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Abstract

Background: Biological pathways are subsets of the complex biomolecular wiring that occur in living cells. They
are usually rationalized and depicted in cartoon maps or charts to show them in a friendly visible way. Despite
these efforts to present biological pathways, the current progress of bioinformatics indicates that translation of
pathways in networks can be a very useful approach to achieve a computer-based view of the complex processes
and interactions that occurr in a living system.

Results: We have developed a bioinformatic tool called Path2enet that provides a translation of biological pathways
in protein networks integrating several layers of information about the biomolecular nodes in a multiplex view.
Path2enet is an R package that reads the relations and links between proteins stored in a comprehensive database
of biological pathways, KEGG (Kyoto Encyclopedia of Genes and Genomes, http.//www.genome.jp/kegg/), and
integrates them with expression data from various resources and with data on protein-protein physical interactions.
Path2enet tool uses the expression data to determine if a given protein in a network (i.e., a node) is active (ON)

or inactive (OFF) in a specific cellular context or sample type. In this way, Path2enet reduces the complexity of the
networks and reveals the proteins that are active (expressed) under specific conditions. As a proof of concept, this
work presents a practical “case of use” generating the pathway-expression-networks corresponding to the NOTCH
Signaling Pathway in human B- and T-lymphocytes. This case is produced by the analysis and integration in
Path2enet of an experimental dataset of genome-wide expression microarrays produced with these cell types

(i.e, B cells and T cells).

Conclusions: Path2enet is an open source and open access tool that allows the construction of pathway-
expression-networks, reading and integrating the information from biological pathways, protein interactions

and gene expression cell specific data. The development of this type of tools aims to provide a more integrative
and global view of the links and associations that exist between the proteins working in specific cellular systems.
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Background

Large-scale “omic” experiments that capture the physical
associations and links between genes, proteins and other
molecular components within the cells are producing ex-
tensive data on biomolecular interactions which are stored
in new generation databases and resources [1]. The human
interactome, for example, is composed of around 20,000
protein-coding genes, around 1000 metabolites and a still
undefined number of distinct proteins and functional RNA
molecules [2]. In total, this sums up to more than 100,000
cellular components expected to form the complex ma-
chinery of human cells. These components are related to
each other in different ways. The number of relations and
functional associations substantially exceeds the number of
components, making the interactome a large relational sys-
tem difficult to depict and analyze. Despite this complexity,
the nature of the cellular interactomes allows to render or
transcribe them into biomolecular “networks” that can inte-
grate different layers of information to generate compre-
hensive spaces, providing a better view of the cellular
systems. Moreover, the “networks” can be analyzed with
computers to explore and quantify the centrality and the
weight of the different components, and to find clusters or
modules of highly related elements. This is the framework
that drived us to develop the bioinformatic application tool
here presented, called Path2enet.

Path2enet is an R package that reads the relations and
links between proteins stored in the major and highly
curated pathways database KEGG (Kyoto Encyclopedia
of Genes and Genomes) [3, 4] and integrates them with
gene expression data from various resources as well as
experimentally determined data from protein-protein
physical interactions taken from APID [5, 6]. Path2enet
tool uses the expression data to determine if a given
node (protein) in a generated network is active (ON) or
inactive (OFF) in a specific cellular context, cell type or
condition. The transformation of pathways into com-
prehensive networks plus the mapping of active —i.e.,
expressed— nodes, can help researchers to integrate dif-
ferent levels of molecular information, placing it in a
relational specific context. In addition, the integration
of protein-protein interaction data within a pathway-
network view can help to find relevant relations and
critical nodes in the processes studied. As a practical
example, we applied Path2enet tool to the analysis of
the NOTCH Signaling Pathway in human lymphocytes
in order to uncover the specific differences between B
cells (CD19+) and T cells (CD4+ or CD8+).

