomial distribution is used, the probability
of having x genes in F in a set of K randomly picked genes
is given by the classic formula for a binomial probability:
the probability of extracting a gene from F is estimated by
M/N, the ratio of F genes present on the microarray
according to the above formula (Draghici et al., 2003).

3. Results and discussion

3.1. PPI network of asthma

We constructed two types of PPI network: a core
network and an extended network. The nodes of the core
network represent asthma-associated candidate proteins
corresponding to genes obtained from a text database and
microarray data, and the links between the nodes represent
the PPIs. The nodes of the extended network represent not
only candidate proteins but also interacting proteins, with
the links again representing interactions.
The core network comprises 606 nodes: 269 isolated

nodes and 337 nodes in 28 clusters, with the largest cluster
containing 269 nodes. These clustered 337 nodes are
connected via 406 PPIs, which corresponds to an effective
mean degree of 2.4. Degree is the number of nearest
neighbors of a node and effective mean degree is the average
degree of all nodes except isolated ones. A search of a text
database yielded 107 nodes, and 506 nodes were obtained
from differentially expressed genes of microarray experi-
ments; 7 nodes overlapped in both methods. The 337 nodes
of the core network are illustrated in Fig. 1a, where the color
of each node represents the subcellular location, indicating
whether the PPIs are reliable based on the proximity of two
interacting proteins. The extended network comprises 2438
nodes and 4029 links, with a mean degree of 3.3. The
network comprises 78 clusters, including a single giant
cluster that contains 2256 (92.5%) nodes.
Our PPI network associated with asthma includes

several known signaling pathways of asthma (Amrani et
al., 2000; Litonjua et al., 2005; Kabesch et al., 2006;
Nakashima et al., 2006). First, signals from ADRB2 are
delivered to various key molecules: PRKCE, PRKACA,
MAPK1, and MAPK3. In this pathway, PRKCE causes
airway hyper-responsiveness, PRKACA causes a relaxa-
tion to breathe, and MAPK1 and MAPK3 cause airway
remodeling (Litonjua et al., 2005). This pathway is
indicated with a black arrow in Fig. 1a. Second, the
TLR4 signaling pathway controls an immune response
through MYD88 and IRAK1 (Nakashima et al., 2006).
The core network (Fig. 1a) contains the only interaction
between TLR4 and MYD88 but the extended network
includes its signaling pathway. Third, ILs activate the
JAK-STAT pathway (Jiang et al., 2000; Kabesch et al.,
2006). Since it is a well-known pathway to induce
inflammation in asthma (Pernis and Rothman, 2002), we
describe its mechanism revealed in our PPI network.
In our PPI network, IL4, IL13, and IL9 interact through

their receptors with JAK1, which is a component of the
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JAK-STAT pathway. This pathway provides one of the
most direct routes of signaling ligands from cell-surface
receptors to the nucleus, and recruits several genes related
to the induction of allergic inflammation (Alberts et al.,
2002); the signaling ligands are interferons, hormones, and
ILs (including IL4, IL13, and IL9) (Darnell et al., 1994).
IL4, IL13, and IL9 are all proinflammatory cytokines
(Barnes, 2004). IL4 induces eosinophilic inflammation and
promotes the differentiation of Th2 cells, acting at a
proximal and crucial point in the allergic response (Gavett
et al., 1997). IL13 and IL4 are closely related cytokines
because they share a surface receptor, IL4R alpha (Jiang
et al., 2000). IL13 produces immunoglobulin E (IgE) from
B lymphocytes (Wills-Karp et al., 1998). IL9, a Th2
cytokine, enhances mast-cell mediator release and IgE
production, and induces mucus hypersecretion (Levitt
et al., 1999). Our resulting network, shown in Fig. 1a,
contains these ILs and the JAK-STAT pathway (indicated
by the black arrows).

