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Abstract: Protein networks are usually used to describe the interacting behaviours of complex biosystems. 
Bioinformatics must be able to provide methods to mine protein undirected networks and to infer sub-
networks of interacting proteins for identifying relevant biological pathways.   
Here we present FunMod an innovative Cytoscape version 2.8 plugin able to identify biologically 
significant sub-networks within informative protein networks, enabling new opportunities for elucidating 
pathways involved in diseases. Moreover FunMod calculates three topological coefficients for each sub-
network, for a better understanding of the cooperative interactions between proteins and discriminating the 
role played by each protein within a functional module. 
FunMod is the first Cytoscape plugin with the ability of combining pathways and topological analysis 
allowing the identification of the key proteins within sub-network functional modules. 

1 INTRODUCTION 

Systems biology broadly uses networks to model 
and discover emergent properties among genes, 
proteins and other relevant biomolecules. 

Theoretical studies have indicated that biological 
networks share many features with other types of 
networks, as computer or social networks. The 
biological networks allow the application of several 
mathematical and computational methods of the 
graph theory to biological studies (Barabasi, 
2004)(Huber, 2007). The computational analysis of 
biological networks has therefore become 
increasingly used to mine the complexity of cellular 
processes and signalling pathways (Spirin, 2003). 
Many types of biological networks do exist, 
depending on the information associated to their 
nodes and edges. In general, they can be classified as 
directed or undirected networks (Pieroni, 2008). In 
directed networks the nodes are molecules and edges 
indicate causal biological interactions between them, 
such as transcription and translation regulations (Li, 
2012). Instead, in undirected networks, an edge 
indicates a shared property, such as sequence 
similarity (Kuchaiev, 2011), gene co-expression 

(Prifti, 2010), protein-protein interaction (Chen, 
2013), or term co-occurrence in the scientific 
literature (Gatti, 2012)(Lee, 2010)(Gabow, 2008). In 
order to extract relevant biological insights from 
undirected networks, also referred to as informative 
networks (Lysenko, 2011), it is useful to 
complement the topological information with 
independent biological information retrieved from 
Gene Ontology or pathway databases. Often the goal 
is to identify densely interconnected areas and 
correlate them to a biological function (Bu, 
2003)(Weatheritt, 2012). Several algorithms and 
bioinformatics tools have been proposed for 
partitioning the network into structural modules, or 
for clustering sub-network modules within an 
informative network (Thomas, 2010)(Shen, 2012).  

Several bioinformatics researchers developed 
Cytoscape plugins (Smoot, 2011) to mine functional 
modules in a varieties of networks types, such as:  
Clust&See (Spinelli, 2013),  clusterMaker (Morris, 
2011), CyClus3D (Audenaert, 2011), GLay (Su, 
2010), and Enrichment map (Merico, 2010). These 
methods infer biological functions on the basis of 
topological properties following a “first topological 
clustering” strategy aimed at partitioning complex 
networks into modules and assigning to these sub-



 

network a certain biological function (Milo, 2002).  
However these strategies are heavily influenced by 
the topological structure of the network itself, and by 
the way the network is constructed (Dong, 2007).  

In practice, the connectivity of informative 
networks is established by experimental methods, 
which can lead to sample a subnet of the real 
biological network (Aittokallio, 2006)(Heatha, 
2009). Often, biases in the sampling strategies lead 
to apparent scale-free topologies not corresponding 
to the actual complete network topology. As an 
alternative to the “first topological clustering” 
methods, some authors used a “first biological 
assignment” strategy capable of analysing gene 
networks and extracting functional modules starting 
from the biological enrichment analysis. Thanks to 
this approach several Cytoscape plugins have been 
implemented such as BiNGO (Maere, 2005), 
ClueGO (Bindea, 2009), ClusterViz (Cai, 2010), 
JEPPETTO (Glaab, 2012) and Reactome (Jupe, 
2012). 

BiNGO and ClueGO are widely used tools to 
determine which biological functions are statistically 
over-represented in a list of genes or a network. 
These plugin offer the possibility to calculate 
enrichment by using different algorithms. However, 
they don’t evaluate the connectivity between genes. 

A recent focus of bioinformatics has been to 
develop computational tools able to mine the 
connectivity of gene networks revealing sets of 
molecules that participate in a common biological 
function  (Mitra, 2013).  

Reactome is based on an un-weighted human 
protein functional interaction (FI) network, on which 
the authors calculated the Pearson correlation 
coefficients among all functional interaction pairs in 
the biological data base, and then used the Markov 
clustering algorithm to cluster the weighted network 
into a series of gene interaction modules. Each 
module consists of a set of genes that are both 
connected in the protein FI network and highly 
correlated in biological databases (Wu, 2012). 
However, the protein FI network is a previously 
defined network and the user is not able to analyse 
its own protein informative networks. Moreover this 
approach does not consider the topology or the 
connectivity of gene interaction modules. 

