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Abstract
[bookmark: OLE_LINK106][bookmark: OLE_LINK107]This paper aims to identify the underlying pathways associated with the development and progression of pediatric pilocytic astrocytomas (PA) utilizing a differential pathway network (DPN) strategy. The current study proposed a novel form of molecular network, i.e., DPN, where the protein-protein interaction (PPI) network and the pathway crosstalks were integrated with the differential expression of pathways. By data preprocessing, a total of 1505 pathways with the genes size of more than 5 and less than 100 were selected, of which 1972 pathway crosstalks with weight value > 1.2 were identified as differential pathway interactions. The pathways and the corresponding crosstalks were visualized via Cytoscape to construct the final DPN, covering 956 pathways and 1972 pathway interactions. Finally, we identified 10 pivotal pathways based on DPN topological analysis. In this study, we propose a novel differential pathway network that covers disease-related differential pathway interactions. From the DPN, we successfully identified several pivotal pathways that might be associated with the development and progression of pediatric of PA. 
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Introduction
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28]Pilocytic astrocytomas (PA) are known to be the major brain solid neoplasms in children and teenagers.(1989; Scheithauer et al., 2007; Ward et al., 2014) They usually arise in the cerebellum, hypothalamic region or the optic chiasm, but may occur in any area where astrocytes are present, including the cerebral hemispheres and the spinal cord. These tumors are usually slowly grown and benign.(Huang et al., 2005) Despite the overall good prognosis of PA, up to 20% of patients will have a poor outcome, with recurrence, growth of incompletely resected lesions, or dissemination through the cerebrospinal fluid, and ultimately death due to disease.(Scheithauer et al., 2007; Jones et al., 2012) Because of the age of people diagnosed with PAs, the treating medical team will often try to avoid radiotherapy and chemotherapy in order to avoid damage to the developing brain. Meanwhile, the tumor location could prohibit access to the neoplasm and lead to incomplete or no resection at all. Equipping with better knowledge on biological markers and pathology of pediatric PA may provide new possible targeted treatments.
[bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK29][bookmark: OLE_LINK30]Rapid advances on high-throughput technologies have brought unprecedented opportunities to measure molecular behaviors underlying the phenotype changes at a genome-wide level and to transform the data into a meaningful biological phenomenon.(Ono and Han, 2000; Logan and Nusse, 2004; Inoki et al., 2005) To date, a variety of methods have been proposed to identify molecular biomarkers for complex diseases. A crosstalk among pathways is mean of regulatory interaction and describes phenotype differences from the pathway interaction viewpoint.(Colaprico et al., 2015) Traditional methods mainly identify differential pathways that are dramatically different in disease state and normal state, and a natural strategy looking for a pathway crosstalk is to identify the common genes between two pathways.(Zhou et al., 2015; Zhuang et al., 2015a) While, these methods ignore the dysregulated interactions among pathways to model underlying disease development and progression. Pathways function in a cooperative way (as physical or biochemical interactions) but not in isolation, perturbed pathway interactions might cause final molecular dysregulation underlying complex diseases. Therefore, we investigate the differential pathway interactions that are significantly changed from wildtype to disease condition.(Bradley et al., 2008)