3.2. The key nodes of PPI network of asthma

Both the core and extended networks follow a power-law
(DðkÞ�k�g) degree distribution (Fig. 1b), where g is
the degree exponent and � indicates ‘proportional to’

(Barabasi and Oltvai, 2004). Our results are consistent with
other researchers’ results of other biological networks
(Pastor-Satorras et al., 2003; Lee et al., 2006; Diao et al.,
2007; Kim and Jeong, 2007). Moreover, we checked that
the overall source PPI network also follows a power-law
degree distribution with the exponent about �1.8 (Stelzl
et al., 2005), which is similar with the exponents of our
sampled networks: the exponent of the extended network is
2.0 (standard error ¼ 0.1 and coefficient of determination
R2
¼ 0.94) and that of the core network is �2.1 (standard

error ¼ 0.2 and R2
¼ 0.91) by the least square fit (Son and

Jeong, 2006; Kim and Jeong, 2007). Therefore, the overall
PPI network and our two sampled networks have
characters of scale-free networks whose degree distribution
approximates a power law.
With the same number of nodes and links, the

probability that a node is highly connected is statistically
more significant in a scale-free network than in a random
graph. The properties of such a network are often
determined by a relatively small number of highly
connected nodes, which are called hubs (Barabasi and
Oltvai, 2004). Therefore, in a scale-free network, the
hubs are more important than other less connected nodes.
The fact that the hub proteins in the cell are the most
important for its survival was verified in a Saccharomyces

ARTICLE IN PRESS

Fig. 1. Topological view of the asthma network. (a) The core network of the PPIs of asthma. The black arrows indicate the routes of the JAK-STAT

pathway activated by interleukins, ADRB2 pathway, and TLR4 pathway. The color of the nodes represents the subcellular location of proteins as follows:

nuclear proteins (red), proteins moving through the nuclear membrane (orange), cytoplasmic proteins (yellow), cellular membrane proteins and proteins

moving through the cellular membrane (green), and extracellular proteins and peripheral membrane proteins (blue). White represents proteins for which

there is no information on their subcellular locations. Mitochondrial and Golgi organelle proteins are not colored. Detailed information of the localization

of proteins is available in the online supplementary materials. And the graph rendering software is Pajek (Batagelj and Mrvar, 1998). (b) The degree

distributions D(k) of the extended and core networks follow a power-law degree distribution, where the dotted line indicates an exponent of �2.

S. Hwang et al. / Journal of Theoretical Biology 252 (2008) 722–731 725
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cerevisiae PPI network (Jeong et al., 2001). In the
simulation of attack tolerance of complex networks, when
hub nodes were attacked, the scale-free network was

broken into many isolated fragments (Albert et al., 2000).
In the asthma core network, we also found the same
results. When we removed the 13 largest degree nodes
(about 4%) among all nodes, the largest cluster with 269
nodes broke into 68 fragments among which the largest one
had only 24 nodes.
The hub nodes and nodes with a large BC are

summarized in Table 1. The BC is used to determine the
global central node. The effect of removing nodes of a large
BC is similar to that of removing hub nodes because nodes
with a large BC are usually hub nodes (Son et al., 2004).
However, when nodes with a large BC and a small degree
are removed, the network was broken into several modules,
not many isolated fragments (Girvan and Newman, 2002).
Although they are not hub nodes, they have a role to
connect several modules like a bridge in a network.
Therefore, we used the BC to determine key nodes. We
confirmed that the hub and large-BC nodes are located in
the topological center of the network by examining their
CC. A skeleton is formed from the hot links (which have a
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Table 1

Hub nodes and nodes with large betweenness centrality (BC)

Gene Hub node Large-BC node

SRC Yes Yes

GNB2L1 Yes Yes

RB1 Yes Yes

STAT1 Yes

CCR5 Yes

VAV1 Yes

MAPK1 Yes

PTPRC Yes

BCAR1 Yes

A hub node is statistically significant in a scale-free network, and a node

with a large BC is near the global center of a network. SRC, GNB2L1, and

RB1 are hub nodes that have a large BC.

Fig. 2. The key nodes of the core asthma network and the skeleton of the core network of the PPIs of asthma. Each node represents a protein, where the

node name follows the name of the gene for convenience. The yellow, lavender, and hot-pink bubbles are proteins that are in the nucleus, cytosol, and

moving into nuclear membranes, respectively. Therefore, the hot-pink proteins link the networks present in the nucleus and cytosol.

S. Hwang et al. / Journal of Theoretical Biology 252 (2008) 722–731726
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large edge BC) that connect the key nodes of the hubs and
large-BC nodes (Kim et al., 2004). Fig. 2 is a schematic
diagram of the key nodes from the core network of asthma
using only the hot links.

