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ABSTRACT. Here, polycythemia vera (PV)-related genes were screened by 
the Online Mendelian Inheritance in Man (OMIM), and literature pertaining to 
the identified genes was extracted and a protein-protein interaction network 
was constructed using various Cytoscape plugins. Various molecular 
complexes were detected using the Clustervize plugin and a gene ontology-
enrichment analysis of the biological pathways, molecular functions, and 
cellular components of the selected molecular complexes were identified 
using the BiNGo plugin. Fifty-four PV-related genes were identified in OMIM. 
The protein-protein interaction network contains 5 molecular complexes 
with correlation integral values >4. These complexes regulated various 
biological processes (peptide tyrosinase acidification, cell metabolism, and 
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macromolecular biosynthesis), molecular functions (kinase activity, receptor 
binding, and cytokine activity), and the cellular components were mainly 
concentrated in the nucleus, intracellular membrane-bounded organelles, 
and extracellular region. These complexes were associated with the JAK-
STAT signal transduction pathway, neurotrophic factor signaling pathway, 
and Wnt signaling pathway, which were correlated with chronic myeloid 
leukemia and acute myeloid leukemia.

Key words: Protein-protein interaction network; Polycythemia vera; Online 
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INTRODUCTION

Polycythemia vera (PV) is a chronic and cloned myeloproliferative disease with predominant 
erythrocytosis and abnormal erythrocyte, granulocyte, and megakaryocyte proliferation. The clinical 
features of PV include erythrocytosis, neutrophilic leukocytosis, thrombocytosis, and splenomegaly; 
however, until the latter stages of disease, PV patients exhibit progressive myelofibrosis, anemia, and 
up-regulation of splenomegaly, symptoms that are also observed in idiopathic myelofibrosis syndrome.

A number of researchers have attempted to elucidate the pathogenesis of PV, with variable 
degrees of success, since 2005. Mutations in the JAK2 gene have been specifically identified in PV 
patients by multiple research groups, and is currently considered the standard for PV pathogenesis 
(Levine and Gilliland, 2008). Additionally, approximately 40% of the PV patients are believed to ex-
press an abnormal chromosomal karyotype. Kralovics et al. (2002) reported that 9pLOH was the 
most common abnormal chromosome in PV patients, accounting for approximately 33% of the total. 
However, these chromosomal abnormalities are also known to affect chronic myeloid leukemia; there-
fore, these cannot be classified as PV-specific abnormalities (Kralovics et al., 2002). The discovery of 
mutations in the JAK2 gene is believed to have opened new avenues for research into the pathogen-
esis of PV; however, as this mutation is also observed in other myeloproliferative disorders, and is not 
universal to all PV patients, research into PV pathogenesis must not be limited to the JAK2 mutation. 
Recent advances in the field of bioinformatics have led to the development of new tools (e.g., for the 
construction of a protein-protein interaction network) to elucidate the genesis and development of PV.

Here, previously confirmed PV-related genes were identified by Online Mendelian Inheritance 
in Man (OMIM) and a literature search was performed using the Cytoscape and Agilent Literature 
Search plugin; the obtained information was used to build a protein-protein interaction network. The 
MCOMD algorithm, obtained from the Clusterviz plugin, was used to identify possible molecular 
complexes in the network, and the Bingo plugin was used for gene ontology (GO)-enrichment 
analysis of the biological processes, molecular functions, and cellular components of the complex. 
The DAVID program was used to enrich the biological pathways of molecular complexes, which in 
turn provides a basis for further research into the genesis and development of PV.

MATERIAL AND METHODS

Materials

PV-related genes were extracted from the OMIM database, using the search term 
“Polycythemia vera” in the “Gene” section (Amberger et al., 2009; Burkard et al., 2010).
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Methods

Construction of gene/protein interaction network

The identified PV-related genes were searched using the Agilent Literature Search 2.7.7 
plugin (Cytoscape 2.8.2), which performed a comprehensive literature search of the related literature 
in PubMed (Vailaya et al., 2005); the retrieved results were read and all false-positive interaction 
information was excluded. The identified (included) gene/protein interaction relationships were 
visualized in the form of a network in Cytoscape 2.8.2 (Shannon et al., 2003).

