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The human immunodeficiency virus (HIV)-1 protein Tat
acts as a transcription transactivator that stimulates
expression of the infected viral genome. It is released from
infected cells and can similarly affect neighboring cells.
The nucleocapsid is an important protein that has a
related significant role in early mRNA expression, and
which contributes to the rapid viral replication that occurs
during HIV-1 infection. To investigate the interaction
between the Tat and nucleocapsid proteins, we utilized
c¢DNA microarrays using pTat and flag NC cotransfection
in HEK 293T cells and reverse transcription—polymerase
chain reaction to validate the microarray data. Four
upregulated genes and nine downregulated genes were
selected as candidate genes. Gene ontelogy analysis was
conducted to define the biological process of the input genes.
A proteomic approach using PathwayStudio determined the
relationship between Tat and nucleocapsid; two automatically
built pathways represented the interactions between the
upregulated and downregulated genes. The results indicate
that the up- and downregulated genes regulate HIV-1
replication and proliferation, and viral entry.
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Acquired immunodeficiency syndrome (AIDS) is a human
immune system disease caused by human immunodeficiency
virus type 1 (HIV-1), which attacks and destroys white
blood cells that are essential to the immune system.
Investigation of the replication mechanism of HIV at the
gene and protein levels is very important to the development
of treatments and, ultimately, cures for HIV infection. The
cell cycle of HIV-1 continues through gene regulation of
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the host protein. However, the gene regulation mechanism
of HIV-1 has not yet been completely elucidated.

The HIV-1 genome is encoded by a long strand of RNA.
When HIV-1 RNA integrates into the host DNA genome,
it synthesizes DNA using reverse transcriptase. The HIV-1
genome consists of several genes including tat, gag, pol,
env, rev, vif, vpr, and vpu. It also consists of long-term
repeats (LTR) at each end that are composed of three
regions: U3 (3' end), R (repeated), and U5 (5' end). The
integrase protein uses the LTR sticky end to insert into host
DNA, while the acts HIV genome being transcripted as a
primer or regulator [15]. HIV-1 LTR serves as the site of
transcriptional initiation and harbors a cis-acting element
that is required for RNA synthesis [15, 16].

The transactivator (Tat) of HIV-1 is a small cationic
polypeptide that is a powerful activator of viral gene
expression, and which also regulates cellular gene expression
[3, 23, 25]. When Tat is present, RNA synthesis is greatly
increased [11, 14]. Tat also increases the activity of
heterologous viral promoters through cytokine expression
and downstream signaling activation induced by HIV-1
[31]. The Tat protein is localized in the nucleus, but can be
released from infected cells. Released Tat proteins are
endocytosed by neighboring uninfected cells, and soon
translocate to the nucleus in an active form [13, 18]. Tat
protein accumulates in the nuclei of HIV-infected cells, but
can also act as a pleiotropic exogenous factor because of
its ability to induce various biological effects and varying
degrees of cell maturation in different cell types [7, 23].

The nucleocapsid (NC) is a structural protein that acts
as packaging for viral genomic RNA. The HIV-1 RNA is
tightly bound to NC. NC is encoded by the 3' region of gag
and is well conserved among retroviruses. Both NCp15
and NCp7 are highly basic proteins that contain two zinc
fingers in the form of Cys-X2-cyc-X4-His-X4-Cys (CCHC)
flanked by regions rich in basic residues [29].

After the Human Genome Project completion, researchers
paid more attention to mapping the networks of biomolecular
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interaction than categorization of genes and proteins.
Because proteins or genes do not function alone but rather
interact with DNA, RNA, or small molecules to constitute
molecular machines, understanding this network is important
[19]. However, too much time and exertions are required
for experimental validation of the many possible candidates
in a wet-lab environment. Therefore, comparative genomic
tools that can predict biological molecular networks have
to help scientists to pathway predictions [8]. One of the
methods to predict molecular interaction is text mining, the
use of automated methods for exploiting the enormous
amount of knowledge available in the biomedical literature
[10]. PathwayStudio (Ariadne Genomics, Rockville, MD,
U.S.A) is a text mining-based pathway analysis tool that
operates with MedScan in the automatic curation of
Biological Association Networks (BANs). The software
was derived by a natural language processing technology
that contains sufficient information for the construction of
thousands of mammalian signaling pathways for multiple
tissues [32].