Methods

Integration of pathways, molecular interactions and
expression resources

Path2enet is an R package that uses and integrates
several databases and resources to generate pathway-
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derived networks in an expression specific context.
These resources are the following: (A) pathways data,
the tool collects the pathways information from KEGG,
taking the KGML-files and generating a MySQL database
from such files (this data integration provides a set that
contains 50,448 unique interactions for human) [3, 4]; (B)
protein-protein interaction data, the tool also uses a
dataset of human protein-protein physical interactions
(PPIs) from the dataserver APID [6], which at the time
of building the package contained 284,263 unique inter-
actions of human proteins; and (C) gene expression
data, the tool integrates four types of expression infor-
mation. These are: (C1) ESTs (expressed sequence tags)
from the Unigene database that includes 18,880 gene/pro-
tein entries detected in 51 human tissues (http://
www.ncbinlm.nih.gov/unigene); (C2) Barcode gene expres-
sion from high-density oligonucleotide microarrays that
store 17,268 gene/protein entries detected in 195 tissues
and cell lines [7, 8]; (C3) RNA-Seq data of the Human Body
Map 2.0 (ArrayExpress Experiment E-MTAB-513) that
stores FPKM expression data of 18,744 gene/protein entries
in 16 human tissues (these FPKMs —fragments per kilobase
of exon per million reads— were calculated using Cufflings
2.2.0 algorithm [9] and annotated to Ensembl GRCh37 with
the R-package Biomart [10]; and (C4) RNA-Seq data from
the Human Protein Atlas which stores the FPKM expres-
sion data of 19,078 gene/protein entries of 33 human tis-
sues (http://www.proteinatlas.org) [11].

Calculation of expression level to identify ON/OFF genes
Beside the pre-processed expression datasets provided in
several of the integrated resources, Path2enet uses the
gene expression Barcode algorithm with the R package
fRMA [8] to evaluate if a gene is expressed (i.e., is ON,
active and present) or not (i.e., such gene is OFF, not-
active and therefore not expressed) in a studied set of
samples. The user can also incorporate and apply in
Path2enet his own expression ON/OFF thresholds, for
example using experimental RNA-Seq data. However,
the identification of such thresholds is not trivial and the
Barcode algorithm is most efficient in this task.

ID mapping and data unification
For the ID mapping and integration, Path2enet uses Brainar-
ray [12] or Gatexplorer [13] within R to annotate the probe-
set identifiers of the microarrays to Ensembl gene identifiers.
To achieve a correct unification of databases and re-
sources, Path2enet uses as key identifiers (IDs) of the
genes/proteins the entry IDs from UniProtKB database
[14]. Therefore, the KEGG gene and Ensembl gene
identifiers in the datasets are annotated to the UniProt
entry IDs using the mapping tables that UniProt pro-
vides. Path2enet also uses the R package RMySQL [15]
to build and to connect to the MySQL databases using
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R programming. Finally, in order to build the networks,
Path2enet uses the R package igraph [16], which is a
tool that provides outputs that can be introduced in
Cytoscape.

Selection of an experimental dataset to apply Path2enet
As a practical example, we applied Path2enet to analyze
the NOTCH Signaling Pathway in human lymphocytes,
detecting the way in which this pathway is expressed in
these cells and also finding the specific differences in
activated genes/proteins between “naive” B cells (B cells
that have not been exposed to an antigen) and T cells.
To perform this analysis we downloaded and normalized
an expression dataset that included 163 human samples.
These samples were genome-wide expression microar-
rays of platform Human Genome U133 Plus 2.0 from
Affymetrix (GEO reference: GPL570). The samples
corresponded to naive B cells (CD19+), 32 microarrays;
T cells (CD4+), 96 microarrays; and T cells (CD8+), 35
microarrays. The specific. CEL files (i.e., the raw data) that
correspond to these samples are indicated in Additional
file 1, and are available in the Gene Expression Omnibus
(GEO) database from NCBIL

Software availability and implementation

Path2enet has been developed in R (free software environ-
ment for statistical computing and graphics, https://
www.r-project.org/). In this way, a full operative R
package has been built and it is available at http://bioin-
fow.dep.usal.es/path2enet. The software will be uploaded
to the R CRAN package repository (CRAN.R-project.org)
once this article is published. An R vignette (enclosed as
Additional file 2) is provided as a guided tutorial to facili-
tate the installation and use of the Path2enet package.

