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Virus entry is a multistep process that triggers various cellular pathways that interconnect into a complex network; yet the
molecular complexity of this network remains largely elusive. Here, by employing systems biology approaches, we reveal a systemic
virus-entry network initiated by human cytomegalovirus (HCMV), a widespread opportunistic pathogen. This network contains
ten functional modules (i.e., groups of proteins) that coordinately respond to HCMV entry. Functional modules activated (up-
and downregulated) in this network dramatically decline shortly within 25 minutes post infection. While modules annotated
as receptor system, ion transport, and immune response are continuously activated during the entire process of HCMV entry,
those annotated for cell adhesion and skeletal movement are specifically activated during viral early attachment. The up-regulated
network contains various functional modules, such as cell surface receptors, skeletal development, endocytosis, ion transport,
and chromatin remodeling. Interestingly, macromolecule metabolism and chromatin remodeling module predominates this over-
expressed system, suggesting that the fundamental nuclear process modulation is one of the most important events in HCMV
entry. The entire up-regulated network is primarily controlled by multiple elements like SLC10A1. Thus, virus entry triggers
multiple cellular processes especially nuclear processes to facilitate its entry.

1. Introduction

For decades, intensive studies on individual genes and path-
ways involved in virus entry have successfully provided us
with an unprecedented wealth of molecular detail on how
component proteins respond to virus entry [1]. Quite unex-
pectedly, however, drugs targeting individual components of
specialized pathways identified in single-component studies
not only failed to control virus infection but also caused huge
unexpected side-effects [2]. Clearly, virus entry is not simply
the result of a single activated gene or pathway but a complex
network of various cellular pathways and its components.
Many proteins and pathways are continuously cross-talking
to coordinate cellular signals during each step of virus
entry, such as virus attachment, interaction with receptors,
signaling, membrane fusion, and endocytosis. Nevertheless,
the global picture on how these proteins interact with each
other to permit virus entry into cells remains incomplete.
In particular, very little is known about the systemwide net-

work and functional modules involving virus entry. This
type of knowledge is the initial step towards completely
elucidating the complexity of virus entry and developing
efficient treatments to prevent virus spread to other cells.

Human cytomegalovirus (HCMV) is a ubiquitous op-
portunistic pathogen with diverse genomes [3] that causes
fatal or permanently debilitating disease in immunologically
compromised individuals and neonates. Particularly at risk
for infection with this virus are AIDS patients, cancer
patients, organ or tissue transplant recipients undergoing
immunosuppressive therapy, infants, fetuses, and the elderly.
More recently, the virus has also been implicated in tumori-
genesis [4], and the etiology of circulatory diseases, most
notably, atherosclerosis [5].

HCMV entry into cells activates (up- and downregulates)
a variety of signaling pathways and multiple cellular recep-
tors. HCMV attachment/entry during 5 to 25 min post infec-
tion (PI) triggers components and pathways linked to recep-
tor tyrosine kinase, mitogen-activated protein (MAP) kinase
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signaling, cytoskeletal rearrangement, transcription factors,
prostaglandins, and cytokines [6]. In particular, HCMV
entry activates epidermal growth factor receptor (EGFR),
avb3 integrin (a2ß1, a6ß1, and avß3), platelet-derived
growth factor receptor-alpha (PDGFRα), and their signaling
pathways [7–12], which play important roles in HCMV
entry. Therefore, EGFR, PDGFRαm, and avb3 integrin have
been proposed as HCMV receptors [7–12]. However, EGFR
is not expressed on all HCMV-permissive cell types that
are efficiently infected by HCMV. In addition, EGFR might
not be essential for all HCMV entry [8]. Integrins likely
play a role in downstream events during HCMV entry [7–
10]. The extent of conservative role of PDGFRα in HCMV
entry remains to be characterized. In vivo, HCMV can infect
almost every organ system and tissue type [6, 8, 13], and
in vitro HCMV can promiscuously penetrates diverse cell
lines with varying receptors. Together, these findings suggest
that HCMV entry activates multiple proteins interacting into
a network that remains largely elusive. Elucidating such an
HCMV entry network could provide valuable insights into
the mechanism of virus entry in general.

In this study, we used systems biology approaches as we
previously reported [14] to systematically elucidate a com-
prehensive systemic network triggered by HCMV entry. Our
work provides a conceptual framework to further understand
the fundamental molecular basis of virus entry.

2. Results

2.1. A Comprehensive Protein-Interaction Network Linked
to HCMV Entry. To systematically decode the systemic
network activated by HCMV entry, we first utilized systems
network approaches expended from our previous report
[14] to search published databases for human physical
and functional protein-protein interactions known to date
(Section 4). These interactions were then combined into
a systemic protein-interaction network database, which
currently comprises 6651 nodes (proteins) and 64392 edges
(interactions) (Figure 1(a), see Table S1 in Supplementary
Material available online at doi:10.1155/2011/262080). The
interactions (edges) include 12 types of interactions. For
example, coexpression represents that source gene and
targeted gene have coexpression relationship extracted from
database (see Section 4 for database we used in this study).

