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Abstract

Generation and usage of high-quality molecular signalling network maps can be aug-

mented by standardizing notations, establishing curation workflows and application of

computational biology methods to exploit the knowledge contained in the maps. In this

manuscript, we summarize the major aims and challenges of assembling information in

the form of comprehensive maps of molecular interactions. Mainly, we share our experi-

ence gained while creating the Atlas of Cancer Signalling Network. In the step-by-step

procedure, we describe the map construction process and suggest solutions for map

complexity management by introducing a hierarchical modular map structure. In add-

ition, we describe the NaviCell platform, a computational technology using Google Maps

API to explore comprehensive molecular maps similar to geographical maps and explain

the advantages of semantic zooming principles for map navigation. We also provide the

outline to prepare signalling network maps for navigation using the NaviCell platform.

Finally, several examples of cancer high-throughput data analysis and visualization in

the context of comprehensive signalling maps are presented.

Introduction

Similar to geographical maps, the representation of biological

knowledge as a diagram facilitates the study of complex proc-

esses in the living cell, in a visual and insightful way.

Goal of knowledge formalization

The representation of biological processes as comprehen-

sive signalling network maps has three major goals: (i) to

generate a resource containing a formalized summary of

biological findings from many research groups, (ii) to pro-

vide a platform for sharing information and discussing bio-

logical mechanisms and (iii) to create an analytical tool

useful for high-throughput data integration and analysis.

It can be helpful to systematically represent and formal-

ize the molecular information distributed in thousands of

scientific publications. An additional advantage of repre-

senting biological processes in a graphical form is to
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capture the multiple cross-talks and interactions occurring

between different cell processes (1).

Analysis and visualization of omics data in the context

of signalling network maps can help to detect patterns in

the data projected onto the molecular mechanisms there

represented. For instance, identification of deregulated

mechanisms and key players in human diseases have a dir-

ect clinical application (2, 3). Moreover, correlating the sta-

tus of those deregulated mechanisms with patient survival

helps for patient stratification according to their network-

based signatures (4). Due to the complexity of mechanisms

simultaneously involved in diseases, targeting combinations

of molecular players is now the trend in treatment of com-

plex diseases. The computational approaches using signal-

ling maps allow testing multiple combinations in silico,

considering large comprehensive signalling networks and

omics data (5, 6). In addition, signalling networks can serve

for modelling and prediction of cell fate decisions (7, 8) and

suggestion of non-intuitive combinations of gene perturb-

ations to explain phenotypes in health and disease (9).

To achieve these goals, the construction of a signalling

map should become an accessible procedure that can be

completed in a reasonable time. There are several solutions

for biological knowledge formalization briefly described in

this manuscript. We contribute to this global aim and for-

mulate the main principles and steps of the established

workflow for manual map construction. In addition, we

suggest the biological network map navigation facilitated

by Google Maps technology and provide examples of data

analysis and visualization in this context.

Diagram types for molecular processes

representation

Generally speaking, there are four main approaches (or

diagram types) for representing molecular processes, each

of them characterized by a certain depth of description: (i)

interaction diagram, which shows simple binary relations

between molecular entities; (ii) activity-flow, known as

regulatory network or influence diagrams, representing the

flow of information or influences of one entity on another;

(iii) entity relationship diagram, depicting relations in

which a given entity participates; and (iv) process descrip-

tion (PD) diagram, known in chemical kinetics as bi-

partite reaction network graphs (10).

Pathways and network maps approached for

molecular processes representation

Using the aforementioned approaches of molecular proc-

esses representation, several pathway databases have

emerged (11). They serve as biological knowledge

information resource and as computational analytical tools

for systems-based interpretation of data. A significant

number of pathway databases has been also developed in

the private domain, but the majority of pathway collec-

tions are free and open source (Supplementary Table S1).

The most common way of knowledge representation, used

in the majority of these resources, is depicting separate proc-

esses referring to ‘signal transduction pathways’. However,

drawing individual pathways precludes clear representation

of cross-regulations among biological processes. The alterna-

tive solution is to create seamless maps of biological mechan-

isms covering multiple cell processes simultaneously, similar

to geographical maps. In order to apply this ‘geography-

inspired’ approach to biological knowledge, it is necessary to

address a number of challenges related to generation, main-

tenance and navigation of large signalling network maps. We

discuss these challenges and suggest solutions based on our

long-term experience manipulating biological maps.

Common standards for molecular processes

representation

With the aim of creating a collection of exchangeable com-

prehensive signalling maps, common rules for drawing

maps and standard graphical syntax should be developed

and consistently applied. The current suggested solution

in the field is the Systems Biology Graphical Notation

(SBGN) syntax. This syntax is compatible with various

pathway drawing and analytical tools, allowing to repre-

sent not only biochemical processes but also cell compart-

ments and phenotypes (10). Furthermore, to increase

cross-compatibility between pathway resources and analyt-

ical tools, several common formats for exchanging infor-

mation on molecular interactions, such as BioPAX, SBML,

PSI-MI and so on, have been suggested (7).

Tools for molecular processes representation

Since the generation of signalling maps is a long and labori-

ous process, the choice of the appropriate drawing tool,

best suited for the type of network, has to be thoughtfully

done. There are several free and commercial tools to create

biological network diagrams that differ in the process rep-

resentation approach, syntax and requirement for the end

users’ technical skills, as SBGN-ED (12), visANT (13),

CellDesigner (14) and so on (Supplementary Table S2).