The key nodes play an important role in constructing the
network with hot links. The roles of the key nodes of our
PPI network are cellular proliferation, maintenance, and
communication (Fig. 2). The cellular proliferation is
controlled by three genes: NFKB1, CREBBP, and RB1
(Martinon et al., 2000; Alberts et al., 2002; MacPartlin
et al., 2005). NFKB1 is a proinflammatory signaling
molecule that is associated with cell survival (Martinon
et al., 2000). CREBBP plays a role in controlling G1 arrest
in the cell cycle, with RB1 controlling the cell cycle (Alberts
et al., 2002; MacPartlin et al., 2005). SRC and BCAR1 in
the focal adhesion pathway play roles in cell maintenance
(Lee and Juliano, 2004; Mitra et al., 2005). With dynamin,
CBL forms a SRC kinase-sensitive complex that is
important in the assembly and remodeling of the actin
cytoskeleton in cell communication (Bruzzaniti et al.,
2005). The MAPK signaling pathway and SRC also play
roles in cell communication (Alberts et al., 2002).

The results of searching the KEGG pathway database
and analyzing GO annotation information of two sets of
microarray data also agree with the above results. KEGG
pathways are related to several aspects of cell communica-
tion and signal transduction: MAPK signaling, JAK-
STAT, calcium signaling, tight junctions, adherens junc-
tions, and focal adhesion. The GO analysis was applied to
509 genes extracted from two sets of microarray data (GSE
470 and GSE473). In all microarrays, the signal transduc-
tion and cellular physiological processes are highly
significant (see Table 2). For example, the metabolism
and regulation of physiological processes are significant in
the GSE473 (HG_U133b array) and GES470, neurophy-
siological processes are significant in the GSE473

(HG_U133b array), and development is significant in the
GSE470.

3.3. Putative target genes for asthma

The protein nodes in a biological network do not play an
equally important role: hub proteins in the cell are the most
important for its survival and the communication of
protein nodes (Albert et al., 2000; Jeong et al., 2001).
Since the degree and the BC reflect the local and global
importance of the node, respectively, both variables need
to be measured in order to find target genes. Therefore, we
hypothesize that the nodes corresponding to target genes
with large degrees and large BC have especially important
roles in biological systems.
We identified seven nodes as target genes: SRC,

CREBBP, MAPK1, GNB2L1, VAV1, CBL, and BRCA1.
In Table 3, we confirmed that these proteins are both
biologically important and related to asthma by checking
the relevant literature for PPIs with known asthma drug
targets (Kurosaki et al., 1994; Turki et al., 1995; Luttrell
et al., 1999; Yarwood et al., 1999; Mullen et al., 2001;
Barnes, 2004). Among them, CREBBP, VAV1, and CBL
are so-called date hubs that participate in a wide range of
interconnections required for the global organization of
biological modules in the entire proteome network (Han
et al., 2004). The remaining four proteins could not be
confirmed as either party hubs or date hubs because the
sets of microarray data did not provide the correlation
values of the PPIs for each hub. Party hubs represent
integral elements within distinct modules (Han et al., 2004).

ARTICLE IN PRESS

Table 2

Gene ontology analysis of genes extracted from microarray data

Biological process p-Value GSE473

GSE470 (HG_U133a) (HG_U133b)

Cellular process 1.0E–6 1.0E–6 1.0E–6

Cell communication 1.0E–6 1.4E–3 1.0E–6

Signal transduction 2.6E–4 4.4E–3 1.0E–6

Cellular physiological

process

1.0E–6 1.9E–4 1.0E–6

Development 1.0E–6 8.5E–4 7.7E–3

Metabolism 1.0E–6 Not significant 1.0E–6

Regulation of

biological process

1.0E–6 3.5E–2 1.0E–6

Neurophysiological

process

Not

significant

Not significant 9.7E–4

Gene Ontology information was used to translate lists of genes

differentially expressed in the microarray data of asthma patients into

pertinent biological phenomena. The following three microarrays were

analyzed: HG_U133a, HG_U133b, and HG_95a.

Table 3

The nodes corresponding to the target genes with a large degree and large

BC

Gene Description Drug target

SRC ADRB2 binds beta-arrestin-1,

which then binds SRC at its amino

terminus

SYK

CREBBP Flow cytometric analysis showed

that IL12 enhances and prolongs

interferon gamma expression in

Tbet-differentiated Th1 cells

through an interaction with

CREBBP

MAPK1 A key molecule of the MAPK

signaling pathway

GNB2L1 GNB2L1 plays a very important

role in the network, interacting

with key proteins in signaling such

as protein kinase C, JAK1,

STAT1, and SRC

IL 4 receptor,

PDE4D

VAV1 Vav1 oncogene

CBL Ubiquitin ligase

BRCA1 Tumor suppressor NFKB1

If a target gene has links to already known drug-target genes of asthma as

nearest neighbors, the genes and their descriptions are noted in the third

column.