Results and discussion

Building networks and performing analysis with
Path2enet

Path2enet is a bioinformatic application tool that inte-
grates the information of pathways, protein-protein
interactions and expression datasets (obtained with mi-
croarrays, RNA-Seq or ESTs) from different tissues and
cell types. Path2enet uses these datasets to build a net-
work view of biological pathways in an expression-
specific context. The tool is capable of identifying the
genes/proteins that are ON in specific samples appliy-
ing the Barcode algorithm, and allows the use of spe-
cific experimental expression data to present focused
views of the human pathways map as specific biomolec-
ular networks.

In the networks built using PathZenet, the “nodes”
correspond to the proteins included in the queried path-
way plus the information about the active- or inactive-
state of such proteins (derived from the expression data of
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the cell-types or the tissues studied in each case). The
“edges” of the network correspond to the links or associa-
tions between the biomolecular entities (derived from the
information included in the pathways). These links can be
activation, inhibition, expression, phosphorylation, etc. In
order to facilitate further analysis of the networks, the
edges generated by Path2enet are taken as undirected.

Considering the coverage over the map of human
pathways, Path2enet can generate two different types of
networks. The first is the “local” network which strictly
includes the nodes of the canonical pathway selected
from KEGG. For example, in the case of the NOTCH
Signaling Pathway (KEGG ID: hsa04330) (Fig. 1la) the
“local” network retrieves the 48 genes/proteins that are
included in this pathway for human (Homo sapiens).
Thus, Path2enet generates a network where each node is
a protein and the edges are colored according to the
type of association reported in the pathway (Fig. 1b).
The second type of network that Path2enet can build is
the “global” pathway-network that includes all the “local”
nodes and links from a given KEGG pathway, plus all
the extra “external” nodes that such nodes can be linked
to in other pathway charts (i.e., it provides the links to
other nodes in any biological pathway of the whole hu-
man repertoire). In this way, Path2enet is not restricted
to predefined pathways since it can create large net-
works blending multiple layers of biological information.

Once a network is built with Path2enet, calculations of
the network topological parameters (such as degree,
betweeness, clustering coefficient, eigenvector value, etc.)
can be performed, because the tool generates igraph
objects [16], that can be studied with graph analysis tools.
In this way, Path2enet provides ways to identify hubs and
clusters in the network.

Application of Path2enet to build the NOTCH pathway-
network of B and T cells

In the case study presented in this article we used
Path2enet to generate expression networks of the
NOTCH signaling pathway in three types of human
cells: B cells (CD 19+) and T cells (CD 4+ and CD8+)
(Fig. 2). To achieve this, we used a sample dataset of
microarray expression (indicated in Methods).

First, we needed to apply the gene expression Barcode
analysis to the gene products present in the NOTCH
pathway-network (Fig. 1b) to identify which nodes were
active in these cell types. The quantitative results of
these analyses are presented in Fig. 3. Using the treshold
of 0.4 for the normalized expression, the B cell network
expressed 34 of 48 of the NOTCH pathway proteins. In
contrast, the T cell network expressed 22-24 of the
NOTCH proteins. It was very interesting to show that in
all lymphocytes DLL1/2/3 and JAG1/2 were absent (ie.,
they were OFF). In fact, these proteins are ligands of the
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(See figure on previous page.)

Fig. 1 Figure showing the NOTCH Signaling Pathway and the transformation into a network using Path2enet: (a) the canonical map included

in the KEGG database (hsa:04330), showing all the distinct proteins that are included in each node of this pathway (total 48 proteins); (b) transfromation of

the canonical pathway to a network done with Path2enet, that produces a new view incorporating all the information about the gene products that

are expressed (e, active) based on the pathway and on the expression data sets of lymphocytes that are incorporated (163 samples: 32 B cells and 131

T cells). PathZenet uses the gene expression Barcode algorithm to evaluate if a gene is expressed (ON, yellow) in the network or not (OFF, white). The genes in
blue correspond to NA (not assigned) since the tool could not assign them because they are not present in the expression platform used. The panels inside
the figure indicate: "Edges" the characteristics of the links/relations that connect each node (blue, activation; red, inhibition; green, expression; black, other type
of link); "Nodes" the expression level assigned to each node in the sample type studied that in this case were lymphocytes (white nodes, when their expression
is below the threshold <04; yellow nodes, when their expression is above the threshold >04; blue nodes, when the expression level is not assigned)

NOTCH receptors of lymphocytes coming from the
external cells that connect to them, therefore they should
not be present in the lymphocytes. This is clearly shown
in the quantitative analysis (Fig. 3), since all these genes
were labeled OFF (not expressed) in B cells and in T cells.