To examine the overall architectural features of this net-
work, we analyzed overall node degree distribution, which
represents the possibility of nodes having a given degree, and
the number of incident edges to a given node. The node
degree distribution of our network decreases with degree
and approximates a power law (Figure 1(b)), indicating that
our network is a scale-free network, which is proposed as a
universal network framework in biology networks [15–17].
In addition, we also calculated the average of the clustering
coefficient C(k) distribution, which describes how nodes
link to others via their K neighbor to form clusters or
groups. C(k) also diminishes with the increase in number
of neighbors (Figure 1(b)), indicating that our network is a
hierarchical network [15–17] predominated by hubs (highly

connected proteins) and bottlenecks, which are nodes with
many shortest paths going through them analogous to key
bridges that link subnetworks to a whole map network [18].
Both hubs and bottlenecks are likely to play essential roles in
this type of networks [15–18]. These distribution properties
of our network are similar to other biological networks
previously reported [15–17].

2.2. HCMV Entry Activates a Complex Systemic Network.
After constructing the comprehensive network database,
we next enriched the network (Figure 1) with genes sig-
nificantly altered by HCMV attachment and entry. Genes
were extracted from genomewide transcriptome significantly
altered by HCMV infection at 5 min and 25 min, respectively
of human primary foreskin fibroblasts, a common cell line
used as a model of HCMV infection (Section 4). A total
of 408 and 240 genes were obtained at 5 min and 25 min
PI, respectively (Supplementary Table S2-S3). The enriched
network became a systemic network activated by HCMV
attachment and entry, and it was further decomposed
into functional modules in basis of network topology and
gene functions (Section 4). A total of 7 functional modules
(Figure 2) were activated at 5 min PI, including phosphoryla-
tion, intercellular junction assembly, iron transport, cell dif-
ferentiation, vesicle-mediated transport, immune response,
chromatin disassembly and macromolecule metabolism, cell
communication, and signal transduction. At 25 min PI,
3 functional modules were activated, including immune
response, transmembrane receptor protein tyrosine kinase
signaling pathway, and sodium ion transport. While modules
of receptor system, ion transport, and immune response
dominated the entire process of HCMV entry, cell adhesion
and skeletal movement were featured at 5 min PI and
immune response predominated in the network at 25 min PI
(Figure 2).

This rapid decrease in the number of activated genes
from 408 (5 min PI) to 240 (25 min PI) (Supplementary
Table S2-S3) within a very short time interval after HCMV
infection, and the decline in network modules (from 7
to 3) fit the normal model of early cellular response to
infection [6], in which activation of cellular signaling peaks
immediately in response to infection, then rapidly declines
dramatically.

2.3. A Systemic Upregulated Network Involved in HCMV
Entry. Genes that are downregulated could play an impor-
tant role in HCMV attachment and entry, but the key
receptor system, in particular, should be upregulated during
these stages of infection [7–9]. Since the network comprising
downregulated genes did not have any characterized func-
tions (Supplementary Figure S1), we focused on a systemic
upregulated network containing 123 genes (Supplementary
Table S4) that were extracted from Figure 2 above with
upregulation at both time points (5 min and 25 min PI).
This upregulated network was decomposed into 7 functional
groups (P < .05 based on GO term enrichment), includ-
ing macromolecule metabolism and chromatin remod-
eling, signal transduction, cell surface receptor pathway,
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Figure 1: A comprehensive regulatory network linked to HCMV entry. The network was constructed by using protein-protein binding
database and protein functional database (see text and Section 4 for details). The insert shows a zoomed portion of entire network. The
colors of nodes (proteins) and edges (interactions) represent gene expression levels (red color-upregulation, green color-downregulation
compared with mock-control) and edge sources, respectively. The same color strategy for nodes and edges will be used for all figures in this
study unless otherwise specified. Also shown are entire network properties, including node degree distribution that approximates a power
law, P(k) ∼ k−γ (γ = 0.95 in our network), and C(k) distribution, average clustering coefficient that measures the tendency of nodes to form
clusters, which decreases with the number of neighbors.
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Figure 2: Systemic networks and functional modules activated by HCMV attachment and entry. The complete network activated by HCMV
entry is listed in Supplementary Tables S2 and S3. Only parts of entire networks are shown for clarity. (a) Functional modules activated at
5 min PI; (b), activated network at 25 min PI.

skeletal development, immune response, endocytosis, and
ion transport (Figure 3). Consistent with previous reports
about HCMV entry [6, 7, 13], the network includes many
known pathways and their components upregulated by
HCMV entry. Such pathways include receptor- like EGFR
in the receptor group, mitogen-activated protein kinase-like
MAPK10 in the signaling group, components for cytoskeletal
rearrangement in the skeletal group, transcription factors
located in the nucleus, cytokines located in the extracellular
space, and components for calcium transport in the ion
transport group.

Importantly, our network also revealed a systemic view
of the HCMV-upregulated system, in which genes are
clustered into multiple functional groups of varied path-
ways, and simultaneously performing various functions and
bioprocesses during HCMV infection. For example, the
upregulated pathway group contains 18 different upregulated
components (EGFR, TP73L, CCR5, OR1A1, TCF4, AVPR1B,
RELA, GLP1R, GNAO1, SOST, ADRA1A, GNG4, DGKA,
PRB4, NRP1, DOK2, SORCS2, PTPRS), the skeletal group
14 components (DLX2, BAPX1, SGCA, LMO2, HOXA2,
IBSP, COL9A2, RUNX1, EGR1, ANKH, CSRP3, ANXA13,
NPR3, SOX6), and the ion transport group 8 compo-
nents (SLC34A2, ATP7A, TRPM1, MBP, SLC10A1, VMD2,
TRPC5, SLC17A2).