JEPPETTO identifies functional associations 
between genes and pathways using protein 
interaction networks and topological analysis. Even 
though JEPPETTO combines network analysis with 
functional enrichment, this tool requires a list of 
genes in input and the selection of a database of 

interest from which reference gene sets will be 
extracted. 

To the best of our knowledge, there is no 
software available to identify sub-networks of genes 
that are highly connected and belonging to the same 
biological pathways. Moreover, the cited plugins do 
not allow to analyse user defined undirected 
networks, such as protein–protein interaction, 
functional association, gene co-expression and 
literature co-occurrence. 

Using a “first biological assignment” strategy we 
developed a new method called FunMod. FunMod 
analyses informative networks using functional and 
pathway information. It identifies and extracts sub-
network modules that are statistically significantly 
enriched. According to the principle that a sub-
network functional module is a distinct group of 
interacting molecules driving a common biological 
process.   

Moreover FunMod analyses the topological 
features of the identified sub-networks performing a 
measure of three topological scores, in order to 
identify specific modules that can discriminate the 
role of each protein within the single pathway. 

FunMod is proposed to be an efficient tool for 
identifying relevant pathways involved in protein 
informative networks. The identification of sub-
network functional modules in a protein informative 
network can be a useful method for exploring 
biomedical information and inferring automated 
functional hypotheses between biomedical contexts 
(Liekens, 2011). Assessment of the sub-network 
topological proprieties can consequently be used for 
the ranking of genes in the context of a research 
domain, such as a disease (Dolinski, 2013). 

The FunMod challenge is the analysis of user 
defined undirected networks in order to provide 
more realistic networks that incorporate information 
on particular cellular contexts, developmental states 
or disease conditions. 

FunMod is implemented as a Cytoscape version 
2.8 plugin and compared to the current state of the 
art our plugin enables the analysis of any gene 
undirected network in Cytoscape. 

2  IMPLEMENTATION 

FunMod analyzes the protein informative 
network displayed in the Cytoscape Main Network 
View window. The plugin supports many standard 
protein annotation formats and the protein nodes can 
be identified (node ID) by six different dictionaries: 
Entrez Gene ID, Ensembl, Official Symbol (HGNC 



 

symbol), NCBI Reference Sequence, UniGene, 
Uniprot Entry Name.  

FunMod recursively selects all edges and assigns 
a functional annotation to an edge when the two 
linked nodes are annotated in the same biological 
group or pathway in the ConsensusPathDB (DB) 
database (Kamburov, 2013). In other words FunMod 
considers a network G = (V, E) with n vertices V 
joined with edges E, and collects, for each 
ConsensusPathDB pathway, pairs of linked nodes 
modelling a functional sub-network Gp = (Vp, Ep), 
where Vp Í pathway and Ep Î E. 

Afterwards FunMod extracts all the pairs of 
nodes annotated for the same pathway in a new sub-
network, it tests the statistical significance, and 
calculates the topological properties of the sub-
network. In this way FunMod is able to identify sub-
networks that are statistically enriched in biological 
functions and that show interesting topological 
features. 

The statistical significance is determined by 
calculating the p-value preforming a hypergeometric 
test, a well-established method used in gene 
enrichment analysis (Maere, 2005).  

The hypergeometric probability is based on the 
following formula: 

 
h(x; X, n, N) 	= 	 [XCx][N − XCn − 	x]/[NCn] (1) 
 
where x is the number of nodes of the sub-network 
(the items in the sample that are classified as 
successes), n is the number of genes in the network 
(items in the sample); X is the number of genes 
annotated in the DB with that pathway (items in the 
population that are classified as successes); and N 
the number of all genes annotated in DB (items in 
the population). FunMod preserves the sub-networks 
with a p-value < 0.05.  

For a better understanding of the systemic 
functions and the cooperative interactions between 
genes within the functional modules, FunMod 
checks whether the sub-network topology fits into a 
specific module. Network modules represent 
patterns in complex networks occurring significantly 
more often than in randomized networks. They 
consist of sub-graphs of local interconnections 
between network elements. FunMod calculates a 
fitting score of each sub-network for three modules: 
clique, star, and path; the most common motifs that 
are found in various networks (Pavlopoulos, 2011). 

A clique is a sub-network in which all genes are 
connected to each other. Cliques are the most widely 
used modules for assigning a biological function to a 

topological sub-network. FunMod calculates the 
clique score using the Graph Density (GD) formula: 

 

GD = 	
2E

n	×	(n	 − 	1)
 (2) 

 
where E is the number of edges in the sub-network 
and n the number of genes in the sub-network.  