We also observed that the only NOTCH paralogs
detected in the lymphocytes were NOTCH2 and some
NOTCHLI. It is well known that NOTCH2 is preferen-
tially expressed in mature naive B cells and interacts
with DTX1, thus playing an important role in B cell
development [17]. We also saw that the level of DTX1
in B cells was much higher (DTX1 = 1.00) than in T cells
CD4+ (0.41) or CD8+ (0.17) (Fig. 3). This result is also
in agreement with several studies that have shown that
T cells are normally developed in absence of DTX1 [18].

Finally, another differential protein found expressed in
B cells but not in T cells was the transcription factor
HES1. The presence and role of this transcription factor
in lymphocytes has been proven in several studies [19,
20]. In fact, it has been indicated that in T cells HES1 is
dispensable beyond the beta selection checkpoint [21].
This explains our detection of HES1 in B cells CD19+
and its abscence in T cells CD4+ and CD8 +.

As a whole the data presented in Figs. 2 and 3 were
very consistent with our current knowledge of the role
of the NOTCH pathway in human B and T lympho-
cytes, enhancing the value of generating well defined
“pathway-expression-networks” for specific cell types
which is the scope of Path2enet.

Path2enet tool for pathways: usability and formats

KEGG pathways database (http://www.kegg.jp/) pro-
vides KGML files for each biological pathway on its
website. For example, in the case of the human
NOTCH signaling pathway (KEGG ID reference:
hsa04330) the KGML file can be downloaded freely
as “hsa04330.xml”. The link for this file is: http://
www.kegg.jp/kegg-bin/download?entry=hsa04330&for-
mat=kgml. In this way, any specific pathway is access-
ible via its KGML file in the KEGG website and
Path2enet R package provides functions to download
these files and create a MySQL database derived from
the KGMLs (as explained in the R vignette included
with Path2enet). Moreover, to facilitate the use of the

pathway KMGL files within the application Path2enet, we
also provided an SQL dump file (“Path2enet_KeggSQL.sql”)
generated with all the KMGL files of Homo sapiens (this
datafile is provided at: http://bioinfow.dep.usal.es/path2e-
net/). This allows the creation of the necessary SQL
database within the user’s computer to query for specific
pathways and to use the other functions of Path2enet.
This database resource is not just a compendium of
KMGL files from KEGG given that it provides some
important added values: (i) it includes a mapping of
all the gene and protein identifiers (IDs) from KEGG
to the IDs of UniProtKB (used as the reference pro-
tein database in Path2enet); (ii) it includes a relational
SQL structure, based on the extracted data from the
pathways, that allocates such information in two prin-
cipal indexed tables: one describing the pair-wise links
or relations between protein pairs, and another one
describing the characteristics of each singular protein.
With respect to the use of other formats, other than
XML and KGML, Path2enet can also use any database
or resource provided in a “network structure” as an
igraph object, because the tool includes functions to
read and load in R igraph objects. For the use of other
standard formats, such as SBML or BioPAX, there are
already tools that address this scope. For example
KEGGtranslator [22], an easy-to-use stand-alone appli-
cation that can visualize and convert KGML formatted
XML-files into multiple output formats. This tool sup-
ports a plethora of output formats, being able to increase
the information in translated documents beyond the scope
of the KGML document. KEGGtranslator converts KEGG
files (KGML formatted XML-files) to SBML, BioPAX,
SIF, SBGN, SBML-qual, GML, GraphML and LaTeX.
Moreover, in Bioconductor (https://www.bioconductor.
org/) there are packages to parse, modify and visualize
BioPAX data, like rBiopaxParser [23] or PaxtoolsR [24].
At the moment, we are working on a workflow to use
these packages to create SQL databases, similiar to the
SQL described above, but using data from other path-
way resources such as Reactome or Pathway Commons.
This work is under development, but one of main prob-
lems in the use of these resources is not the use of stand-
ard formats, like BioPAX or SBML, but the accurate
mapping to standard protein identifiers from UniProtKB.
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Path2enet: Notch Pathway-Expression-Network
in human lymphocytes (B cell vs T cell)