Network analysis

The MCOMD algorithm in the Clusterviz 1.2 plugin of Cytoscape 2.8.2 was used to perform 
a regional correlation analysis of the biological network. This analysis provided the integral correlation 
values and helped identify possible protein groups forming molecular complexes in the entire network. 
Molecular complexes were annotated as areas with correlation integral values greater than 4.

The BiNGO 2.44 network analysis plugin of Cytoscape 2.8.2 was used to annotate and 
enrich the function of each gene/protein in the molecular complexes related to the biological 
process, molecular function, and cellular components. The “Hypergenometric test” was performed, 
with P < 0.05 as the significant threshold (http://apps.cytoscape.org/apps/bingo).

The names of genes/proteins included in the molecular complexes were submitted to 
“The Database for Annotation, Visualization, and Integrated Discovery” (Dennis Jr. et al., 2003; 
Huang et al., 2009); a relative search of the KEGG, BBID, PANTHER, PATHWAY, BIOCARTA, 
EC_NUMBER, and REACTOME_PATHWAY databases helped identify the biological pathways 
regulated by PV-related genes. The P values of relative target genes predicted using the software 
were calculated by the incidental Fisher exact test. P < 0.05 indicated the role of these genes in 
transduction pathways with statistical significance.

Major outcome measures

The nodes (proteins) and sides (interaction) of a protein-protein interaction network 
comprised of PV-related genes in the molecular complexes, and the correlation integral values 
were determined. The biological processes regulated by molecular functions, cellular components, 
and biological pathways of these molecular complexes were identified.

RESULTS

PV-related genes in OMIM

Fifty-six PV-related genes were identified using the search criterion (up to 2015-02-09); 
fifty-four genes (up to 2015-02-09) were retained after screening and removal of duplicate genes: 
CTNNB1, ACSL6, ASXL1, BCL2L1, BCR, CALR, CD177, CRP, CSF2, CTNNB1, DKK3, DNMT3A, 
EIF2S1, ERCC2, ETV6, F2, F5, FIP1L1, HAMP, GSTT1, HDAC11, HDAC9, HGF, HMGA2, IDH1, 
IDH2, IFNA1, IL11, IL23A, JAK2, KIT, L3MBTL1, LCN2, MEFV, MPL, MTHFR, NFE2, NFIX, 
NR3C1, PDGFRA, PLVAP, PRM2, PTX3, SH2B3, SOCS2, SOCS3, SPRY1, SPRY2, SPRY4, 
STAT3, STAT5A, TET2, TNFRSF11B, and TNF.
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Gene/protein interaction network

A gene/protein interaction network, consisting of 541 nodes (protein) and 1771 sides 
(interactions), was constructed after a comprehensive literature search of the 54-related genes using 
the Agilent Literature Search engine (Figure 1). The yellow color in Figure 1 indicates genetic disease-
related proteins in OMIM, while the red color indicates the proteins identified by a literature search.

Molecular complex

The MCOMD algorithm was used to analyze the interaction network; five molecular 
complexes with correlation integral values higher than 4 (Figure 2) were identified. The yellow 
color in Figure 2 indicates genetic disease-related proteins in OMIM, while the red color indicates 
the proteins identified by a literature search.

Figure 1. Protein-protein interaction network of polycythemia vera (the whole and the part).