S. Hwang et al. / Journal of Theoretical Biology 252 (2008) 722–731 727
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As well as target proteins, there are six interesting
protein nodes that are not important or do not appear in
the core network but which are large-BC nodes in the
extended network: GRB2, EGFR, PCNA SP1, PRKDC,
and VIL2 (Table 4). While they are not central proteins in
the core network, they are important in the communication
and connections between both well-known and unknown
proteins, and they could be useful in identifying other
candidate target genes.

3.4. The biological importance of putative target genes for

asthma

We identified seven nodes as target genes (SRC,
CREBBP, MAPK1, GNB2L1, VAV1, CBL, and BRCA1)
and six nodes as interesting genes (GRB2, EGFR, PCNA,
SP1, PRKDC, and VIL2). The biological importance of
the three target proteins is as follows: SRC relays the
activating signaling pathway. ADRB2 agonists are the
most widely used agents in the treatment of asthma, and a
single-nucleotide polymorphism of ADRB2 (ARG16GLY)
is genetically susceptible to nocturnal asthma (Turki et al.,
1995; Barnes, 2004). Activated ADRB2 binds beta-arrest-
in-1, which then binds SRC at its amino terminus. This
interaction allows for beta-2-adrenegic activation of

MAPK1 and MAPK3 (Luttrell et al., 1999). In addition,
SRC interacts with SYK, which is an asthma drug target
(Kurosaki et al., 1994; Barnes, 2004). SYK is pivotal in the
signaling of the high-affinity IgE receptor in mast cells
(Barnes, 2004). Through interaction with CREBBP, IL12
enhances and prolongs interferon gamma expression in
Tbet-differentiated Th1 cells. Tbet is the Th1-specific
T-box transcription factor that controls the expression of
the Th1 cytokine, interferon gamma (Mullen et al., 2001).
Therefore, we consider that SRC, CREBBP, and MAPK1
play biologically important roles in the asthma pathway in
accordance with our hypothesis.
GNB2L1 has an especially important role in our PPI

network. It interacts with key proteins in signaling such as
protein kinase C, JAK1, STAT1, and SRC, and also with
asthma drug targets: IL4 receptor and PDE4D (Yarwood
et al., 1999; Usacheva et al., 2003). PDE4 inhibitors may be
employed in anti-inflammatory treatment in asthma,
particularly as there is some evidence for the overexpres-
sion of PDE4 in atopic patients (Barnes, 2004). GNB2L1
appears to play key roles in interacting with key proteins
and asthma drug targets with many links and, moreover, it
exhibits large degree and BC. However, research on the
association of GNB2L1 with asthma is yet to be reported.
Accordingly, it would be valuable to investigate the
function of GNB2L1 in the asthma pathway. As for
SRC, CREBBP, MAPK1, and GNB2L1, we consider that
VAV1, CBL, and BRCA1 are important proteins despite
them having received relatively little attention in asthma
research. Therefore, we contend that these four proteins—
VAV1, CBL, BRCA1, and GNB2L1—are also important
target proteins in the asthma pathway, and should be
investigated further.
The two interesting genes, GRB2 and EGFR, do not

appear in the core network but are incorporated in the
extended network through PPIs and have a large BC. The
adaptor protein GRB2 is utilized in IL5 activation of a
signal transduction pathway in human eosinophils (Bates
et al., 1998). In addition, GRB2 interacts with ADRB2 and
CD28, which are asthma drug targets (Karoor et al., 1998;
Okkenhaug and Rottapel, 1998; Barnes, 2004). EGFR was
reported as an asthma-related gene and its transactivation
through chemokine receptor 3 is a critical pathway that
elicits MAPK activation and cytokine production in
bronchial epithelial cells (Adachi et al., 2004; Malerba
and Pignatti, 2005). Even though GRB2 and EGFR did
not appear in the core network, we considered them as
target nodes that were identified during the analysis of the
extended network. It has been confirmed that GRB2 and
EGFR are related to asthma signaling due to PPIs with
asthma drug targets (Bates et al., 1998; Karoor et al., 1998;
Okkenhaug and Rottapel, 1998; Adachi et al., 2004;
Barnes, 2004; Malerba and Pignatti, 2005).
Similar to GRB2 and EGFR, the expression of