Presently, we monitored Tat and nucleocapsid gene
expression by taking advantage of a microarray technology
and using PathwayStudio 5.0 to clarify the interrelationships
and contributory cellular factors between the Tat and
nucleocapsid proteins. Our aim was to clarify the main
controlling genetic factor(s) in the early life cycle of HIV-1.

MATERIALS AND METHODS

Microarray Analysis

The microarray was hybridized using total RNA from pCMV(-HA)
flag NC and pTat co-transfected HEK 293T cells. Slides were dried
by centrifugation at low speed prior to scanning. Images were
obtained by scanning the arrays in an arrayWoRx scanner (Applied
Precision, Seattle, WA, U.S.A.). Signal intensities for Cy3- and Cy5-
labeled probes were extracted with the ImaGene software package,
version 5.0 (BioDiscovery, Marina Del Rey, CA, U.S.A.) using default
settings and auto image segmentation. Mean and median intensities
for signal and background as well as quality characteristics (“empty”
or “poor”) of the spots were obtained at this time. The threshold for
empty spots was achieved by raising the threshold to a point at which
all blank spots were flagged. Semiquantitative reverse transcription—
polymerase chain reaction (RT-PCR) was used to validate the data
obtained by microarray analysis. Five significant clusters were
selected for gene ontology (GO) analysis using the Web-based tool

DAVID Bioinformatics Resources 2008 (National Institute of Allergy
and Infectious Disease, NIH, Bethesda, MD, U.S.A.).

Pathway Analysis

Pathway analysis utilized PathwayStudio version 5.0 and ResNet 5.0
(both from Adriadne Genomics). PathwayStudio builds and provides
a graphic display of a pathway for a queried protein, and finds
interacting molecules for the target protein or other biological entity. The
ResNet database of PathwayStudio contains information concerning
relationships (direct physical interaction and indirect regulation)
between proteins, small molecules, protein functional classes, cell
processes, and disease. The direct physical interactions include binding,
protein modification, and promoter binding. The indirect regulation
events include regulation, expression regulation, molecular transport
regulation, and molecular synthesis regulation. Relationships in ResNet
are generated from multiple literature sources including the entire
PubMed database containing 13,000,000 scientific abstracts and 43
publicly available full-test journals [32]. From ResNet, we were able
to add our interesting gene product onto a new pathway diagram
and build a new pathway based on well-known interactions referred
to in the relevant literature.

Pathway Reconstruction Algorithms

The algorithm in PathwayStudio constructs a pathway based on the
interaction between proteins. Initially, it starts with a ligand—receptor
pair and finds all proteins related to the receptor and ligand in the
ResNet database. It also connects all found downstream proteins
using physical interactions such as binding or protein modification,
and removes unconnected targets. In addition, a second algorithm
assigns weights to all connections in ResNet by scoring the reference
count and the number of similar relationships for paralogous proteins.
It then determines the optimal path in the weighted graph between
the receptor and the downstream transcription factor using physical
interactions in ResNet. This algorithm considers only transcription
factors that are regulated by the receptor in the ResNet database
[32].

RESULTS AND DISCUSSION

Microarray Analysis

HEK 293T cells were used for pTat and flag NC gene
cotransfection. We performed microarray analysis, which
contained normalization, hierarchical clustering, and GO
analysis. To validate the data obtained by microarray analysis,
differentially expressed transcripts representing up- or
downregulated genes were analyzed by RT-PCR. We
selected four upregulated genes and nine downregulated

Table 1. Upregulated genes in flag NC and pTat cotransfection of HEK 293T cells.

Accession no. Description HIV-1 protein interaction Fold change
NM 003029 SHC1 SHC (Src homology 2 domain-containing) transforming protein 1 Tat 25.803
NM_ 002253 KDR kinase insert domain receptor (a type III receptor tyrosine kinase) Tat 31.479
NM_000575 IL-1A interleukin 1o Tat 17.021
NM_006200 PCSKS proprotein convertase subtilisin/kexin type 5 16.778
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Table 2. Downregulated genes in flag NC and pTat cotransfected HEK 293 T cells.