The star module, particularly interesting for 
identifying drug targets, is characterized by a central 
gene with a high degree (the hub) connected to a set 
of first-degree neighbours loosely connected among 
each other. In a star sub-network the hub gene has 
influence on its neighbourhood genes and possibly 
on the whole network. In order to identify a star 
module, FunMod calculates the sub-network 
centralization (CE) using the formula: 

 

CE = 	
n

(n	 − 	2)
	×	

max(k)
n	 − 	1

− 	GD  (3) 

 
where max(k) is the highest degree in the sub-
network.  

The path module corresponds to a real pathway 
where the genes contribute to a signal transduction. 
The path score is calculated as the sub-network 
diameter (D), the maximum length of all shortest 
paths between any two connected nodes, using the 
formula: 

 
D = max

:,;
δ=:> i, j  (4) 

 
where δ=:> is the minimum path between two nodes 
i and j of the network.  

FunMod displays into the Cytoscape Results 
Panel the identified pathways, ranking them, 
according to their p-value. For each pathway 
FunMod displays its clique, star and path coefficient.  

By clicking the pathway button FunMod selects 
the corresponding nodes in the network, and by 
clicking the “View subnet” button, it creates a new 
network containing only those genes and edges 
annotated with that pathway. Finally FunMod 
enables to save the results into a tab-delimited file. 
FunMod plugin, user guide, screenshot and demo 
networks can be freely downloaded from the 
SourceForge project page at: 
http://sourceforge.net/projects/funmodnetwork/. 



 

3  RESULTS AND DISCUSSION 

To showcase FunMod we analyzed a bibliometric 
network of proteins related Budd-Chiari syndrome, 
an uncommon condition characterized by 
obstruction of the hepatic venous outflow tract 
(Ferral, 2012) (MacNicholas, 2012). We chose this 
syndrome because it is a rare disease whose 
diagnosis and management may be difficult. Often 
Budd-Chiari syndrome is fatal if not treated 
optimally and none of the current medical therapy 
are based on a high-level of evidence due to the 
difficulty in making appropriate clinical studies on a 
sufficient number of patients with this rare disease 
(Hefaiedh, 2013). In this context, a meta-analysis 
can be effective to provide valuable information for 
researchers and to improve the quality and 
usefulness of literature knowledge (Walker, 2008). 

In this meta-analysis we used ProteinQuest (PQ), 
an advanced text-mining tool that resorts to the web 
services offered by PubMed to identify all proteins 
co-cited in the same abstract or figure caption 
(Giordano, 2013), and to import the literature co-
occurrence network into Cytoscape. We submitted a 
query to PQ using as starting search terms “Budd-
Chiari Syndrome” and its NCBI MeSH-Terms alias. 
PQ retrieved more than 2200 papers. 

The network obtained by PQ was an undirected 
protein-protein network, consisting of 76 nodes, 
proteins cited in at least one document, 174 edges 
and co-occurrence of two proteins in at least one 
abstract or caption. A screenshot of the plugin is 
shown in Figure 1, whereas a quick guide of the 
Budd-Chiari syndrome network can be downloaded 
at the SourceForge project page.  

Using FunMod we identified 33 different 
biological pathways that are significantly enriched in 
the Budd-Chiari syndrome network. Table 1 shows 
the most relevant pathways. Identifying sub-network 
functional modules in protein undirected networks 
allows to reduce network complexity, to cluster 
proteins on the basis of common biological functions 
and to discover the mechanisms behind disease 
(Royer, 2008).  

The most significant pathways, showed in Table 
1, are related to the coagulation cascades, and this 
finding is in agreement with the knowledge that 
Budd-Chiari is a disorder frequently characterized 
by the thrombotic obstruction of hepatic venous 
outflow (Wang, 2013) (Akbulut, 2013). This result 
proves that FunMod, relying on the ABC principle  
(Frijters, 2013)(Li, 2013) to establish new 
relationships  between  proteins  from  literature co- 

 
Figure 1: Screenshot of the plugin in action 

occurrence network, can be effectively used to 
combine information from the scientific literature 
with information from pathways databases, and to 
support the discovery of new knowledge. Moreover, 
thanks to FunMod we calculated the three 
topological coefficients of each pathway sub-
network, and in Figure 2 we show the three sub-
network functional modules with the higher 
coefficient for each class of topological module. 

In Figure 2 we show the Fibrinolysis pathway as 
example of a cliques module (panel A), the JAK-
STAT pathway as example of a star module (panel 
B), and the Platelet activation, signalling and 
aggregation as example of path module (Panel C).  

Studying the topological feature of a sub-
network functional module we can extract 
information about the state of the art of the 
knowledge of that pathways in the context of Budd-
Chiari syndrome. 