Navigation platforms for comprehensive

molecular network maps

Visualizing and exploring biological network diagrams be-

came an important issue, because size and complexity of

Page 2 of 15 Database, Vol. 2018, Article ID bay036

Deleted Text: visualisation 
Deleted Text: ,
Deleted Text: s
Deleted Text: ,
Deleted Text: ,
Deleted Text: formalisation 
Deleted Text: visualisation 
Deleted Text: ,
https://academic.oup.com/database/article-lookup/doi/10.1093/database/bay036#supplementary-data
Deleted Text: &hx201C;
Deleted Text: &hx201D;
Deleted Text: ,
Deleted Text: etc.
Deleted Text: ,
Deleted Text: etc.
https://academic.oup.com/database/article-lookup/doi/10.1093/database/bay036#supplementary-data
Deleted Text: Visualising 


molecular networks reach the dimensions of modern

geographic maps. Therefore, several tools, such as

CellPublisher (15), Pathways projector (16) MINERVA

(17), NaviCell (18, 19) and so on, have adopted the navi-

gation logic from Google Maps technology. These tools

allow exploring big networks in a user-friendly manner

thanks to such Google Maps features, as scrolling, zoom-

ing, markers and callouts (Supplementary Table S2).

A workflow for construction of comprehensive

signalling network maps

In this manuscript, we describe a set of good practices for

building comprehensive signalling network maps. We pro-

vide the methodology that allows to overcome challenges

associated with construction, navigation and exploration

of large molecular interaction maps (Figure 1). We suggest

an approach that is neither unique nor universal but pro-

vides verified practical solutions to comprehensive map

construction and manipulation that successfully served to

generate the ACSN resource (20) and also applied in other

studies (9, 21).

Each section of the workflow starts with a challenge

statement followed by a good practice solution, imple-

mented in a typical example (Figure 1). The workflow

covers the following steps: (i) defining the aim, coverage

of biological knowledge and structure of the signalling

map; (ii) literature mining, signalling map drawing and

annotation in CellDesigner tool using SBGN-like syntax

(14); (iii) map preparation in NaviCell format and naviga-

tion modes using Google Maps-based NaviCell tool (18);

(iv) high-throughput data visualization on top of the sig-

nalling maps using NaviCell Web Service (19) and

NaviCom (22).

The suggested workflow is in line with the Findable,

Accessible, Interoperable, Re-usable (FAIR) principles for

data management and sharing (23).The access to the de-

tailed procedures is provided in the Supplementary mater-

ial and available at https://github.com/sysbio-curie/

NaviCell. The terms and definitions used through the

paper are listed in Table 1.

The DNA repair map from ACSN resource is used as an

example for map construction and annotation:

https://acsn.curie.fr/navicell/maps/dnarepair/master/

index.html (20).

Epithelial-mesenchymal transition (EMT) regulation

map from NaviCell collection (9) is used for data

visualization:

https://navicell.curie.fr/pages/signalling_network_emt_

regulation_description.html

General principles for map construction

Work organization

Signalling map construction requires an overview of broad

scientific literature and a very meticulous work for correct

representation of molecular processes in great detail.

Therefore, several important decisions should be made

prior to the map construction: (i) What is the purpose for

constructing the map? (ii) What diagram type is suitable to

properly represent the knowledge? (iii) What is the appro-

priate tool to build the map? (iv) What processes should be

included in the map? (iv) How the map will look like?

Once those questions are answered, and an agreement on

the approach has been reached, the signalling diagram con-

struction should follow fixed principles to ensure gener-

ation of a homogeneous and accurate map. An additional

important step before constructing a map is to consult

similar efforts in the field and evaluate the added value of a

new map.

Figure 1. Map construction workflow scheme.The corresponding sec-

tion in the texts is indicated.

Database, Vol. 2018, Article ID bay036 Page 3 of 15

Deleted Text: others
https://academic.oup.com/database/article-lookup/doi/10.1093/database/bay036#supplementary-data
Deleted Text: ,
Deleted Text: ,
Deleted Text: 21)(
Deleted Text: D
Deleted Text: ,
Deleted Text: L
Deleted Text: M
Deleted Text: H
Deleted Text: visualisation 
https://academic.oup.com/database/article-lookup/doi/10.1093/database/bay036#supplementary-data
https://academic.oup.com/database/article-lookup/doi/10.1093/database/bay036#supplementary-data
Deleted Text: s
https://github.com/sysbio-curie/NaviCell
https://github.com/sysbio-curie/NaviCell
https://acsn.curie.fr/navicell/maps/dnarepair/master/index.html
https://acsn.curie.fr/navicell/maps/dnarepair/master/index.html
Deleted Text: visualisation
https://navicell.curie.fr/pages/signalling_network_emt_regulation_description.html
https://navicell.curie.fr/pages/signalling_network_emt_regulation_description.html
Deleted Text: Section 1: 
Deleted Text: 1.1 
Deleted Text: ,


Table 1. Terms and definitions

Graphical standards and exchange formats terms and definitions

SBGN Systems Biology Graphical Notation (SBGN) is a standard graphical syntax for repre-

sentation of biological processes and interactions. SBGN is compatible with multiple

pathway drawing and analytical tools, http://sbgn.github.io/sbgn/

SBML Systems Biology Markup Language (SBML) is a representation format, based on XML,

for communicating and storing computational models of biological processes. It is a

free and open standard language with widespread software support, http://sbml.org

Standard identifier (ID) Community-accepted nomenclature for scientific naming of biomolecules as genes, pro-

teins, chemicals, drugs and so on. The sources for standard IDs are repositories as

UNIPROT, CHEB and HUGO, http://identifiers.org

Data and models exchange formats Standard formats for data and models to facilitate networks and software intercompati-

bility. There are two major standard networks exchange formats, BIOPAX for com-

plex networks and SIF for simple binary interactions. The CellDesigner xml format is

commonly used exchange format compatible with multiple network analysis tools.