While signal transduction for cell communication and
cell adhesion dominated the upregulated network,
components for macromolecule metabolism and chromatin
remodeling were surprisingly the most abundant in the
network. Abundantly overexpressed components for
nucleic acid metabolic process (RNASE2, NASP, ZNF621,
ZNF155, POLA, ARID1B, FOXP1, TARBP1, RAD51L1,
DCP2, GATA4, TFAP2B, TRUB1, ETV6, NFIB) and
components for chromatin remodeling (NASP, ARID1B,
CHD3, and SOX1) indicated transcription activation
regulated by chromatin as one of the major bioprocesses
occurring in the human host during HCMV attachment.
These data revealed a complex HCMV-upregulated system
that comprises several functional subnetworks that are
functionally dominated by signal transduction, cell adhesion,
and transcription regulated by chromatin remodeling.

2.4. Key Proteins in the HCMV-Upregulated Network. To
identify the essential components in the HCMV upregu-
lated network, we examined the contribution of individual
components to the network by knocking out single genes
in silico, which produces the experimentally proved key
components in the network [14]. Special attention was paid
to protein components located in the extracellular space and
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Figure 3: Network upregulated by HCMV entry. Genes shown here were upregulated by HCMV entry at both 5 min and 25 min PI. Genes
are clustered into functional groups and color-coded. Only the primary functions for each gene are indicated. Nodes with red color on the
left were not able to categorize into functional groups shown here. Cellular components are shown on the left side.

cell membrane (Figure 3) because these components play
critical roles in initiating bioprocesses during HCMV entry
or serve as potential HCMV receptors. After knocking out
individual genes, we calculated the alterations in the average
number of neighbors, which describes the contribution of
individual nodes to network connectivity, and the mean
shortest path, which measures the smallest number of links
between selected nodes and essentially indicates network
diameter. Node knockouts in a network would decrease
network connectivity. Moreover, knockout of nodes that
are higher in the network hierarchy would result in greater
reduction of connectivity. As for diameter, the longer the
diameter, the less interconnectivity there is in the network.
Knocking out a hub would increase diameter because of
the loss of short paths in a network, whereas knocking out
a bottleneck would decrease diameter because the network
would be broken down and the long path that normally link
to subnetworks would be lost [14].

The top 5 to 10% of nodes are usually considered as legit-
imate key hubs in this type of scale-free biological network.
We selected the top 5 key genes out of 123 upregulated genes

(<5%) as key genes in network. Results of in silico knock out
experiments showed that the component EGFR contributed
most in network connectivity and diameter (Figures 4(a) and
4(b)), indicating that it serves as a hub (highly connected
proteins) in the HCMV-upregulated network. Similarly, IL4
(interleukin 4), KRAS (kirsten rat sarcoma 2 viral oncogene
homolog), and IBSP (integrin-binding sialoprotein) also
serve as hubs in this network activated by HCMV entry.
In contrast, whereas CLU (clusterin) and SLC10A1 are also
major contributors to network connectivity, knocking them
out resulted in a decrease in network diameter (Figures 4(a)
and 4(b)), indicating that these two components serve as
bottlenecks in this network stimulated by HCMV attachment
and entry.

To confirm in silico the consequence of knocking out
these hubs and bottlenecks, we compared the structure
of mutant and wild-type network activated by HCMV
attachment and entry (Figure 5). Hubs and bottlenecks are
important for network and knocking them out would change
the network structure, but knocking out bottlenecks would
break the network into separated parts while knocking out
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Figure 4: Contribution of individual genes to properties of the network enhanced by HCMV entry. Extracellular and membrane components
of the network enhanced by HCMV entry (Figure 3) were individually knockedout in silico, and the effects of such knock out were calculated.
Only genes with at least two direct neighbors in the network were knocked out because genes with only one direct neighbor or without
neighbors are located at the end-terminal in the network and would not significantly affect the network architecture. (a) Contribution of
individual genes to network connectivity. (b) Contribution of individual genes to network diameter.

hubs may not separate the network and may only alter
linkages of local subnetwork [18]. For example, knocking
out hub EGFR and IL4 leaves 6 genes and 1 gene apart from
the wild-type network but most of nodes originally linked
to EGFR and IL4 still link to the network although linkages
of remaining nodes in the network have been changed
(Figure 5(b)). Conversely, knocking out bottlenecks CLU
and SLC10A1 completely breaks down the entire network