B cell CD19+

Genes: ON 32/48 , NA 2/48
Edges: 76/166

T cell CD8+ T cell CD4+

Genes: ON 22/48, NA 2/48 Genes: ON 24/48, NA 2/48
Edges: 41/166 Edges: 53/166

Fig. 2 (See legend on next page.)
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Fig. 2 Pathway-expression-networks produced for B cell CD19+ (top), T cell CD8+ (bottom left) and T cell CD4+ (bottom right) based on the
transformation of the NOTCH Signaling Pathway done with Path2enet. The tool removed all nodes below the expression treshhold of 0.4. The
expression network produced for B cells reveals 32 active nodes (ON) plus 2 NAs out of 48 proteins and 76 edges (out of 166 maximum). The

expression network for T cells reveals 22-24 active nodes (ON) plus 2 NAs out of 48 proteins and 41-53 edges (out of 166 maximum)

Conclusions

Path2enet produces pathway-expression-networks read-
ing and integrating high quality pathway data, protein
interaction data and expression cell specific data. The
development of this type of tools can be very useful to
achieve a more integrative and global view of the links
and association between the proteins working in spe-
cific cellular systems. The tool is not restricted to pre-
defined pathways since it can create large networks
blending multiple layers of biological information.

Moreover, the tool can use either pre-processed expres-
sion data from selected repositories or experimental ex-
pression data from RNA-Seq or microarrays.

In this study we applied Path2Zenet to the analysis of
the NOTCH signaling pathway in B cells and T cells.
We showed that the expression networks based on a
large microarray data set of these samples are different
for each cell type, modulating the original general view
of the canonical pathway provided by KEGG. Moreover,
the observed differences have clear biological meaning,