Signalling network map terms and definitions

Map (in ACSN) Diagram of detailed molecular interactions with meaningful layout reflecting a certain

biological process, which is graphically represented in CellDesigner tool and con-

verted to NaviCell format for exploration and curation.

Map layer (in ACSN) Map area covering several molecular processes with similar functions.

Map module (in ACSN) Part of the map representing a sequence of molecular interactions responsible for execu-

tion of a particular function.

Signal transduction pathway or sigalling cascade Sequence of molecular interaction that transforms extracellular signals into an intercel-

lular activity.

Map entity (in ACSN) Component of the map graphically depicted using SBGN standards in CellDesigner

tool.

Hierarchical structure of a map System for signaling network map complexity reduction by dividing it into hierarchic-

ally organized units as layers meta-modules, modules that exist as independent sub-

maps. The structure supports the horizontal map navigation mode.

Confidence score (ACSN) Value representing the measure of accuracy of binary interactions on the map. There

are two confidence scores in NaviCell maps. The reference score indicates number

and ‘weight’ associated with the publications found in the annotation of a given reac-

tion. The functional proximity score is computed based on the external network of

PPI, HPRD.

NaviCell terms and definitions

Semantic zoom A mechanism providing several map views with different levels of details depiction

achieved by gradual exclusion of details while zooming out. It simplifies navigation

through large maps of molecular interactions by providing several levels of details,

resembling navigation through geographical maps. Exploring the map from a detailed

toward a top-level view is achieved by gradual exclusion and modification (simplifica-

tion and abstraction) of details. One of the main principle of semantic zooming is in

that every detail that is shown on the map at a current zoom level, should be read-

able. This feature supports the vertical map navigation mode.

Bird-eye view panel Window containing top-level view of the map with indication on currently centered

area; adapted from Google maps.

Zooming bar Zoom control slider; adapted from Google maps.

Marker Symbol indicating location of chosen objects on the map; adapted from Google maps.

Pop-up bubble Small window that opens by clicking on marker. Contains short description and hyper-

links related to the marked entity.

Annotation post Detailed map entity annotation created in CellDesigner by map manager. The annota-

tion is converted to annotation post and displayed in the associated blog by NaviCell.
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Map purpose and type

Referring to our example (DNA repair map), the purpose

was to understand how different types of DNA damage are

repaired in the cell and how these various DNA repair

mechanisms and the cell cycle coordinate. To address this

challenge and gather together these molecular mechanisms,

we decided to construct a comprehensive map of DNA repair

and cell cycle signalling. The map can be applied to detect

the modes of DNA repair machinery rewiring in different

pathological situations such as cancer or genotoxic stress.

The mechanisms of DNA repair are well studied and infor-

mation on involved molecules and regulation circuits is avail-

able. Thus, to preserve and accurately depict the processes in

its whole complexity, we have chosen the PD diagram type,

where the biochemical reactions can be explicitly depicted.

Map construction tool, graphical standard and

data model

Signalling processes of DNA repair are represented as bio-

chemical reactions in CellDesigner diagram editor based on

the standard SBGN syntax (10), and the Systems Biology

Markup Language (SBML), for further computational mod-

elling of the map (14). The data model used in our example

is schematically depicted in Figure 2. It includes such mo-

lecular entities as proteins, genes, RNAs, antisense RNAs,

simple molecules, ions, drugs, phenotypes and complexes.

Edges on the map represent biochemical reactions or reac-

tion regulations including post-translational modifications,

translation, transcription, complex formation or dissoci-

ation, transport, degradation and so on. Reaction regula-

tions are catalysis, inhibition, modulation, trigger and

physical stimulation. It is also possible to depict cell com-

partments such as cytosol, nucleus, mitochondria and so on.

See http://celldesigner.org for Cell Designer tool guide and

http://www.sbgn.org for SBGN syntax explanation.

Map boundaries, layout and structure

Map boundaries and content

Given the limitations of graphical tools and difficulties

in manipulating large molecular interaction maps, the chal-

lenge is to define map boundaries. The solution that we

suggest is to assign one biological function per map (e.g.

cell cycle, angiogenesis and immune response). This is chal-

lenging per se due to ‘fuzziness’ of borders between proc-

esses and overlaps between players and pathways.

Therefore, biological function-driven maps can be assumed

as components of a global atlas merged together via com-

mon players. To allow such combinable maps, common

standards for graphical representation and standard com-

mon identifiers for naming the entities should be used

through all maps. In addition, the community-based cur-

ation of maps is crucial for making more objective deci-

sions regarding the map boundaries and content.

In our example, the boundaries and the content of the

DNA repair map were defined in coordination with spe-

cialists in the corresponding fields. According to the sem-

inal reviews and well-known databases, DNA repair

machinery distinguishes 10 partially overlapping modes of

repair, depending on the type of damage. The DNA dam-

age types are depicted on the map as ‘inputs’ initiating the

corresponding DNA repair mechanisms. In addition, the

map covers four cell cycle phases and depicts regulatory

circuits between cell cycle and DNA repair mechanisms

coordinated by cell cycle checkpoints (24) (Figure 3A).