into at least two independent subnetworks as highlighted in
Figure 5(b). These results indicated that both potential hubs
(EGFR, IL4, KRAS, and IBSP) and bottlenecks (CLU and
SLC10A1) identified above play in silico important roles in
the structure of the network. Further experimental data will
be required to validate these key genes in vitro and in vivo,
but recent evidences implicate their involvement in virus
infection. For example, functions of the bottleneck gene CLU
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Figure 5: Samples of in silico gene knockout in the network enhanced by HCMV entry. (a) Entire wild-type network enhanced by HCMV
entry with highlighted genes with big size to be knocked out. Blue: potential bottleneck nodes; green: potential hubs. (b) Knocking out hubs
and bottlenecks alter network structure. Knocking out hubs decreases local subnetwork linkages while most of their linked neighbors would
not affected. Highlighted in green circle are the consequences of knockout EGFR and IL4 with only 6 genes and 1 gene, respectively, affected
by knockout, but most of genes linked to EGFR and IL4 still link to the network after knockout. Conversely, knocking out bottleneck nodes
breaks down the entire network into at least two separated networks as highlighted in blue circles.
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are still unclear, but recent transcriptomic and proteomic
data demonstrated CLU as a top gene overexpressed by virus
infection [19].

3. Discussion

3.1. HCMV Entry Triggers a Systematic Network. Studies
on virus entry using traditional genetics and biochemistry
approaches have identified several viral entry pathways into
host cells [1, 7–9]. However, the molecular mechanisms
underlying virus entry remain largely elusive. We system-
atically assembled the existing databases of all pathway
components into a systemic scale-free network to elucidate
the complexity of HCMV entry (Figure 1). The advantage
of systems network approach is that it accounts for all
interactions and cross-talks among components and treats
the whole interactions as a network instead of linear
circuits explicated by conventional approaches. The cross-
talk that has been mostly ignored in conventional studies
can significantly contribute to real phenotypes [20] and they
were included in the present systemic network. The network
constructed in the present study is based on current database.
Future database updates and systemwide protein data may
slightly change the linkages in our network; moreover, our
network data need to be verified by direct experimental
evidences like those in systems biology approaches. How-
ever, the overall architecture of our network database is
not expected to change significantly because of its stable
universal features and scale-free and hierarchical structure
(Figure 1). Therefore, the network constructed in this study
can be adapted to analyze molecular mechanisms of host-
microbe interactions in general and can potentially find
application in drug discovery against virus entry.

Entry of infectious agents into host cells activates com-
plex bioprocesses [1, 21–23]. Previous studies demonstrated
that HCMV entry stimulates gene expression of various
pathway components, such as those involved in immune
response, calcium transport, and signal transduction [6–
9, 13, 24, 25]. In the present study, we systematically iden-
tified a systemic network and dynamic molecular modules
activated by HCMV entry, which includes not only genes
and pathways previously reported but also those uncovered
in the present study (Figure 2). The dynamic activations
of functional modules such as cell adhesion and skeletal
movement immediately after infection (∼5 min PI, Figure 2)
and incoherently regulated genes in most of the modules
(Figure 2) suggest that a greater complex molecular system
than thought is triggered to cope with HCMV early entry.

3.2. HCMV Entry Requires Coordinated Network Module
Interactions. Infectious agents can easily bind to cell surfaces
via chemical interactions, but with low affinity. Microbe-
specific receptors and coreceptors are required to strengthen
these bindings, but they are not likely sufficient for a
successful entry, which require subtle contributions from
other functional groups. For instance, calcium transport and
cytoskeletal movement, which are often observed during

microbe entry, are essential for surviving some receptor-
ligand interactions and play crucial roles in strengthening
microbe-attachment to cell surface [26]. Similar roles are
true for signal transduction, immune response, and chro-
matin remodeling [26]. Therefore, a highly coordinated
complex network is required for microbe entry into cells but
has not been elucidated until now [1, 22, 23, 27]. Here, our
data revealed an HCMV-upregulated network that includes
macromolecular metabolism and chromatin remodeling,
signal transduction, skeletal development, immune response,
endocytosis, and ion transport (Figure 3). Since this network
contains all pathway components known to date to be related
to HCMV entry, this network probably represents a complete
coordinated network sufficient to mediate HCMV entry.
Surprisingly, genes associated with nucleic acid metabolism
and chromatin remodeling predominated HCMV upreg-
ulated network, suggesting that cellular nucleic activity
shift is a major event during HCMV entry. Consistently,
studies demonstrated that HCMV assembles at early entry
its chromatin via activating cellular chromatin system [28].
It would be interesting to see more insights on cellular
chromatin remodeling after HCMV infection by measuring
them via high-throughput sequencing technology like CHIP-
seq.

Different microbe species utilize similar bioprocesses for
entry, but pathway components mediating these bioprocesses
usually exhibit species-specific. Particularly, cellular recep-
tors are highly species-dependent. As for HCMV, integrin
facilitates HCMV entry [7, 10, 13]. Indeed, a successful
integrin-ligand high affinity attachment depends on how
molecules underneath the membrane surface respond to
integrin-ligand adhesion [26]. Other proteins, such as focal
adhesion kinase, phosphatidylinositol phosphate kinase,
and F-actin, need to be activated before integrin recep-
tor activation [26, 29]. Overexpression of genes in the
receptor and signal transduction groups (Figure 3) might
account for the integrin activation. For example, PIP5K3
(phosphatidylinositol-3-phosphate/phosphatidylinositol 5-
kinase, type I) regulates actin cytoskeleton and focal adhe-
sion; Dok2 (docking protein 2) plays a crucial role in integrin
outside-in signaling through a physical and functional
interaction with integrin avb3; MAPK10 (mitogen-activated
protein kinase 10, MAP kinase activity) plays a key role in
focal adhesion; RAP2A (RAS related protein 2a) engages
beta2 integrins; IBSP (integrin-binding sialoprotein) inter-
acts with integrins for cell adhesion. These findings further
argue for integrins receptor network for HCMV entry.