Figure 2. Molecular complexes obtained by MCOMD algorithm analysis.
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GO analysis of gene/protein in the molecular complexes

The GO database was used for gene annotation and function-enrichment analysis of 
the 5 molecular complexes. The PV-related target genes were separately enriched in various 
biological processes, including peptide tyrosinase acidification, cell metabolism, macromolecular 
biosynthesis, gene expression, Wnt signal pathway regulation, and immune regulation. The major 
molecular functions of these genes included kinase activity, receptor binding, and cytokine activity, 
while the cell components were mainly concentrated in the nucleus, intracellular membrane-
bound organelles, and the extracellular region. The five lowest enriched genes and protein in 
each molecular complex were chosen; these were concentrated in the nucleo-cytoplasm, cell 
membrane, extracellular space, cell surface membrane raft, and cell components, and regulated 
molecular functions such as nucleic acid binding, cytokine activity, protein activity, enzyme activity, 
and growth factor activity regulation (Tables 1-3). The biological process, molecular function, 
and cellular components of all molecular complexes are shown in Figures 3-5. The node size 
represented the number of genes, and the depth of color indicated the P value.

Only the first 5 molecular function categories of enrichment analysis listed. #Total percentage of number of target genes 
in function categories with respect to the functional annotation of target gene.

Table 1. Gene ontology (GO) analysis of biological processes related to the identified molecular complexes.

Molecular complex pathway enrichment

The proteins included in the 5 molecular complexes were submitted online in order to 
identify the relevant pathways; these proteins were seen to mainly regulate the JAK-STAT signal 
transduction pathway, neurotrophic factor signaling pathway, Wnt signaling pathway, Toll-like 
receptor signal transduction pathway, and RIG-I-like receptor signal transduction pathway, as well 
as chronic myeloid leukemia, cancer, and acute myeloid leukemia (Table 4).
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List only the first 5 molecular function categories of enrichment analysis results. #Total percentage of the number of 
target gene in the current functional categories to the functional annotation of target gene.

Table 2. Gene ontology (GO) analysis of molecular functions of the identified molecular complexes.

List only the first 5 molecular function categories of enrichment analysis results. #Total percentage of the number of 
target gene in the current functional categories to the functional annotation of target gene.

Table 3. Gene ontology (GO) analysis of cellular components of the identified molecular complexes.
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Figure 3. Biological processes of complex 5 (the whole and the part).

Figure 4. Molecular function of complex 5.
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Figure 5. Cell components of complex 5.

Table 4. Pathways related to the identified molecular complexes.
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DISCUSSION

The major purpose of a bioinformatic analysis of molecular regulation networks is to 
elucidate the temporo-spatial mechanism of molecular regulation using a model. Identification of 
the precise molecular mechanism and complicated regulation of gene expression could be useful 
in establishing various network models to describe the behavior of biological systems. Gene 
expression is dependent on its interaction with other genes and regulation. Elucidation of the 
relationship between diseases, genes, and drugs using a network plays a significant role in the 
design of drugs.

A molecular regulation network construct is based on the foundation of the formation and 
development of the internet for the study of a network dynamic model. The most common network 
evolution models of this day include the rule network model, random network model, small-world 
network model, and scale-free network model. In general, complicated molecular regulation 
networks display 4 properties: degree distribution, the shortest path, aggregation, and robustness. 
The study of the systemic network properties of living organisms is at a preliminary stage; however, 
organismal networks are based on some general universal rules. Ravasz et al. (2002) split an 
algorithm-based metabolic network into smaller modular sub-networks, and discovered that the 
majority of the reactions within the same module belonged to the same metabolic pathways. This 
indicated that each sub-module has relatively independent biological functions; therefore, these 
were denoted as biological function modules. Based on these results, a compilation of genes 
recovered from OMIM were combined with the results of literature mining to build a network of 
protein-protein interactions in PV in this study. Although the extracted experimental data were 
related to genes, the identified literature proved its function and interaction with other molecules at 
a protein level. Therefore, the network set up via literature mining could illuminate protein-protein 
interactions in molecular complexes.