Map layout and hierarchical modular structure

The challenge of map dimensions and layout design should

be addressed prior to the map drawing. This step is espe-

cially crucial in the case of collective map reconstruction

where the final global map is assembled from a number of

sub-maps generated by different map curators.

Figure 2. Data model for PD diagram using CellDesigner SBGN syntax.
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The aim of signalling map construction is not only to

summarize molecular mechanisms but also to allocate the

processes in a meaningful and biologically relevant way.

Careful design of the signalling map layout helps for intui-

tive understanding of ‘what is where’ and ‘what is close

and what is distant’. In addition, a bird’s eye view on

the map can give a general impression about the map

complexity.

There are at least three options of map layout design. (i)

Representing spatial localization of processes in the

context of the global cell architecture. Most of the signal

transduction maps resemble an accepted view of cell

organization, they include cellular compartments and sig-

nalling pathways are placed in the corresponding compart-

ments in the map (see examples at https://acsn.curie.fr). (ii)

Depicting process propagation in time, for instance, dem-

onstrating propagation of the signalling through the four

phases of cell cycle (https://acsn.curie.fr/navicell/maps/cell

cycle/master/index.html). (iii) Placing processes together

according to their involvement in a particular biological

function as DNA repair, where each pathway is depicting

one biological function. These pathways are allocated next

to each other, creating together a DNA repair machinery

signalling (Figure 3A).

The combination of layout types at the same map is

also possible as in the case of the DNA repair map, com-

bining the three aforementioned layout types (Figure 3A

and https://acsn.curie.fr/navicell/maps/dnarepair/master/

index.html).

The global layout of the map can be also used as guid-

ance to split it into sub-maps of layers and functional mod-

ules and in generating a hierarchical modular structure of

the map (see Table 1 for terms and definitions).

In our example, the global map layout of the DNA re-

pair map has been designed to emphasize the hierarchical

organization of three major layers in the map: the DNA re-

pair machinery layer and its connection to the cell cycle

layer via the checkpoints layer. The upper layer depicts the

cell cycle, the middle layer represents cell cycle check-

points, receiving signals from the cell cycle and coordinat-

ing the crosstalk between the cell cycle and the DNA

repair machinery, represented in the lower layer.

This hierarchical organization of the map in layers reflects

the current understanding of signal propagation in the cell.

Further, the map can be divided into functional mod-

ules. Each functional module can exist as a part of the glo-

bal map but also as an independent map. Exploring the

module maps together within the global map can be sup-

ported by Google Maps-based map navigation (discussed

in the Section ‘Map generation and navigation in

NaviCell’). The DNA map has a modular structure com-

posed of 18 interconnected functional modules, corres-

ponding to ten DNA repair mechanisms, four phases of the

cell cycle and four checkpoints, all interconnected, with

multiple regulatory circuits (Figure 3A).

Due to the complexity of comprehensive networks,

members of the same functional module can be very dis-

tantly located in the map. For example, a molecule that

participates in several functional modules can have a

geographical location in one module, but its location

with respect to other modules can be far from optimal.

To cope with this problem, we suggest creating a separ-

ate map for each module with an individual module map

layout. The size of the module map is smaller compared

to the global comprehensive map, and its contents are

limited to the processes participating in the given mod-

ule. This allows creating a layout where all entities of a

single module map are closely located. This manipulation

results in a different layout of the module, comparing its

design at the comprehensive map, however it does not

change the backbone structure of the module. An ex-

ample of a module map with optimized individual layout

is the homologous recombination (HR) from the DNA

repair map, shown in Figure 3B. For modular map

Figure 3. DNA repair map in NaviCell format. (A) Global layout of the map with maprker indicating BRCA1 protein distribution, (B) Individual module

layout H HR, (C) Callout window with annotation of BARD: BRCA1 complex.

Page 6 of 15 Database, Vol. 2018, Article ID bay036

Deleted Text: ,
Deleted Text: &hx201C;
Deleted Text: &hx201D;
Deleted Text: &hx201C;
Deleted Text: &hx201D;
Deleted Text: :
Deleted Text: R
https://acsn.curie.fr
Deleted Text: D
https://acsn.curie.fr/navicell/maps/cellcycle/master/index.html
https://acsn.curie.fr/navicell/maps/cellcycle/master/index.html
https://acsn.curie.fr/navicell/maps/dnarepair/master/index.html
https://acsn.curie.fr/navicell/maps/dnarepair/master/index.html
Deleted Text: ,
Deleted Text: <bold>organisation</bold> 
Deleted Text: organisation 
Deleted Text: 5
Deleted Text: eighteen
Deleted Text: &hx2019;
Deleted Text: H
Deleted Text: R


generation instructions see https://github.com/sysbio-

curie/NaviCell.

Similarly, it is possible to generate automatic layouts

for global, module maps or even for maps of an individual

entity. The maps of an individual entity can represent ‘life-

cycle’ reflecting reactions where the entity participates and

the regulators of these reactions. This can be performed in

Cytoscape software using the BiNoM plugin using the

modularization and automatic layout functions (25). To

facilitate the integration of separated signalling diagrams,

there are at least two methods for map merging: (i) Merge

Model plugin in CellDesigner (14) and (ii) BiNoM plugin

on Cytoscape, which allows to reorganize, dissect and

merge disconnected CellDesigner pathway diagrams (25).

For the map merging procedure in BiNoM see https://

binom.curie.fr/docs/BiNoM_Manual_v2.pdf.