Given the concept of differential pathway interaction, this paper aims to conduct a systematical analysis to identify the pivotal pathways in pediatric PA, by developing a novel form of molecular network, differential pathway network (DPN). To achieve this, the protein-protein interaction (PPI) data and pathway interactions were integrated with the differential expression of pathways in pediatric PA. Pathway crosstalks were subsequently randomly extracted based on gene-gene interactions, and a weight value that respected the differential expression was assigned to each crosstalk using the Spearman correlation coefficient (SCC). The pathways and the corresponding crosstalks then formed the final DPN. This paper would offer a novel way to predict markers in disease in an accurate manner. The details was listed in Methods section.
Materials and Methods
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Data
Gene expression data
[bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK133][bookmark: OLE_LINK134][bookmark: OLE_LINK45][bookmark: OLE_LINK51]To identify differential pathways in pediatric PA, we retrieved the microarray data of pediatric PA from ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/), under the accession number of E-GEOD-44971. This dataset was presented on A-AFFY-44 - Affymetrix GeneChip Human Genome U133 Plus2.0 platform. The gene expression data were gained from 49 PA tumor samples and 9 normal cerebellum samples.(Lambert et al., 2013) The microarray data and annotation files were downloaded for further analysis. The gene expression profile on probe level was converted into gene symbol level, as well as wiping off the duplicated symbols. Finally, we obtained a total of 20,109 genes in expression profile.
PPI data
[bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK13]All human PPI data were downloaded from the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, http://string-db.org/) database which provides a comprehensive, yet quality-controlled collection of protein association data for a large number of organisms.(von Mering et al., 2005) There are a total of 1,048,576 human gene interactions, and a total of 787,896 interactions (covering 16,730 genes) were remained after removing self-loops and duplicated interactions. We selected the interactions whose two nodes were both existed in the expression profile for further analysis, covering 734,191 interactions and 15,246 genes. 
Pathway data
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]Information from gene sets representing all human biological pathways was downloaded from the Reactome database (http://www.reactome.org) which is an open source curated bioinformatics database of human pathways and reactions.(Croft et al., 2011) Since pathways with too many genes might be too complex to understand, and pathways with too few genes may have not sufficient biological content,(Ahn et al., 2014) thus the pathways with gene size more than 5 and less than 100 genes were selected. In this study, 1505 of 1675 pathways were collected for further analysis.
[bookmark: OLE_LINK140][bookmark: OLE_LINK141]Differential pathway interactions and DNP
In biological system, pathways function together in a highly coordinated way to respond appropriately to various stimuli. In order to evaluate the interactions between pathways, we first randomly constructed interactions between genes in the pathways based on PPI data and pathway data. If gene interactions could be detected between two pathways, these two pathways were inclined to interact with each other, that is to say, these two pathways had a crosstalk. For the pathway 1 and pathway 2, we screened all genes relationships between them, and defined the intersection of all genes relationships as the pathway interaction between pathway1 and pathway 2.
[bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK139]To detected the differential pathway interactions in pediatric PA relative to normal condition, a weight value was assigned to each crosstalk. In the present study, the weight value of a pathway crosstalk was defined as the absolute differences of SCC between pediatric PA and normal controls. To achieve this, we first calculated the absolute differences of SCC of each gene interaction between pediatric PA and normal controls. The mean value of absolute difference for all intersected gene interactions was denoted as the absolute differences of a pathway crosstalk, i.e. the weight value of the pathway crosstalk. Then, we analyzed the weight value of pathway interaction between pathway 1 and 3 according to the above methods. The rest interactions and weight values among the pathways may be deduced by analogy. After that, we obtained all weight values of pathway interactions. In this article, the interactions with weight values greater than 1.2 were considered as differential pathway interactions. Finally, DPN was visualized via Cytoscape software based on differential pathway crosstalks and their corresponding weight values.  