Multiple receptors have been proposed for HCMV entry,
but they have not been unambiguously identified [6–9,
13]. Some of the 18 members of the receptor group in
Figure 3 likely act as HCMV receptors. In particular, genes
important for HCMV-upregulated network might be crucial
for HCMV entry. Generally, hubs and bottlenecks are likely
essential in a network [15–18]. By knocking out genes
in silico, we identified EGFR, IL4, KRAS, and IBSP as
hubs and CLU and SLC10A1 as bottlenecks in the HCMV
upregulated network (Figures 4 and 5). Hubs and bottlenecks
are new emerging concepts, and there is no available standard
algorithm to identify them so far. Identifications of hubs
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and bottleneck may be biased depending on the algorithm
and network resources used to construct the network. We
merged all databases in our study (Figure 1) to eliminate
database bias, and the node contributions for both network
connectivity and diameter calculated here (Figures 4 and 5)
were consistent with those for network centrality [30] that
are essential for a network (data not shown). Key nodes
identified by this approach have been proved to be true by
experimental data in our previous study [14]. Therefore, the
hubs and bottlenecks identified here are likely essential in
the natural HCMV-upregulated network and constitute the
group of proteins that are likely essential for HCMV entry.

As a member of hubs, EGFR was previously reported as
an essential component of the HCMV-upregulated network
although this result needs to be confirmed [8, 9]. More
detailed attention should be paid to the annotation of
EGFR used in studies because there are three annotated egfr
genes in the human genome, namely, accession number
#AF277897 (located in chr7: 55,200,539-55,203,821),
#U95089 (chr7: 55,054,067-55,192,136), and #U48722
(chr7: 55,054,221-55,192,136). Correspondingly, there are
three probe-sets in the Affymetrix chip: 1565484 x at,
210984 x at, and 211607 x at. In our gene expression
experiments, expression of the egfr gene corresponding to
accession #AF277897 was upregulated, but the other two egfr
genes were downregulated. We focused on the EGFR with
accession #AF277897 because its expression was enhanced at
both time points (5 min and 25 min PI). Our network data
also showed that the same EGFR likely plays an important, if
not essential, role in HCMV attachment and entry, at least at
the early stage (Figures 4 and 5).

A similar role was found for the other hubs. KRAS is a pr-
otein in the small GTPase superfamily that is activated by
integrins during virus entry. KRAS also interacts with multi-
ple immune receptors and is involved in multiple pathways
related to cell adhesion and virus entry, such as regulat-
ion of actin cytoskeleton, tight junction, EGFR-ErbB (ery-
throblastoma viral gene product homolog) signaling path-
way, and MAPK signaling (http://www.genome.jp/kegg/).
IL4 is a cytokine that facilitates virus entry [31]. IBSP is a
sialoprotein that could bind to integrin as another compo-
nent in the HCMV receptor system [7, 10]. Two glyco-
proteins (SLC10A1, CLU) were identified as bottlenecks
(Figures 4 and 5). SLC10A1 (solute carrier family 10) belo-
ngs to sodium/bile acid cotransporter family. Ion trans-
port plays an important role in integrin binding during
virus entry as discussed above. In addition, SLC10A1 is also
involved in lipid and lipoprotein metabolism (http://www.
reactome.org/cgi-bin/eventbrowser?DB=gk current&ID=73
923), which might be related to the lipid rafts that signal
during virus entry. CLU (clusterin) is one of the sulphated
glycoproteins that is activated by virus infection [32] and
regulates cell communication and signal transduction related
to infection like the lectin-induced complement pathway
(http://www.invitrogen.com/content.cfm?pageid=10878),
and the NF-kappaB pathway [33]. Thus, these hubs and
bottlenecks identified here are likely important for HCMV
entry although they have to be validated by biological
experiments.

Platelet-derived growth factor-alpha receptor (PDGFRα)
was reported as a receptor for HCMV entry [12], but our
data did not identified it as a key gene here, similar to
previously published data [34] in which PDGFRα (1731 at,
M21574) changed with fold of −1.1 at 30 min. The reasons
for this disparity are still unclear, but the different cell
lines may contribute to this difference because viral entry
pathway components may vary with cells [35]. In our lab and
others [34] human foreskin fibroblasts (HFFs), a frequently
employed cell line for HCMV infection study, were used
but the above report [12] used human embryonic lung
fibroblasts (HELs). Further experiments will help clarify
the conservation extent of PDGFRα in HCMV entry and
uncover the exact roles of the key proteins identified here
for HCMV entry as well as to identify more key proteins for
HCMV entry.