Data extraction and representation

Manual data mining

Retrieving knowledge and evidences from scientific papers,

followed by a suitable graphical representation, requires a

clear understanding of the biological processes and the ex-

perimental methodologies. Molecular interactions can be

validated by various experimental methods. The most

common and reliable experimental methods confirming

different types of molecular interactions in the cell are

summarized in Supplementary Table S3.

Depending on the purpose on the map, one can aim to

represent biological processes with great precision includ-

ing post-translational modifications, transport, complex

association, degradation and so on. Phenotype nodes on

the signalling maps normally serve to indicate signalling

readouts or cell statuses or biological processes in general.

This type of nodes can also serve for schematic representa-

tion of statements when the exact molecular mechanism is

still unknown. Some details on cell signalling might be

skipped or, on the contrary, represented rigorously, de-

pending on the purpose of the map being drawn, and the

opinion of the map creator. It is important to address

the challenge of persistent homogeneity on how to present

the information on the map. This is especially important for

visualization and exploration of the map, because it will en-

sure a correct stepwise appearance of details at different

zoom levels on the Google Maps-like map visualization plat-

form (discussed in the Section ‘Common exchange formats’).

For efficient map construction, we suggest to perform a

systematic literature revision. The hierarchical organiza-

tion of the map, actually reflects a suggested approach for

literature curation. First, we recommend to use seminal re-

view papers in the field and the major pathway databases

(Supplementary Table S1), in order to define the

boundaries and general contents of the map. The informa-

tion on canonical pathways retrieved from these sources,

reflects the consensus view of the field and can serve as

basis for drawing the backbone structure of the map. Thus,

further details on molecular mechanisms can be compiled

from the most recent studies and added to the map. The

good practice is to comply with the requirement of sup-

porting every interaction included in the map by at least

two independent investigations.

In addition, the interpretation of scientific text and trans-

lation of written information into the correct and meaning-

ful diagram is not always obvious. For consistency from

text to diagram translation, we developed major rules for

standardized interpretation of statements, see https://github.

com/sysbio-curie/NaviCell. Figure 4 represents an example

of scientific text translation into the PD diagram type.

Automatic data mining

The alternative approach to manual curation of scientific

literature, is a wide range of automated or semi-automated

text mining techniques (26). For example, the BioCreative

initiative, an international community-wide effort for eval-

uating text mining and information extraction systems

applied to the biological domain (http://www.biocreative.

org). BioCreative gathers together multiple scientific teams

and provides a list of text mining methods. In addition, it

suggests common standards for text mining (27).

There are several automated text mining algorithms

allowing to retrieve statements from scientific texts and to

convert them into a meaningful graphical diagram. The

advanced INDRA (Integrated Network and Dynamical

Reasoning Assembler) approach allows building computa-

tional models directly from natural language using auto-

mated assembly of network (28). The HiPub approach

translates PubMed and PMC texts to networks of knowledge

(29). The ANDSystem: an Associative Network Discovery

System for automated literature mining, distinguishes and re-

constructs in a form of networks several types of interactions

as genetic, protein, metabolic and so on. (30). Finally, the

Information Hyperlinked over Proteins system, uses genes

and proteins as hyperlinks between sentences and abstracts

and converts the information from PubMed into one navig-

able resource for scientific literature investigation (31).

Among others, there is an approach of formalized text-

based intermediate language as Biological Expression

Language that structures the statements in a way that can

be mechanistically converted into a meaningful biological

network (32). Similarly, BiNoM, a Cytoscape plugin, pro-

vides a function that converts sentences formulated in the

‘human’ language, into a set of formal statements describ-

ing reactions that in turn can be automatically represented
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as graphical diagrams. The statements can be prepared in

any simple text-based editor and imported into Cytoscape

through BiNoM and converted into the CellDesigner dia-

gram as presented in Supplementary Figure S1. The syntax

of this BiNoM Reaction Format language is depicted in

(21, 25) and in the BiNoM manual https://binom.curie.fr/

docs/BiNoM_Manual_v2.pdf.

Map annotation

Map entities annotation

Consistent integration of standard common identifiers (ID)

for map entities ensures compatibility of maps with other

tools and facilitates data integration into the maps. A com-

mon entity annotation form is needed for efficient map

exploration by users and for map cross-curation by special-

ists in the corresponding fields. To address the challenge

of systematic and user-friendly entity annotations, we de-

veloped the NaviCell annotation format. The entity anno-

tation is normally performed by the map creator during the

map construction in CellDesigner (Figure 3C).

We suggest to structure the annotation panel in four

sections: ‘Identifiers’, ‘Maps_Modules’, ‘References’ and

‘Confidence’. We provide an example of BRCA1 entity an-

notation from the DNA repair map in Figure 3C and

Supplementary Figure S2.

The section ‘Identifiers’ includes standard IDs and

provides links to the corresponding pages in HGNC,

UniProt, Entrez, SBO, GeneCards and cross-references in

REACTOME (33), KEGG (34), Wiki Pathways (35) and

so on. Metabolites and small compounds are annotated by

corresponding IDs and linked to ChEBI (36), PubChem

Compound (37) and KEGG Compound (38) databases.

The section ‘Maps_Modules’ includes links to modules

of the map where the entity participates. Referring to our

example, the DNA repair map is part of Atlas of Cancer

Signalling Network (ACSN) resource, and multiple entities

from the DNA repair map can participate in various maps

in the resource. There is a challenge to demonstrate this

multi-functionality of an entity and there is a need to pro-

vide links to all maps and modules of ACSN where an en-

tity participates. To achieve this, we introduced a tagging

system, included into the entity annotation. The tags with

map and module names where the entity participates are

systematically included into the annotation during the map

construction in CellDesigner.