Topology analysis of DPN
[bookmark: OLE_LINK12][bookmark: OLE_LINK16][bookmark: OLE_LINK17]To further gain the pivotal pathways related to pediatric PA from the DPN, we conducted on the topology analysis for the DPN based on the nodes degree.(Magoni, 2002) The topology analysis mainly contains degree, closeness, betweenness and stress, in which degree quantifies the local topology of each node by summing up the number of its adjacent nodes in the network.(Zhuang et al., 2015b) Degree gives a simple count of the number of interactions of a given node and is particularly useful to identify key players in biological processes. In the present study, we picked the pathways with the top 1% degree as the pivotal pathway in pediatric PA. 
Results
Data acquisition
After data preprocessing, we obtained a total of 20,109 genes, 734,191 PPI (covering 15,246 genes) and 1505 pathways from the expression profile, STRING and Reactome database, respectively. To evaluate the interactions between pathways, we selected all possible pathway crosstalks. These 1505 pathways could form 816,000 pathway interactions. For convenience, each pathway was given a corresponding ID number in this article (as shown in supplementary material Table S1). Hereafter, the pathways were represented by these ID number.
Differential pathway interactions
In the current study, the absolute difference of SCC was computed to investigate the strength of interactions among pathways, which was defined as the weight value of pathway interaction. There were 816,000 pathway interactions among 1505 pathways. Each interaction had a weight value. The larger the weight value, the more difference of pathway interaction between disease and normal conditions. The distribution of weight values of all interactions was calculated, as shown in Figure 1. Among 816,000 pathway interactions, a total of 1972 differential pathway interactions (covering 965 pathways) were identified under the threshold value of weight value greater than 1.2.
[image: F:\成型文章\2017年12月\额外投稿文章\田慧芬 2\田慧芬\1214-尹娟\1214投稿\Genetics and Molecular Research\Figure 1.tif]
Figure 1 The frequency distribution of weight values of pathway interactions in pediatric pilocytic astrocytomas.
Based on these differential pathway interactions and their corresponding weight values, the DPN was constructed via Cytoscape software (Figure 2). Different from gene network, in DPN, the node was pathway and the edge was the interaction between two pathways. Each edge had a weight value that represented the difference value of pathway interaction in disease condition relative to normal condition.  
[image: F:\成型文章\2017年12月\额外投稿文章\田慧芬 2\田慧芬\1214-尹娟\1214投稿\Genetics and Molecular Research\Figure 2.tif]
Figure 2 The differential pathway network for pediatric pilocytic astrocytomas.  Node refers to pathway, and edge represents the interaction between two pathways. Red nodes were pivotal pathways. In this network, each pathway is given an ID number (see Table S1).
Pivotal pathway 
[bookmark: OLE_LINK144][bookmark: OLE_LINK143]From the DPN, we performed a degree centrality analysis to gain the pivotal pathways associated with pediatric PA. By ranking node degrees in descending order, the pathways with the top 1% degree distribution were considered as the pivotal pathways in pediatric PA. In the present study, we identified 10 pivotal pathways from DPN (Table 1). The pivotal pathway in the network interacted with more other pathways, indicating a more important role of pivotal pathway in regulatory network. The most two pivotal pathways were synthesis of 12-eicosatetraenoic acid derivatives (ID: 1285, degree = 36), and synthesis of 5-eicosatetraenoic acids (ID: 1287, degree = 34). 
Table 1. The pivotal pathways in pediatric pilocytic astrocytomas
	ID
	Pathways
	Degree