In this study, we used gene expression data to enrich the
protein-interaction network. This activated network may not
be completely consistent with those derived from protein
level data, but genomics data measured by the Affymetrix
microarray employed here are generally overlapping with
the proteomics data [36]. Our findings about the complex
network activated by HCMV entry and the HCMV upreg-
ulated network should emphasize the molecular complexity
of virus entry. Targeting one or two receptor proteins as
currently employed may not efficiently block virus entry
and prevent virus spread across cells. The rapid change in
dynamic modules and the divergence of HCMV genomes [3]
make it challenging to develop an efficient strategy to block
virus entry, but the upregulated network identified here and
the approach we have developed should lay a framework to
further dissect the molecular complexity of virus entry and
facilitate efficient drug development.

4. Methods and Materials

4.1. Virus and Cells. All experiments were done using pri-
mary human foreskin fibroblasts (HFFs) (CC-2509) from
Clonetics (San Diego, CA) as previously described [13].
Briefly, HFFs were cultured in a humidified incubator at
37◦C in the presence of 5% CO2 and were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% (vol/vol) fetal bovine serum (GIBCO/BRL), 1%
(vol/vol) penicillin-streptomycin (GIBCO/BRL), and 0.2%
(vol/vol) fungizone amphotericin B (GIBCO/BRL). The
HCMV Towne strain obtained from the American Type
Culture Collection (ATCC, Rockville, MD) was propagated
in HEFs. The HCMV was harvested and purified with
centrifugation, followed by a sucrose gradient centrifugation
as previously described [37]. Virus stock aliquots were stored
in liquid nitrogen. For the virus entry experiment, cells
were grown to confluence and were infected with HCMV
in normal culture medium without FBS at a MOI of 10 to
ensure infection of every cell. At the indicated time point
after infection (5 min and 25 min), the cells were washed
once with PBS, trypsinized and collected by centrifugation.
Samples treated without the virus were used as controls and

http://www.genome.jp/kegg/
http://www.reactome.org/cgi-bin/eventbrowser?DB=gk_current&ID=73923
http://www.reactome.org/cgi-bin/eventbrowser?DB=gk_current&ID=73923
http://www.reactome.org/cgi-bin/eventbrowser?DB=gk_current&ID=73923
http://www.invitrogen.com/content.cfm?pageid=10878
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processed under the identical conditions as samples treated
with HCMV.

4.2. RNA Extraction and Microarray Hybridization. RNA was
purified using the RNeasy RNA purification kit (QIAGEN
Inc. Valencia, CA) followed by DNase treatment to elim-
inate all traces of DNA, according to the manufacturer’s
recommendation. GeneChip One-Cycle Target Labeling and
Control Reagents (Affymetrix, Santa Clara, CA) were used
to process RNA and for hybridization following the manu-
facturer’s protocols. Affymetrix Human Genome U133 Plus
2.0 Arrays, which contains over 47,000 transcripts that
completely cover the entire human genome, were employed
in this study. Real time qRT-PCR was used to validate the
microarray data for 11 genes and the results showed high
correlation (Pearson R = 0.89) between them (Figure S2).

4.3. Network Assembly. We constructed a molecular intera-
ction network by combining the existing network data-
bases following the approach adopted by our previous
report [14] and other publications [38, 39]. Briefly we sea-
rched the sources, targets, and interaction types from
databases and then merged them together (Supplementary
Table S1, e.g.). Our current network included following da-
tabase, proteins, and interactions from BIND (http:
//bond.unleashedinformatics.com/Action), DIP (http://dip
.doe-mbi.ucla.edu/), HPRD (http://hprd.org/), PreBIND
(http://www.blueprint.org/products/prebind/index.html),
curated inflammatory disease database, EMBL human
database [38–41], biocarta (http://www.biocarta.com/
pathfiles/h infl-amPathway.asp), KEGG (http://www
.genome.jp/kegg/pathway.html), cytokine database (http://
cytokine.medic.kumamoto-u.ac.jp/) NF-κB (http://people
.bu.edu/gilmore/nf-kb/), and NCBI (http://www.ncbi.nlm
.nih.gov). The interactions extracted from the above
database were shown in Figure 1. For example, cooccurrence
and literature interactions were extracted from EMBL
human database and literature mining, respectively [38–41].

4.4. Network Analysis. The microarray data were analyzed
using our previous approach [14]. Briefly, Bioconductor in R
Project [42] was used for quality assessment, the background
adjustment and normalization, and the gene expression val-
ues estimation. The differential expression of genes was then
evaluated for infection/mock control at two time points by
the two-tailed t-test as implemented in the limma package.
Genes with P-values <.05 and fold change >2 between
infection and control were considered as significance altered
by infection (Supplementary Tables S1–S3).

Genes with significant alterations in gene expression
were used to overlap components in the protein-interaction
network as previously described. These overlapped net-
works became the networks activated (up- and downreg-
ulated) during HCMV entry. The activated networks were
decomposed into functional modules based on topological
interconnection intensity (Degree cutoff >2, node score
cutoff >0.2, k-score >2, max.depth >100) and gene function

enrichment (P < .05) (http://www.geneontology.org/) [43–
46]. Genes were classified according to the gene ontology
database (P < .05) (http://www.geneontology.org/) [47].

Acknowledgment

The authors thank Rong Hai for providing technical support
and Fenyong Liu for support.