The cliques represent a highly connected sub-
network where the proteins of the pathway are 
highly co-studied and co-cited. The Fibrinolysis 
pathway is a central pathway in Budd-Chiari 
syndrome since prothrombotic tendency is caused by 
abnormalities in the coagulation of fibrinolysis 
pathways (Smalberg, 2011). So it is not surprising 
that the Fibrinolysis pathway functional sub-netwok 
is represented by a clique. 

A star module represents a functional sub-
network where a protein plays a central role in the 
pathway, indeed the JAK2 is the hub (the central 
node) in the JAK-STAT pathway sub-network. 
Moreover, a mutation in JAK2 tyrosine kinase 
(JAK2V617F) is frequently found in patients with 
Budd-Chiari syndrome (Qi, 2011)(Patel, 2012). 

Finally, the path module represents a significant 
pathway in the context of the disease, which is not 
studied completely. The Platelet activation, 
signalling and aggregation is a therapeutic target for 
the treatment of Budd Chiari syndrome (Chaudhuri, 
2012), VWF (Alkim, 2012) and SERPINA1 



 

(Hourigan, 2012), two peripheral sub-network 
proteins, recently described as markers of 
abnormalities of coagulation playing some role in 
provoking thrombosis. 

4  CONCLUSION 

Using a “first topological assignment” strategy to 
identify sub-network functional modules, such as 
stars and cliques, can be tricky because informative 
networks are known to have a huge number of edges 
that are not always pertinent to biological functions 
(Narayanasamy, 2004).  

In this work we presented FunMod, a new 
Cytocape 2.8 plugin able to analyze undirected 
protein networks, such as co-occurrence networks, 
and guide the discovery of sub-network functional 
modules. A functional module can be considered as 
a distinct group of interacting proteins (Mitra, 2013) 
pathway relevant to a condition of interest. 

FunMod identifies, within an informative 
network, pairs of nodes belonging to the same 
biological pathways, and assesses their statistical 
significance. It then analyses the topology of the 
identified sub-network to infer the topological 
relations (motifs) of its nodes. This sub-network 
profiling combined with database biological 
knowledge extraction will help us to better 
understand the biological significance of the system. 

In this work the network topology is influenced 
by the biomedical knowledge, since the link between 
two proteins was established when two gene 
symbols appear in the same Medline record. The 
study of the connection between biomedical 
concepts by using co-occurrence network extracted 
from MEDLINE, proved capable of guiding the 
discovery of novel knowledge from scientific 
literature (Narayanasamy, 2004). 

FunMod was tested using the co-occurrence 
network of proteins cited in Budd-Chiary syndrome 
papers, identifying 33 different biological pathways 
that are significantly enriched, and proving to be a 
useful tool for a better understanding of the 
cooperative interactions between proteins and 
discriminating the role played by each protein within 
a functional module. 

 

 
Figure 2. The three sub-network functional modules with 

the higher coefficient for each class of topological module: 
A) cluster module; B) star module; C) pathway module. 

COMPETING INTERESTS 

The authors declare that they have no competing 
interests. 

Table 1: FunMod we identifyed 33 different biological 
pathways that are significantly enriched in the Budd-

Chiari syndrome network (PCov: Pathway coverage; CC: 
Clique coefficient; SC: star coefficient; PC: Path 

coefficient) 

Pathway PCov p-value CC SC PC 
Complement 
and coagulation 
cascades 

20/69 2,13E-27 0,1237 0,6228 4 

Hemostasis 24/466 2,13E-14 0,096 0,5119 5 
Fibrinolysis 
pathway 

6/14 4,35E-10 0,3333 1 2 

Heparin 
Pathway 

6/18 2,63E-9 0,3333 1 2 

Vitamin B12 
Metabolism 

8/51 3,57E-9 0,1786 1,0952 2 

Platelet 
degranulation  

9/83 1,03E-8 0,0972 0,3571 3 

Response to 
elevated platelet 
cytosolic Ca2+ 

9/88 1,75E-8 0,0972 0,3571 3 

Folate 
Metabolism 

8/66 2,94E-8 0,1786 1,0952 2 

JAK STAT 
Molecular 
Variation 1 

9/99 4,95E-8 0,125 0,8036 2 

Selenium 
Pathway 

8/77 1,01E-7 0,1786 1,0952 2 

Lepirudin 
Pathway 

5/17 1,24E-7 0,3 1,1667 2 

Dicumarol 
Pathway 

5/18 1,71E-7 0,3 1,1667 2 

PI3K-Akt 
signaling 
pathway  

7/334 1,29E-2 0,1429 0,7333 2 
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APPENDIX 

Operating system(s): Platform independent 
Programming language: Java 
Other requirements: Cytoscape 2.8.4 
License: FunMod is freely available for non-
commercial purposes, (GNU GPL, FreeBSD etc.) 
Any restrictions to use by non-academics: e.g. 
licence needed  