Accession no. Description HIV-1 protein interaction ~ Fold change
NM_003998 g_l*‘cleilﬁlln(}l)cllgg; factor of kappa light polypeptide gene enhancer in Tat, Vpr, Vpu, NC 0237
NM_006534 NCOA3 nuclear receptor coactivator 3 Tat 0.203
NM_030662 MAP2K2 mitogen-activated protein kinase kinase 2 Tat 0.153
NM_003478 CULS cullin 5 Vif 0.233
DDX11 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 11

NM_004399 1L 1-like helicass homolog, S, cefevisiz)ze) ponpep 0.53
NM_001448 GPC4 glypican 4 0.796
NM 002083 GPX2 glutathione peroxidase 2 (gastrointestinal) Tat 0.706
NM 139207 NAPI1L1 nucleosome assembly protein 1-like 1 0.777
NM_005381 NCL nucleolin NC 0.779

genes in flag NC and pTat cotransfected HEK 293T cells.
SHC1, KDR, and IL-1A that are three of upregulated
genes are already known to interact with HIV Tat protein
(Table 1). Downregulated genes NFKB1, NCOA3, MAP2K2,
and GPX2 also interacted with some HIV-1 genes. NCL
interacted with gag, and CULS interacted with vif (Table 2).
GO analysis was carried out to define the biological processes
of the gained genes (p<0.05). Upregulated genes were
related to proliferation, blood vessel development, and
anatomical structure formation (Table 3). Downregulated

genes were also analyzed, but the results were not significant
(p>0.08).

Building and Visualizing Pathways with PathwayStudio
PathwayStudio was used to build several pathways from
the gene list given by the user and has found relationships
such as binding, expression, regulation, and molecular
synthesize among molecules/cell objects/processes. We
described the methodology for automatic curation of BANs
derived by a natural language processing technology
[32]. The curated data were used for automatic pathway
reconstruction. Based on the expression profiles of flag NC
and pTat cotransfection in HEK293T cells, we imported our
cotransfection upregulated genes, downregulated genes, and

Table 3. Gene anatology (GO) analysis of upregulated genes.

HIV-1 proteins into PathwayStudio. Therefore, we obtained
each possible pathway. Fig. 1 displays the resultant
pathways. Each line between the genes or proteins means
connected molecules have at least one reference about
their relationship. Because of this, we were able to find
their relationship rapidly.

Fig. 1A shows upregulated genes in flag NC and pTat
cotransfected HEK 293T cells, and HIV-1 protein. SHC
(Src homology 2 domain-containing) transforming protein 1
(SHC1), kinase insert domain receptor (a type Il receptor
tyrosine kinase) (KDR), and interleukin-1 alpha (IL-1A) are
known to be Tat interactive genes [1, 5, 12, 17]. KDR is
also known to be upregulated in HIV-1 Tat-treated human
epithelial cells [4]. The interaction of HIV-1 Tat with KDR/
VEGFR2 is implicated in the activation of the mitogen
activated protein kinase (MAPK) signaling pathways
[17]. Activation of the MAPK signaling pathway leads to
the phosphorylation of She, a protein involved in signal
transduction downstream of receptor tyrosine kinase activation
[20]. KDR is also involved in SHC1 phosphorylation [33].
Appropriately, we propose that the upregulation of SHC1
phosphorylation regulates mitosis and proliferation of
infected cells through the MAPK signaling pathway. IL-
1A is a prototypical proinflammatory cytokine. Fig. 1A

GO ID Term p-value
KDR, SHCI, IL-1A

GO:0008283 Cell proliferation 0.004

GO:0065008 Regulation of biological quality 0.007
KDR, SHC1

GO0:0001525 Angiogenesis 0.030

GO:0048514 Blood vessel morphogenesis 0.038

G0:0008284 Positive regulation of cell proliferation 0.039

G0:0048646 Anatomical structure formation 0.041

G0:0001568 Blood vessel development 0.044

GO:0001944 Vasculature development 0.045
PCSKS5, KDR

GO:0007169 Transmembrane receptor protein tyrosine kinase signaling pathway 0.037
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Fig. 1. Manually built cotransfection pathway of genes from flag NC and pTat cotransfection genes.