The section ‘References’ provides links to the corres-

ponding publications from which the evidences on the en-

tity or its reactions were collected. In addition, map

creator’s notes can be added in this section, in order to em-

phasize or to highlight important information related to

the entity or its reactions. Each entity annotation is repre-

sented as a web page (Supplementary Figure S2) automat-

ically generated when the NaviCell map is generated from

the CellDesigner file (described in the Section ‘Generation

of NaviCell map using NaviCell factory’). The extended

description of annotation formats for each type of entities

Figure 4. Transforming text to diagram: role of p53 and NOTCH in induction of EMT. The following statements were used for diagram construction:

(1). Control of EMT program is performed by SNAIL and TWIST, the major transcription factors that can induce the executors EMT program (49).

These transcription factors are under the control of several upstream mechanisms. (2) SNAIL and TWIST are inhibited by the p53 protein via a variety

of microRNAs, including miR200 (50) (3) miR20 binds to the mRNAs of SNAIL and TWIST and triggers their degradation, this way preventing the

translation of mRNAs into the corresponding proteins (51) (4) EMT program can be initiated due to excessive expression of NOTCH that directly acti-

vates transcription of SNAIL and TWIST (52).
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in the map is provided in the documentation, see https://

github.com/sysbio-curie/NaviCell.

Confidence scores

Despite that multiple network and pathway resources are

believed to summarize the current knowledge on biological

processes, there is always a remaining open question: to

what extent the retrieved statements from the scientific lit-

erature and depicted in the diagrams, are indeed reflecting

the biological reality? There is a permanent problem that

map creators need to address: what processes should be

included in the map diagrams? The challenge is how to sys-

tematically evaluate the experimental evidence from scien-

tific publications and assign a confidence score. There is no

consensus about the approach to evaluate the ‘truth’ or the

‘degree of confidence’ regarding to molecular mechanisms

reported in the literature.

Here, we provide several examples of confidence scores

developed in well-established signalling networks re-

sources. The scores in the BioGRID resource (39) (https://

thebiogrid.org) are calculated taking into account if it is an

original publication describing the interaction following

the principle of CompPASS score system that uses unbiased

metrics to assign confidence measurements to interactions

from parallel nonreciprocal proteomic data sets (40).

These scores are ranged from 0 to 1, with 1 being the most

confident. The SIGNOR database (41) (SIGNOR http://si

gnor.uniroma2.it) uses functional relevance of interactions

provided in the form of a ‘reliability score’. This score is

defined by the probability that two partners in the inter-

action are cited together in the same paper. This co-citing

probability is ranged from 0 to 1. In the RECON database

(42) (https://vmh.uni.lu), each reaction in the network is

associated with a confidence score ranging from 0 to 4.

This score is based on the type of evidence identifying the

reaction, assigning values for modelling (score 1), sequence

(score 2), physiological (score 2), genetic (score 3) and for

biochemical (score 4) studies. If multiple evidence types

exist for the same interaction, a cumulative confidence

score is assigned.

To evaluate the reliability of depicted molecular inter-

actions in the ACSN resource, there are two confidence

scores for protein complexes and reactions. The scores are

automatically calculated during the conversion of the

CellDesigner map to the NaviCell format and provided in

the annotation’s section ‘Confidence’, in a form of a five-

star diagram (Figure 3C and Supplementary Figure S2).

Both scores are integers, ranging from 0 (undefined confi-

dence) to 5 (high confidence).

The reference score, marked by ‘REF’ indicates both the

number and the ‘weight’ associated with publications

found in the annotation of a given reaction, with weight

equal one point for an original publication and three points

for a review article. For example, a reaction annotated

by two reviews will obtain the highest reference score

REF¼ 5. The functional proximity score, marked by

‘FUNC’ is computed based on the external network of pro-

tein–protein interactions (PPI), Human Protein Reference

Database (HPRD) (43). The score reflects an average dis-

tance in the PPI graph between all proteins participating

in the reaction as reactants, products or regulators.

Therefore, if all the proteins participating in a reaction

interact directly (functional distance 1) in the PPI network,

then this reaction obtains the highest score (FUNC¼ 5). If

in the reaction where phosphorylation of protein A is

catalyzed by protein B, and A and B are separated in PPI

graph by 2 (or 3, or 4) edges, then the reaction obtains the

functional proximity score FUNC¼ 4 (or FUNC¼ 3, or

FUNC¼ 2, respectively). If two reaction participants

are not connected in the PPI network, then FUNC¼0.

The functional proximity is computed using BiNoM,

Cytoscape plugin (25).

Map generation and navigation in NaviCell

Generation of NaviCell map using NaviCell factory

CellDesigner maps, as the DNA repair map, annotated in

the NaviCell format or not, can be converted into a

NaviCell web-based front-end, which represents a set of

HTML pages with embedded JavaScript code. It can be

launched in a web browser locally or located on a web-

server. The NaviCell factory is currently embedded in the

BiNoM Cytoscape plugin but will be soon available as a

stand-alone command line package. The detailed guide to

use the NaviCell factory is provided at https://github.com/

sysbio-curie/NaviCell.