References

[1] M. Marsh and A. Helenius, “Virus entry: open sesame,” Cell,
vol. 124, no. 4, pp. 729–740, 2006.

[2] J. Cohen, “Building an HIV-proof immune system,” Science,
vol. 317, no. 5838, pp. 612–614, 2007.

[3] A. Wang, L. Ren, G. Abenes, and R. Hai, “Genome
sequence divergences and functional variations in human
cytomegalovirus strains,” FEMS Immunology and Medical
Microbiology, vol. 55, no. 1, pp. 23–33, 2009.

[4] D. Maussang, D. Verzijl, M. Van Walsum et al., “Human
cytomegalovirus-encoded chemokine receptor US28 pro-
motes tumorigenesis,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 103, no. 35, pp.
13068–13073, 2006.

[5] D. N. Streblow, J. Dumortier, A. V. Moses, S. L. Orloff, and J. A.
Nelson, “Mechanisms of cytomegalovirus-accelerated vascular
disease: induction of paracrine factors that promote angiogen-
esis and wound healing,” Current Topics in Microbiology and
Immunology, vol. 325, pp. 397–415, 2008.

[6] D. L. Evers, X. Wang, and E. S. Huang, “Cellular stress
and signal transduction responses to human cytomegalovirus
infection,” Microbes and Infection, vol. 6, no. 12, pp. 1084–
1093, 2004.

[7] A. L. Feire, H. Koss, and T. Compton, “Cellular integrins
function as entry receptors for human cytomegalovirus via a
highly conserved disintegrin-like domain,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 101, no. 43, pp. 15470–15475, 2004.

[8] M. K. Isaacson, A. L. Feire, and T. Compton, “Epider-
mal growth factor receptor is not required for human
cytomegalovirus entry or signaling,” Journal of Virology, vol.
81, no. 12, pp. 6241–6247, 2007.

[9] X. Wang, S. M. Huong, M. L. Chiu, N. Raab-Traub, and
E. S. Huang, “Epidermal growth factor receptor is a cellular
receptor for human cytomegalovirus,” Nature, vol. 424, no.
6947, pp. 456–461, 2003.

[10] X. Wang, D. Y. Huang, S.-M. Huong, and E.-S. Huang,
“Integrin αvβ3 is a coreceptor for human cytomegalovirus,”
Nature Medicine, vol. 11, no. 5, pp. 515–521, 2005.

[11] G. Chan, M. T. Nogalski, and A. D. Yurochko, “Activation of
EGFR on monocytes is required for human cytomegalovirus
entry and mediates cellular motility,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 106, no. 52, pp. 22369–22374, 2009.

[12] L. Soroceanu, A. Akhavan, and C. S. Cobbs, “Platelet-derived
growth factor-α receptor activation is required for human
cytomegalovirus infection,” Nature, vol. 455, no. 7211, pp.
391–395, 2008.

[13] T. Compton, “Receptors and immune sensors: the complex
entry path of human cytomegalovirus,” Trends in Cell Biology,
vol. 14, no. 1, pp. 5–8, 2004.

http://bond.unleashedinformatics.com/Action
http://bond.unleashedinformatics.com/Action
http://dip.doe-mbi.ucla.edu/
http://dip.doe-mbi.ucla.edu/
http://hprd.org/
http://www.blueprint.org/products/prebind/index.html
http://www.biocarta.com/pathfiles/h_inflamPathway.asp
http://www.biocarta.com/pathfiles/h_inflamPathway.asp
http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg/pathway.html
http://cytokine.medic.kumamoto-u.ac.jp/
http://cytokine.medic.kumamoto-u.ac.jp/
http://people.bu.edu/gilmore/nf-kb/
http://people.bu.edu/gilmore/nf-kb/
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.geneontology.org/
http://www.geneontology.org/


Advances in Virology 11

[14] A. Wang, S. C. Johnston, J. Chou, and D. Dean, “A systemic
network for Chlamydia pneumoniae entry into human cells,”
Journal of Bacteriology, vol. 192, no. 11, pp. 2809–2815, 2010.

[15] A. L. Barabási and Z. N. Oltvai, “Network biology: under-
standing the cell’s functional organization,” Nature Reviews
Genetics, vol. 5, no. 2, pp. 101–113, 2004.

[16] D. Li, J. Li, S. Ouyang et al., “Protein interaction net-
works of Saccharomyces cerevisiae, Caenorhabditis elegans
and Drosophila melanogaster: large-scale organization and
robustness,” Proteomics, vol. 6, no. 2, pp. 456–461, 2006.

[17] U. Stelzl, U. Worm, M. Lalowski et al., “A human protein-
protein interaction network: a resource for annotating the
proteome,” Cell, vol. 122, no. 6, pp. 957–968, 2005.

[18] H. Yu, P. M. Kim, E. Sprecher, V. Trifonov, and M. Gerstein,
“The importance of bottlenecks in protein networks: corre-
lation with gene essentiality and expression dynamics,” PLoS
Computational Biology, vol. 3, no. 4, pp. 713–720, 2007.

[19] W. F. Leong and V. T. K. Chow, “Transcriptomic and
proteomic analyses of rhabdomyosarcoma cells reveal differ-
ential cellular gene expression in response to enterovirus 71
infection,” Cellular Microbiology, vol. 8, no. 4, pp. 565–580,
2006.