A. Manually built pathway of upregulated genes in flag NC and pTat cotransfected HEK 293T cells and HIV-1 protein. IL-1A is shown as a red rhombus
(ligand), SHC1 and Tat are denoted by red ovals, KDR is denoted as a red sickle-vertex (kinase), binding is represented by violet links, ProtModification is
represented by brown links, DirectRegulation is depicted by gray links with gray circles, and Regulation is depicted by gray links with gray rectangles. B.
Downregulated genes and HIV-1 protein pathway. NFKB1 and NCOA3 are shown as a red O-vertex (transcription factor); CULS is depicted as a red stick-
vertex (receptor); GPX2, NCL, Tat, NC, Vif, and Vpr are represented as red ovals; MAP2K2 is represented as a red sickle-vertex (kinase); binding is

depicted by violet links.

also indicates IL-1A to be a positive regulator of KDR.
However this regulatory mechanism is related to angiogenesis,
not germane to HIV-1. We used the “find similar pathways
for selected” tool to search for already curated signaling
pathways that contained the selected (input) genes. We
obtained 130 pathways similar to an upregulated pathway
(Fig. 1A) and 217 pathways similar to the downregulated
gene pathway (Fig. 1B) from this search function. We
selected those pathways based on a significant association
(p<0.01) and that had more than two overlapped molecules.
In this way, we found seven pathways similar to upregulated
gene pathways. Pathways involved in the downregulation
of genes were not evident. Table 4 summarizes the seven
signaling pathways that were similar to upregulated pathways
in flag NC and pTat cotransfected HEK 293T cells. Six of
the seven pathways were KDR signaling pathways that
contained SHC1, and one contained IL-1A and SHC1 (IL-
1 and IL-6 signaling) whose interaction was indirect.
Although those signaling pathways displayed different
upstream pathways, they had the same downstream pathway

Table 4. Signaling pathways similar to upregulated pathways in
flag NC and pTat cotransfected HEK 293T cells.

Name Putative signaling pathway p-value

IL-1 and IL-6 IL-1 and IL-6 signaling 9.6216e-005
KDR NFATCI signaling pathway 0.000213968
KDR ATF?2 signaling pathway 0.000500144
KDR ELK4-SREF signaling pathway 0.00051212
KDR ELK1-SRF signaling pathway 0.000524236
KDR ATF1 signaling pathway 0.000561423
KDR CREB]1 signaling pathway 0.000574097

related with RAS that leads to proliferation or transcription.
In this result, we suggest that upregulated genes were
involved with proliferation, mitosis, and activation of
transcription through the MAPK and RAS pathways in
HIV-1-infected cells.

Fig. 1B summarizes the pathways implicated in the
downregulated genes and HIV-1. Tat deregulates glutathione
peroxidase 2 (gastrointestinal) (GPX2), a member of the
glutathione peroxidase family that has glutathione-dependent
hydrogen peroxide-reducing activity in the epithelium of
the gastrointestinal tract [9, 22, 24]. Glutathione peroxidase
GPX is used as a marker of oxidative damage and in
antiretroviral therapy [27, 28]. Downregulated antioxidants
such as GPX2 lead to oxidative stress, which may contribute
to the pathogenesis of HIV infections in humans [30]. HIV
pathogenesis involves depletion of oxidized glutathione
(GSH) content, which leads to AIDS-associated Kaposi’s
sarcoma (the most common tumor in HI V-infected patients)
[6, 9]. Therefore, we suggest that GPX2 is involved in
oxidative-stress-related HIV-1 pathogenesis, and also related
to AlDS-associated Kaposi’s sarcoma. Vif is an HIV
accessory protein in virus replication, suggesting that the
gene encoding this protein (vif) counteracts the defect of a
cellular factor that inhibits the formation of infectious
virions [15, 26]. After HIV entry into cells, nucleolin
(NCL) can be recovered also in fractions containing HIV
DNA, viral matrix, and reverse transcriptase, consistent
with the suggestion that NCL accompanies viral entry.
Surface NCL is markedly downregulated within hours
following HIV entry into permissive cells. This effect
appears to be the consequence of its translocation into the
cytoplasm [2, 21]. We suggest that NCL localization is



important to the HIV entry process into permissive cells in
the early stage. Mitogen-activated protein kinase kinase 2
(MAP2K?2), nuclear receptor coactivator 3 (NCOA3), cullin
5 (CULS5), and nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1 (p105) (NFKB1) also downregulated
genes interacting with Tat, vpr, or NC. However, these
regulatory relations were indicated as “activated by” or
“enhanced by.” The genes are more typically associated
with the positive regulation of the initiation of viral
replication and development, contrary to our findings.

In conclusion, we used a proteomic approach relating
PathwayStudio to determine the interrelationships and
cellular factors between the Tat and nucleocapsid proteins.
Our results indicate that the up- and downregulated genes
are important in the regulation of HIV-1 replication,
proliferation, and viral entry.
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