Common exchange formats

The generated maps in CellDesigner and exposed in the

NaviCell format, can also be provided in common ex-

change formats, as BioPAX and PNG formats. In addition,

the modular composition of the maps can be provided in

the form of GMT files. The description of map preparation

in various formats using the BiNoM Cytoscape plugin is

available in https://binom.curie.fr/docs/BiNoM_Manual_

v2.pdf.

Map navigation using NaviCell platform

The problem of navigation and exploration of modern dig-

ital interactive geographical maps is successfully addressed
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in Google Maps or similar systems. Large molecular inter-

action maps are comparable in size and complexity to geo-

graphical maps, therefore the navigability challenge can be

addressed in a similar manner.

Comprehensive signalling maps, as the DNA repair

map, contain a large number of nodes and edges, leading

to a complex map navigation. To solve this problem,

maps can be represented as clickable web pages with a

user-friendly interface. We developed the NaviCell web-

based environment, empowered by Google Maps engine

for visualization and navigation of molecular maps (18).

Scrolling, zooming, markers, callout windows as well as a

zoom bar, are adopted from the Google Maps interface

(Figure 3 and Supplementary Figure S3). The map in

NaviCell is interactive and all map components are click-

able. To find an entity of interest or querying for a single or

multiple molecules is possible using the search window.

Alternatively, the entity can be found in the selection panel

or directly on the map.

Map navigation modes

The NaviCell platform is convenient for several map naviga-

tion modes. The so-called horizontal navigation is facilitated

by the hierarchical modular structure of the maps, which is

successfully exploited by NaviCell system. The modular

structure of maps allows to transfer from the global map to

the module maps. Thus, using our example of the DNA

repair map, the involvement of BRCA1 protein across proc-

esses on the map can be appreciated (Figure 3A). However,

in order to understand the details of the biochemical reac-

tions where BRCA1 plays a role in a particular process as

HR, the modular map is more suitable (Figure 3B).

The so-called vertical navigation is facilitated by the se-

mantic zooming feature of maps prepared in the NaviCell

format. Semantic zooming (see Table 1 for terms and def-

initions) simplifies the navigation through the large maps

of molecular interactions, showing a readable amount of

details at each zoom level. This gradual detail appearance

permits to explore the map contents from the top-level to-

ward a detailed view. To prepare maps for this type of

navigation, a map pruning is performed, eliminating hence

non-essential information for each zoom level. Typically, it

is recommended to generate three to four zoom levels, al-

though the number of zoom levels is unlimited in NaviCell

(Figure 5).

In our example of the DNA repair map, the top-level

zoom displays the modules of the map, depicted with a col-

oured background shapes with the backbone structure of

the pathways (Figure 5A). In the next zoom level, canon-

ical cell signalling pathways are shown. These pathways

are defined by intersecting the content of the map with the

corresponding pathways in other databases (Figure 5B), at

the last zoom all map elements are present (Figure 5C). For

detailed instructions on map zoom levels creation, see

https://github.com/sysbio-curie/NaviCell.

Figure 5. Semantic zooming and entity visualization on DNA repair map. (A) Canonical pathways view, (B) hide-details view, (C) detailed view,

(D) highlighting p53 neighbours.
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An additional way for map exploration is highlighting

individual entities of the map and their neighbours. We de-

veloped a NaviCell function for selecting species of interest

and its neighbours. This function allows step-wise enlarg-

ing of the neighbourhood coverage to understand the sig-

nalling propagation on the map, as shown for p53*

molecule on the DNA repair map, in Figure 5D.

Map maintenance and curation

Biological knowledge about the majority of signalling

pathways is not yet solid and grows continuously. Due to

this, one of the major problems of signalling maps is their

fast obsolescence. To address this challenge, permanent

maintenance and map updating are needed. The commu-

nity of users is the most reliable and trustable contributor

to map maintenance, because specialists can support and

update maps from their own research area. To enable such

a community-based effort, efficient curation tools should

be created. To our knowledge, there is only one commu-

nity curation tool for comprehensive maps, the Payoa plu-

gin of CellDesigner (44).

We suggest carrying out map curation in the context of

NaviCell environment via a blog. The process of map cur-

ation and maintenance in NaviCell involves map managers

that check the posts of the maps in the blog and latest sci-

entific literature and update the maps accordingly. An

automated procedure supports the map updating and arch-

ives older versions of posts, including comments, providing

thus traceability of every map changes and all blog discus-

sions (18).

Visualization of omics data in the context of
signalling network maps

To make data visualization a straightforward and easy

task, we developed a built-in toolbox for visualization and

analysis of high-throughput data in the context of com-

prehensive signalling networks. The integrated NaviCell

web-based toolbox allows importing and visualizing het-

erogeneous omics data on top of the maps and to perform

simple functional data analysis. Standard common IDs in

the annotation of proteins, genes (HUGO) and metabolites

(CHEBI) allows the NaviCell data visualization functional-

ity. NaviCell also computes aggregated values for sample

groups and protein families. For visualization, the tool

contains standard heatmaps, barplots and glyphs, as well

as the map staining technique for displaying large-scale

trends in the numerical values on top of the map. The com-

bination of these flexible features provides an opportunity

to adjust the modes of visualization to the type of data and

to acquire the most meaningful picture (19). Extended

documentation, a tutorial, a live example and a guide for

data integration using NaviCell are provided at https://navi

cell.curie.fr/pages/nav_web_service.html.

To illustrate data visualization, the EMT regulation map

from NaviCell collection (9) https://navicell.curie.fr/pages/

signalling_network_emt_regulation_description.html was

used to analyse omics data from ovarian cancer patients

(45). The data files can be downloaded from https://navicell.

curie.fr/pages/nav_web_service.html.