[20] S. Basak, H. Kim, J. D. Kearns et al., “A fourth IκB protein
within the NF-κB signaling module,” Cell, vol. 128, no. 2, pp.
369–381, 2007.

[21] M. Karin, T. Lawrence, and V. Nizet, “Innate immunity gone
awry: linking microbial infections to chronic inflammation
and cancer,” Cell, vol. 124, no. 4, pp. 823–835, 2006.
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[30] B. H. Junker, D. Koschützki, and F. Schreiber, “Exploration of
biological network centralities with CentiBiN,” BMC Bioinfor-
matics, vol. 7, Article ID 219, 2006.

[31] D. Derse and G. Heidecker, “Forced entry—or does HTLV-1
have the key?” Science, vol. 299, no. 5613, pp. 1670–1671, 2003.

[32] R. G. Hope, J. Palfreyman, M. Suh, and H. S. Marsden,
“Sulphated glycoproteins induced by herpes simplex virus,”
Journal of General Virology, vol. 58, no. 2, pp. 399–415, 1982.

[33] V. Devauchelle, A. Essabbani, G. De Pinieux et al., “Charac-
terization and functional consequences of underexpression of
clusterin in rheumatoid arthritis,” Journal of Immunology, vol.
177, no. 9, pp. 6471–6479, 2006.

[34] E. P. Browne, B. Wing, D. Coleman, and T. Shenk, “Altered
cellular mRNA levels in human cytomegalovirus-infected
fibroblasts: viral block to the accumulation of antiviral
mRNAs,” Journal of Virology, vol. 75, no. 24, pp. 12319–12330,
2001.

[35] M. K. Isaacson, L. K. Juckem, and T. Compton, “Virus entry
and innate immune activation,” Current Topics in Microbiology
and Immunology, vol. 325, pp. 85–100, 2008.

[36] J. Cox and M. Mann, “Is proteomics the new genomics?” Cell,
vol. 130, no. 3, pp. 395–398, 2007.

[37] E. M. Damm and L. Pelkmans, “Systems biology of virus entry
in mammalian cells,” Cellular Microbiology, vol. 8, no. 8, pp.
1219–1227, 2006.

[38] K. D. Bromberg, A. Ma’ayan, S. R. Neves, and R. Iyengar,
“Design logic of a cannabinoid receptor signaling network that
triggers neurite outgrowth,” Science, vol. 320, no. 5878, pp.
903–909, 2008.

[39] H. Y. Chuang, E. Lee, Y. T. Liu, D. Lee, and T. Ideker,
“Network-based classification of breast cancer metastasis,”
Molecular Systems Biology, vol. 3, Article ID 140, 2007.

[40] D. J. Reiss, I. Avila-Campillo, V. Thorsson, B. Schwikowski,
and T. Galitski, “Tools enabling the elucidation of molecular
pathways active in human disease: application to hepatitis C
virus infection,” BMC Bioinformatics, vol. 6, Article ID 154,
2005.

[41] C. von Mering, L. J. Jensen, B. Snel et al., “STRING: known
and predicted protein-protein associations, integrated and
transferred across organisms,” Nucleic Acids Research, vol. 33,
pp. D433–D437, 2005.

[42] R. C. Gentleman, V. J. Carey, D. M. Bates et al., “Bioconductor:
open software development for computational biology and
bioinformatics,” Genome Biology, vol. 5, no. 10, p. R80, 2004.

[43] G. Joshi-Tope, M. Gillespie, I. Vastrik et al., “Reactome: a
knowledgebase of biological pathways,” Nucleic Acids Research,
vol. 33, pp. D428–D432, 2005.

[44] I. Vastrik, P. D’Eustachio, E. Schmidt et al., “Reactome: a
knowledge base of biologic pathways and processes,” Genome
Biology, vol. 8, no. 3, Article ID R39, 2007.

[45] C. Alfarano, C. E. Andrade, K. Anthony et al., “The Biomolec-
ular Interaction Network Database and related tools 2005
update,” Nucleic Acids Research, vol. 33, pp. D418–D424, 2005.

[46] S. Peri, J. D. Navarro, R. Amanchy et al., “Development of
human protein reference database as an initial platform for
approaching systems biology in humans,” Genome Research,
vol. 13, no. 10, pp. 2363–2371, 2003.

[47] S. Maere, K. Heymans, and M. Kuiper, “BiNGO: a cytoscape
plugin to assess overrepresentation of gene ontology categories
in biological networks,” Bioinformatics, vol. 21, no. 16, pp.
3448–3449, 2005.


	Introduction
	Results
	A Comprehensive Protein-Interaction Network Linked to HCMV Entry
	HCMV Entry Activates a Complex Systemic Network
	A Systemic Upregulated Network Involved in HCMV Entry
	Key Proteins in the HCMV-Upregulated Network

	Discussion
	HCMV Entry Triggers a Systematic Network
	HCMV Entry Requires Coordinated Network Module Interactions

	Methods and Materials
	Virus and Cells
	RNA Extraction and Microarray Hybridization
	Network Assembly
	Network Analysis

	Acknowledgment
	References