	[bookmark: _Hlk427827799]1285
	[bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK18]Synthesis of 12-eicosatetraenoic acid derivatives
	36

	1287
	[bookmark: OLE_LINK111][bookmark: OLE_LINK112]Synthesis of 5-eicosatetraenoic acids
	34

	1376
	Toxicity of botulinum toxin type B (BoNT/B)
	31

	1381
	Toxicity of botulinum toxin type G (BoNT/G)
	31

	203
	Catecholamine biosynthesis
	30

	426
	Establishment of Sister Chromatid Cohesion
	25

	195
	Cam-PDE 1 activation
	24

	1286
	Synthesis of 15-eicosatetraenoic acid derivatives
	23

	251
	Cohesin Loading onto Chromatin
	22

	1173
	Sema4D mediated inhibition of cell attachment and migration
	21



From the network, it is obvious that one pivotal pathway could regulate many other pathways, and one pathway also could be regulated by two or more pivotal pathways. Further analysis showed that the pivotal pathways were decentralized in the network, but not agminated in the central of DPN, and formed three clusters by regulating a series of common pathways. For example, the three pathways of synthesis of 12-eicosatetraenoic acid derivatives (ID: 1285), Synthesis of 15-eicosatetraenoic acid derivatives (ID: 1286) and synthesis of 5-eicosatetraenoic acids (ID: 1287) were collaborative closely by regulating a series of common pathways (Figure 3). Detailedly, total 21 common pathways were regulated by these three pivotal pathways, indicating their strong relationships among each other and their important roles in network regulation.
[image: F:\成型文章\2017年12月\额外投稿文章\田慧芬 2\田慧芬\1214-尹娟\1214投稿\Genetics and Molecular Research\Figure 3.tif]
Figure 3 Sub-network of three pivotal pathways (ID: 1285-synthesis of 12-eicosatetraenoic acid derivatives, ID: 1287-synthesis of 5-eicosatetraenoic acids and ID: 1286-synthesis of 15-eicosatetraenoic acid derivatives) and their adjacent pathways. Node refers to pathway, and edge represents the interaction between two pathways. Red nodes were pivotal pathways. In this network, each pathway is given an ID number (see Table S1).
Discussion
In the present study, we developed a novel form of molecular network, DPN, to systemically characterize the phenotype differences of PA samples, and provided biological insights into the development and progression of PA at the pathway network level. PA is the most common primary malignant brain tumor in the central nervous system.(Wen and Kesari, 2008) Despite new biological insights and therapeutic advances, the general prognosis for PA patients remains poor. A better understanding of the molecular markers of the disease is very important for early diagnosis, appropriate treatment and improved prognosis of patients with astrocytoma. Here we developed the pathway network perturbation model and uncovered the differential expression pathway interactions. 
Various evidence has demonstrated biomolecules involved in the pathogenesis of PA,(Addo-Yobo et al., 2006; Jones et al., 2008; Becker et al., 2015) however its underlying mechanism remains obscure. It might be simplistic to explain the disease based on the role of a few genes only or the pathways alone. Owing to the rapid development of the human interactome knowledge base, network-based approach has become increasingly powerful for the study of disease mechanism.(del Sol et al., 2010) A variety of calculation methods have been put forward to detecting the disease related network, such as co-expression network,(Miller et al., 2008) PPI network.(Tian et al., 2014) Network-level strategy is indispensable to address unknown mechanism of PA based on the disease-associated pathways. To our best knowledge, this is the first time to construct a differential pathway network based on the overlapping pathway interactions and identify the pivotal pathways in PA. Our approach inferred the network strategy by identifying differential pathway interactions. Using a topology analysis of pathway network, we identified 10 pivotal pathways with the highest degree scores. 
[bookmark: OLE_LINK33][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK8]From the pathway network, we noticed that three pivotal pathways and their adjacent pathways form a cluster. These three pivotal pathways were synthesis of 12-eicosatetraenoic acid derivatives (ID: 1285, degree = 36), synthesis of 5-eicosatetraenoic acids (ID: 1287, degree = 34) and synthesis of 15-eicosatetraenoic acid derivatives (ID: 1286, degree = 23). These three pivotal pathways were all related to the synthesis of eicosatetraenoic acid, and were collaborative closely by regulating 21 common pathways. Eicosatetraenoic acid designates any straight chain 20:4 fatty acid, and appears to act as dual inhibitor of arachidonic acid oxygenation by cyclooxygenase and lipoxygenase pathway.(Bierer and Bui, 2002) Lipoxygenase is a key enzyme that might promote carcinogenesis. Inhibition of the lipoxygenase pathways clearly has chemopreventive effects on various cancers.(Chen et al., 2006) Moreover, previous study has demonstrated the suppression of astrocytomas growth by inhibitors of the lipoxygenase pathway.(Ishii et al., 2008) In this study, these three eicosatetraenoic acid-related pathways were not only pivotal pathways with the highest degree values, but also effected many other pathways in a collaborative way.  We speculated that the synthesis of eicosatetraenoic acid and its derivatives might be associated with the development and progression of pediatric PA.
Our DPN scheme proposes a novel way to predict disease-related pathways and pathway interactions, which identifies pathway network biomarkers by integrating gene expression, PPI and pathway data. This DPN scheme increased the molecular knowledge of PA, which might be beneficial for the further development of accurate therapeutics. 
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