PCNA is correlated with the epithelium thickness in
corticosteroid-dependent asthmatic subjects, and the ex-
pressions of PCNA, NFKB, and CD40-L are higher in
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Table 4

There are six interesting nodes that are not important or do not appear in

the core network, but have a large BC in the extended network

Gene Description Drug target

GRB2 IL5 activates a signal transduction

pathway utilizing the adaptor

protein GRB2 in human eosinophil

ADRB2, CD28

antigen

EGFR EGFR was reported as an asthma-

related gene and its transactivation

of EGFR through CCR3 is a critical

pathway that elicits mitogen-

activated protein kinase activation

and cytokine production in

bronchial epithelial cells

PCNA In response to DNA damage, this

protein is ubiquitinated and is

involved in the RAD6-dependent

DNA repair pathway.

SP1 Phorbol 12-myristate 13-acetate

induces MUC5AC respiratory

mucin in human bronchial epithelial

cells, via SP1-dependent

mechanisms

PRKDC LYN

VIL2 This protein serves as an

intermediate between the plasma

membrane and the actin

cytoskeleton. It plays a key role in

cell surface adhesion, migration,

and organization

ICAM1, VCAM1

If an interesting gene has links to already known drug-target genes of

asthma as nearest neighbors, the genes and their descriptions are noted in

the third column.
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these subjects than in inhaled corticosteroid-treated asth-
matic, untreated asthmatic, and control subjects (Vignola
et al., 2001). In the case of SP1, phorbol 12-myristate
13-acetate induces MUC5AC respiratory mucin in human
bronchial epithelial cells, via SP1-dependent mechanisms
(Hewson et al., 2004). PRKDC interacts with the asthma
drug targets LYN (Kumar et al., 1998). VIL2 also interacts
with the asthma drug targets ICAM1, and VCAM1
(Kumar et al., 1998; Barreiro et al., 2002; Barnes, 2004).
Therefore, we suggest that PCNA, SP1, PRKDC, and
VIL2 as well as GRB2 and EGFR constitute useful target
proteins for asthma research.

3.5. Dependence on prior knowledge

To extract candidate proteins related to asthma, our
approach requires both the OMIM database to be read and
experimental results (microarray data) to be obtained in
order to decipher the entire interaction structure. When we
constructed the asthma network using only microarray
data (i.e., without OMIM data), the single giant cluster was
fragmented into several parts. This fragmentation also
occurred when constructing the network with only protein
nodes found from OMIM. Furthermore, constructing the
network from the microarray data alone reduced the
number of nodes from 2438 to 2153 (88.3%). To examine
the dependence on the data, we investigated how many
nodes overlapped with OMIM data when the network was
constructed with only microarray data: there were 45
(42.1%) overlapped nodes among the 104 nodes that were
already known in the OMIM database. Eleven of the
remaining 62 genes were not tested in the microarray
experiments, and the others were not significant since their
probability values were larger than the significant level.
Therefore, we believe that our systematic combined data
analysis method can shed new light on asthma.

4. Conclusions

We have extracted data related to asthma—text data
from the OMIM database, microarray experiments from
the GEO database, and PPIs from the HPRD—and
subsequently constructed PPI networks that displayed
degrees with a power-law distribution, with an exponent
of approximately �2. The PPI networks represent the well-
known knowledge, such as the proinflammatory and
cellular proliferation signaling pathways of asthma. Apply-
ing the network analysis to the constructed networks
revealed putative target genes (SRC, CREBBP, MAPK1,
GNB2L1, VAV1, CBL, and BRCA1) and other genes
(GRB2, EGFR, PCNA, SP1, PRKDC, and VIL2) that are
biologically significant and topologically centered in
asthma networks. Putative target genes with a large degree
and a large BC are locally and globally important nodes in
the core network. They play biologically important roles in
the asthma network like relaying the activating signals
along the pathways. Other genes do not appear in the core

network but they have a large BC in the extended network.
While they are not central nodes, they play important roles
in the communication and connections between both well-
known drug targets and unknown genes.
The network approach has these advantages: it easily

represents the complex relationship of proteins by PPI
links, helping us to understand how signaling pathways
associated with a disease are connected, and making it
possible to find disease target genes such as putative target
genes and other genes by network analysis. Therefore, this
network approach represents an alternative method for
analyzing the complex effects of candidate genes that are
related to complex diseases, and is also useful in identifying
target genes for research into new drug targets.
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