Notch Signaling Pathway in human lymphocytes using Path2enet (expression level ON/OFF done with Barcode)
Gene Symbols (KEGG) Uniprot IDs Bcell_CD19+ Tcell_CD4+ Tcell_CD8+
ADAM 17 ADA17_HUMAN 0.802 ON 0.538 ON 0.621 ON
APH1A APH1A_HUMAN 0.766 ON 0.568 ON 0.552 ON
APH1B APH1B_HUMAN 0.594 ON 0.344 OFF 0.138 OFF
CREBBP CBP_HUMAN 0.760 ON 0.622 ON 0.667 ON
CIR1 CIR1_HUMAN 0.969 ON 0.813 ON 0.517 ON
CTBP1 CTBP1_HUMAN 0.750 ON 0.852 ON 0.767 ON
CTBP2 CTBP2_HUMAN 0.445 ON 0.583 ON 0.578 ON
DLL1 DLL1_HUMAN 0.203 OFF 0.292 OFF 0.310 OFF
DLL3 DLL3_HUMAN 0.047 OFF 0.052 OFF 0.103 OFF
DLL4 DLL4_HUMAN 0.125 OFF 0.063 OFF 0.138 OFF
DTX1 DTX1_HUMAN 1.000 ON 0.417 ON 0.172 OFF
DTX2 DTX2_HUMAN 0.219 OFF 0.083 OFF 0.069 OFF
DTX3 DTX3_HUMAN 0.016 OFF 0.292 OFF 0.345 OFF
DTX3L DTX3L_HUMAN 1.000 ON 0.990 ON 0.931 ON
DTX4 DTX4_HUMAN 1.000 ON 0.615 ON 0.207 OFF
DVL1 DVL1_HUMAN 1.000 ON 0.979 ON 1.000 ON
DVL2 DVL2_HUMAN 0.578 ON 0.266 OFF 0.259 OFF
DVL3 DVL3_HUMAN - NA - NA - NA
EP3000 EP300_HUMAN 0.906 ON 0.760 ON 0.810 ON
HDACH HDAC1_HUMAN 1.000 ON 1.000 ON 1.000 ON
HDAC2 HDAC2_HUMAN 0.656 ON 0.510 ON 0.517 ON
HES1 HES1_HUMAN 0.594 ON 0.198 OFF 0.103 OFF
HES5 HES5_HUMAN 0.000 OFF 0.031 OFF 0.034 OFF
JAG1 JAG1_HUMAN 0.227 OFF 0.224 OFF 0.069 OFF
JAG2 JAG2_HUMAN 0.031 OFF 0.286 OFF 0.172 OFF
KAT2A KAT2A_HUMAN 0.750 ON 0.385 OFF 0.483 ON
KAT2B KAT2B_HUMAN 1.000 ON 1.000 ON 0.828 ON
LFNG LFNG_HUMAN 0.719 ON 0.510 ON 0.621 ON
MFNG MFNG_HUMAN 0.891 ON 0.964 ON 0.966 ON
RFNG RFNG_HUMAN 0.094 OFF 0.219 OFF 0.034 OFF
MAML1 MAML1_HUMAN 0.969 ON 1.000 ON 1.000 ON
MAML2 MAML2_HUMAN 0.719 ON 0.661 ON 0.810 ON
MAML3 MAML3_HUMAN 0.547 ON 0.281 OFF 0.069 OFF
NCOR2 NCOR2_HUMAN 0.431 ON 0.267 OFF 0.317 OFF
NCSTN NICA_HUMAN 0.766 ON 0.479 ON 0.552 ON
NOTCH1 NOTC1_HUMAN 0.453 ON 0.427 ON 0.379 OFF
NOTCH2 NOTC2_HUMAN 0.914 ON 0.680 ON 0.664 ON
NOTCH3 NOTC3_HUMAN 0.031 OFF 0.073 OFF 0.069 OFF
NOTCH4 NOTC4_HUMAN 0.016 OFF 0.068 OFF 0.069 OFF
NUMB NUMB_HUMAN 0.828 ON 0.341 OFF 0.371 OFF
NUMBL NUMBL_HUMAN 0.516 ON 0.521 ON 0.569 ON
PSEN1 PSN1_HUMAN 0.581 ON 0.350 OFF 0.290 OFF
PSEN2 PSN2_HUMAN 0.281 OFF 0.104 OFF 0.046 OFF
PSENEN PEN2_HUMAN - NA - NA - NA
PTCRA PTCRA_HUMAN 0.146 OFF 0.323 OFF 0.253 OFF
SNW1 SNW1_HUMAN 0.984 ON 0.990 ON 0.914 ON
RBPJ SUH_HUMAN 0.740 ON 0.691 ON 0.690 ON
RBPJL RBPJL_HUMAN 0.000 OFF 0.063 OFF 0.103 OFF
| N proteins ON  32/48 24/48 22/48
Fig. 3 Results of the analysis performed for the NOTCH Signaling Pathway (including 48 genes) with Path2enet based on the gene expression
Barcode algorithm for the data sets of B cell CD19+, T cell CD4+ and T cell CD8+. The data sets correspond to 163 samples of expression
microarrays. The treshold to indicate if a gene was expressed (ON) or (OFF) is 0.4. Genes labeled with NA are not present in the expression
platform and thus could not be annotated
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as demonstrated, for example, when only 2 out of the
4 NOTCH paralog proteins (NOTCHI, 2, 3, 4) were
expressed in B cells and T cells. Thus, a clear signal
in all lymphocytes was observed for NOTCH?2; while
NOTCH1 was also detected in B cells CD19+ and in
T cells CD4+. We also found that key regulators like
DTX1 and HES1 are strongly expressed in B cells
and less expressed, or not present, in T cells. All
these results give support to the the value of the
networks that Path2enet generates that are cell-type
and context specific. In conclusion, users have the
possibility to combine several pathways and include
protein-protein interaction data to find key players in
a specific biological context either for normal or for
pathological samples.
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