Expression and mutational profiles of proliferative

and mesenchymal ovarian cancer classes were compared.

Expression data from the two groups of patients were

visualized on the EMT regulation map using the map

staining technique in NaviCell, showing average expres-

sion of each gene across the samples. The mutation pro-

files for the same disease classes were visualized using

glyphs. There is a clear difference in the expression pat-

tern between the two classes, indicating a major activa-

tion of epithelial to mesenchymal transition (EMT)

regulators in mesenchymal class (Figure 6B),

characterized by invasive clinical outcome, opposite to

the proliferative class (Figure 6A). A closer look at the

EMT inducers ZEB1&2, SNAIL, CTNBB1, shows that

they are largely mutated and demonstrate a low expres-

sion pattern in the proliferative, clinically, less invasive

class (Figure 6C), in opposite to the invasive mesenchy-

mal class (Figure 6D). The observation is consistent with

the notion that in order to induce ETM and invasion, the

cancer cell needs to be in low-proliferative status (9).

Similar molecular portraits of cancer can be automatic-

ally generated using NaviCom, which connects

cBioPortal and NaviCell allowing visualization of differ-

ent high-throughput data types simultaneously on a net-

work map in one click (22).

Maps generated using the procedure described earlier

can be applied in different studies, not exclusively in

NaviCell environment. For instance, the EMT regulation

map (Figure 7A) was used to retrieve a minimal mechanis-

tic model explaining the control of the EMT program.

With this aim, hub players in each functional module of

the map were identified (Figure 7B) and network complex-

ity reduction was performed using path analysis function

in BiNoM Cytoscape plugin (25) up to core regulators of

EMT, apoptosis and proliferation, which were preserved

through all levels of reduction (Figure 7C). The minimal

model was used to predict genetic interactions leading to

invasive phenotype in colon cancer (9).

Conclusions and perspectives

The knowledge about biological mechanisms is rapidly

growing, demanding organization and systematic
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representation of the information to create a global picture

on cell molecular mechanisms (46). The current solution is

to visualize cell signalling in a form of a diagram or a mo-

lecular map. The maps can vary in their size, complexity,

contents and details’ description. However, the majority of

the map construction endeavours to address very similar

challenges. Among others, the questions on how to im-

prove the standardized representation of biological proc-

esses, provide intuitive map navigation tools and optimize

maps update with the latest literature, are still not fully

solved.

In this manuscript, we described the methodology

developed following the long-standing experience with

comprehensive generation and manipulation of maps.

Using this approach, we created and currently maintain the

Atlas of Cancer Signalling Network (ACSN) resource (20)

and a collection of maps created in CellDesigner available

at https://navicell.curie.fr/pages/maps.html.

Figure 6. Visualization of cancer high-throughput data in the context of DNA repair map. Visualization of gene expression from ovarian cancer samples

in a form of map staining and mutation profile in a form of glyph (triangle). (A) Proliferative and (B) mesenchymal classes of ovarian cancer. Zoom in on

EMT regulators in (C) proliferative and (D) mesenchymal classes of ovarian cancer. Proliferative group, n ¼ 87, mesenchymal group, n ¼ 96.
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We suggested a workflow for construction and an-

notation of signalling maps in CellDesigner, preparing

hierarchical modular structure of maps and also gener-

ation of different map view levels, to allow semantic

zooming-based exploration of maps in NaviCell. We

introduced NaviCell, an environment for navigating

large-scale maps of molecular interactions created in

CellDesigner. NaviCell allows showing the content of the

map in a convenient way, at several scales of complexity.

It provides an opportunity to comment the map contents,

thus facilitating its curation and maintenance. Finally, we

showed how omics data can be visualized and interpreted

in the context of the map.

Among many future challenges for the signalling net-

work community, is the integration of similar efforts.

Actually, the open-flow model of knowledge sharing and

integration was suggested in the past by Kitano and col-

leagues (47). Nowadays, there are several examples of such

efforts as Wiki Pathways (36) and Pathway Common (48).

In addition, there is an emerging community activity, the

Disease Maps Project, where mechanisms involved in

various human diseases are brought together, allowing dis-

ease comorbidity and drug repositioning studies (http://dis

ease-maps.org). Finally, the generation of comprehensive

platforms for tools, data and knowledge sharing in systems

biology and biomedical research, similar to GARUDA ini-

tiative (http://www.garuda-alliance.org), will facilitate the

compatibility between tools and resources.

The map construction and annotation procedures that

we expose in this manuscript aim to integrate community

efforts, which are in line with FAIR principles (23). We are

convinced that the application of standardized map con-

struction procedures, providing access to the maps’ content

via web-based platforms, will increase the reuse of the

existing maps, improving management and updating and

will allow efficient generation of new high-quality signal-

ling maps. Actually, the idea of exchangeable, re-usable

maps or map modules lies in the basis of the Disease

Community resource creation, where common mechan-

isms implicated in various diseases will be shared be-

tween disease-specific maps. Finally, standardly created

maps provided in common formats will ensure their

Figure 7. Retrieval of mechanistic model of EMT program control using EMT regulation map. (A) Comprehensive signalling map of EMT regulation,

(B) hub player in functional modules of EMT map, (C) structural analysis and reduction of EMT map complexity; (D) scheme representing major

mechanisms controlling EMT program.
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compatibility with various systems biology tools, facilitat-

ing their applications for data analysis and modelling.

Supplementary data

Supplementary data are available at Database Online.
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