A PV protein-protein interaction network was built using the 54 genes identified from 
OMIM; this network included 541 nodes (proteins) and 1771 sides (mutual effects). Because of the 
enormity of the internet, the MCOMD algorithm was used to estimate the network area, through 
a correlation integral. Correlation integrals illustrate the correlation of proteins at a specific area. 
Proteins in these complexes that regulated known biological processes and pathways, and with 
known molecular functions and cellular components were excluded to allow for the identification of 
the function of unknown genes or novel molecular functions (Bader and Hogue, 2003; Zhou et al., 
2014). Five molecular compounds with correlation integral >4 were identified in this study.

Gene ontology is a new perspective in the study of functional genomics. GO develops 
effective bioinformatic methods to realize the targets of genetic network analysis and the functional 
prediction of unknown genes using previously existing biological architecture and knowledge. GO 
analyzes for three stand-alone systems: cellular component, biological process, and molecular 
function. Based on these, GO analysis identified 5 compounds that were considerably enriched, 
and the characteristics of classification were determined by regional GO. DAVID enriches the 
biological information of single genes in addition to annotating large genes from different species.

Compound 2 was found to regulate several biological processes, including the 
phosphorylation of the peptide tyrosine and the amino acids in proteins; the molecular function of 
compound 2 included the regulation of tyrosine kinase and phosphatase activity, while its cellular 
component was concentrated in the plasma membrane. Studies conducted since 2005 revealed 
that the morbidity of PV was closely related to the JAK gene mutation. JAK, a tyrosine phosphatase 
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protein family expressed in mammals, is composed of four members: JAK1, JAK2, JAK3, and 
TYK2. Tyrosine phosphatase, which suppresses cytokine signaling and inhibits activated STATs, 
negatively regulates the JAK/STAT pathway (Rawlings et al., 2004; Wang et al., 2009).

Phosphorylation of the tyrosyl residue is the key regulatory mechanism in the eukaryotic 
signaling pathway, and is regulated by PTKs and PTPs. PTP de-phosphorylation and PTK 
phosphorylation are in dynamic equilibrium, and are closely related to cellular proliferation, 
differentiation, signal transduction, and regulation of cell cycle. Some studies have reported that 
this balance can be disrupted by up-regulating PTK expression; this could lead to the accumulation 
of proteins related to tyrosine phosphorylation in the cell, which in turn causes abnormal cell 
proliferation and differentiation, as well as disease. This imbalance could also be caused by the 
decline in PTP activity as a result of gene mutation, leading to an increase in GAP-associated 
proteins (affecting tyrosine phosphorylation) in the cell. The increase in intracellular protein 
phosphorylation could be a key to unlocking the cell proliferation and differentiation mechanism 
(Weerkamp et al., 2006).

The gene/protein interaction in molecule 4 is responsible for various biological processes 
(regulation of Wnt signal pathway) and molecular functions (combining Wnt protein with nitric oxide 
synthase), while its cellular component is located in the extracellular space and region. The classical 
Wnt pathway has been extensively researched in malignant diseases of the blood. Weerkamp et 
al. (2006) and Khan et al. (2007) reported that ALL patients expressed abnormalities in the Wnt 
pathway; additionally, many genes and receptors belonging to the Wnt family have been identified 
in precursor B-cell lymphoblastic leukemic cells. Wnt3 stimulation leads to β-catenin accumulation, 
rapid cell proliferation, and a discernible change in cell cycle and apoptosis-related gene function. 
Therefore, abnormalities in the classical Wnt pathway is a potential pathogenesis of malignant 
disease (Valencia et al., 2009). A previous study on AML reported that the genes encoding the Wnt 
pathway antagonist proteins DKK1 and DKK3 undergo methylation in vitro (cell line and specimen) 
(Wu et al., 2009). B-CLL patients highly express Wnt proteins and their homologous receptor genes. 
The study of B-CLL and its development in an animal (mouse) model revealed that an increase 
in impaired Fz-6 and β-catenin expression led to a decrease in disease progression (Ashihara et 
al., 2009). β-catenin is highly expressed in myeloma cell lines; cell proliferation is disrupted upon 
deletion of the β-catenin small interfering RNA (Riley et al., 2008).

The biological process of compound 1 is similar to that of 3 and 5, and includes the 
regulation of cellular metabolism, macromolecular biosynthesis, regulation of gene expression, 
cell proliferation, and immune regulation. The molecular function of compound 1 includes nucleic 
acid clustering, cytokine activity, enzymatic activity, and transcription factor clustering. Compound 
1 is mainly located in the nucleus, intracellular membrane-bound organelle, nucleoplasm, and 
the extracellular space. TP53 (coding for p53) is an important tumor suppressor gene, which 
retards the cell cycle, restrains cell proliferation, induces cell differentiation, activates cell aging 
and apoptosis, participates in DNA damage and repair (maintain genomic balance), regulates the 
energy metabolism, and restrains tumor angiogenesis, via transcriptional regulation of many key 
genes such as p21, Bax, and Puma when the cell is stimulated by carcinogenic factors, thereby 
preventing the genesis and development of tumor (Teodoro et al., 2006; Riley et al., 2008; Feng 
and Levine, 2010; Feng et al., 2011; Kumar et al., 2011). More than 50% tumors are estimated to 
express mutated TP53, which could lead to an abnormal p53 signal transduction pathway (Xiong 
et al., 2008; Thol et al., 2010; Kumar et al., 2011). Interferon α (IFNα) up-regulates the activity of 
the NK gene via the STATE1 and STAT3 signal pathways. Isocitrate dehydrogenase catalyzes the 
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conversion of isocitric acid to α-oxoglutarates, such as IDHA, IDH2, and IDH3. IDH1/2 mutations 
can undergo one of two mechanisms resulting in tumor formation: 1) decline in the ability of isocitric 
acid to introduce α-KG, leading to the accumulation of hypoxia-inducible factor 1a (HIF1a), and 
influencing the formation, transference, and resistance of tumor vessels (Rakheja et al., 2011); 2) 
development of new enzymatic ability by the mutated IDH1/2, leading to the accumulation of D-2-
HG and subsequent competitive inhibition of α-KG-dependent dioxygenase, which leads to the 
abnormal expression of a series of signal conductors, thereby influencing transcription regulation, 
angiogenesis, differentiation, proliferation, anti-apoptosis activity, transference, and gene invasion 
(Ward et al., 2010; Frezza et al., 2010; Andersson et al., 2011; Westman et al., 2013).

The biological pathways regulated by the various molecular complexes were separately 
enriched in our study: compound 1 regulated the Jak-STAT signaling pathway, neurotrophin 
signaling pathway, Wnt signaling pathway, Toll-like receptor signaling pathway, Toll receptor 
signaling pathway, RIG-I-like receptor signaling pathway, and erythrocyte differentiation pathway; 
compound 2 was associated with cancer pathways that were associated with different types of 
cancer, including chronic myeloid leukemia and acute myeloid leukemia; compound 3 regulated 
complex biological behaviors, including that of hematopoietic cell lineage, immune function, signal 
transcription, angiogenesis, cytokine activation and function, and inflammatory response. Previous 
studies have indicated that myeloproliferative diseases are highly sensitive to cytokines, and the 
genes initiating and regulating the related signal pathways could offer a means for the molecular 
treatment and cure of PV. The identified compounds are representative of the complicated biological 
behavior of PV, and its extensive correlation with other tumors; additionally, these compounds 
describe PV as a network system composed of various signal pathways and genes. Therefore, PV 
can be considered as a complicated disease requiring coordinated regulation of multiple genes and 
signal pathways (and not caused by any individual gene or signal pathway). However, this network 
could contain a specific “target spot” to facilitate its treatment. The genes and signal pathways 
identified in this experiment should offer a reliable direction for further studies into, and treatment 
of, PV. However, our results must be further verified in the lab.
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