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ABSTRACT

Assembly of large biochemical networks can be
achieved by confronting new cell-specific exper-
imental data with an interaction subspace con-
strained by prior literature evidence. The SIGnal-
ing Network Open Resource, SIGNOR (available on
line at http://signor.uniroma2.it), was developed to
support such a strategy by providing a scaffold of
prior experimental evidence of causal relationships
between biological entities. The core of SIGNOR
is a collection of approximately 12 000 manually-
annotated causal relationships between over 2800
human proteins participating in signal transduction.
Other entities annotated in SIGNOR are complexes,
chemicals, phenotypes and stimuli. The information
captured in SIGNOR can be represented as a signed
directed graph illustrating the activation/inactivation
relationships between signalling entities. Each entry
is associated to the post-translational modifications
that cause the activation/inactivation of the target
proteins. More than 4900 modified residues causing a
change in protein concentration or activity have been
curated and linked to the modifying enzymes (about
351 human kinases and 94 phosphatases). Additional
modifications such as ubiquitinations, sumoylations,
acetylations and their effect on the modified target
proteins are also annotated. This wealth of structured
information can support experimental approaches
based on multi-parametric analysis of cell systems
after physiological or pathological perturbations and
to assemble large logic models.

INTRODUCTION

Systems-level understanding of cell physiology is facili-
tated by the availability of comprehensive maps represent-
ing the interactions, or functional relationships, between
biomolecules. However, experimental information about bi-
ological relationships comes in different �avours and it is
dif�cult to capture all the relevant facts in a single data-
model. As an example, one can distinguish between phys-
ical interactions supported by evidence demonstrating the
formation of macromolecular complexes and functional
causative, interactions where the activation of one entity
modulates the concentration or activity of a second entity.
Over the past decades the development of high and low

throughput approaches to identify protein complexes has
motivated a number of groups to develop databases captur-
ing this type of ‘physical’ interaction information (1). These
initiatives have recently come to maturation when a number
of protein–protein interaction (PPI) resources joined their
efforts and adhered to the IMEx consortium (2) that co-
ordinates curation and more recently aims at unifying the
informatics infrastructure (3).

Causal interactions, on the other hand, aremore complex
to capture in a structured format but are more informative
and are essential when one wants to represent the direction
and sign of information �ow in signal transduction. In ad-
dition to their inherent higher complexity, additional com-
plications come from the fact that there is no unique way
to model signalling interactions (4,5). As illustrated in Fig-
ure 1A for instance, the activation of the protein ERK by
the kinase MEK can be represented by at least two mod-
els. Process description representations, as in the metabolic
networks of the KEGG pathway database (6) and path-
ways in the Reactome pathway database (7), allow mech-
anistic descriptions, making process description maps suit-
able representations of chemical kineticmodels. These types
of descriptions lend themselves to implementation in kinetic
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Figure 1. Logic models versus Reaction basedmodels. (A) In ‘reaction basedmodels’, pathways are represented as chains of chemical reactions where every
variant of a component is assigned to a node, the transition of the component between two states is modulated by regulatory components. The formalism
that better represents such model is constituted by ordinary differential equations (ODEs) in which each node is associated with a number that represents
the concentration of the respective component. In ‘logic models’, nodes (molecules) are connected by directed edges, representing regulatory interactions.
The state of any node depends on the state of upstream nodes and on the type of relationship that link a source to a target node. In logic networks pathways
are represented as truth tables that compute the values of each node over time as a function of the states of upstream nodes. (B) SIGNOR stores more than
12 000 causal relationships between cellular components, originating from a de novo curation effort or from external DBs (PhosphositePlus, PhosphoELM,
IMEx databases and SignaLink) (2,9,17,18). SIGNOR stores more than 4900 phosphorylation and 230 dephosphorylation reactions annotated according
to the consequences (activation/inhibition) of the phosphorylation event on the target protein.

models based on systems of ordinary differential equations
(ODE). The mechanistic details that can be captured by
process description models, however, come to the expenses
of a limitation in the size of the models that can be practi-
cally analysed.
A second type of representation is often referred to as ac-

tivity �ow diagrams, which are simpler and are used when
the detail of a chemical reaction is not known, or is not
judged essentially to understand the underlying biology and
when network coverage is deemed more important than
mechanistic detail. Such diagrams represent protein activ-
ities as nodes linked by directed activating or inhibitory
edgeswithout reference to the speci�cmechanism. The non-
metabolic part of the KEGG database and the SignaLink
database (8,9) use such a representation. The qualitative
nature of the information is suitable for large models and,
in particular, for logic models. Although such an approach
yields limited mechanistic insight, the lack of parameters
facilitates training to experimental data (10).
As argued later on, it is presently dif�cult to assemble,

from the available resources, activity �ow diagrams having
suf�ciently high coverage and linking to the experiments
supporting each interaction. These considerations moti-
vated us to develop a new database, SIGNOR, that captures
causal interactions between proteins (and other biological
entities) and has the same goal of accuracy, curation depth
and coverage that has been achieved with protein interac-
tion databases (11).

RESULTS

SIGNOR (http://signor.uniroma2.it), the SIGnaling Net-
work Open Resource is a new database designed to facili-
tate the storage and analysis of causal interactions, i.e. inter-
actions where a source entity has an effect (up-regulation,
down-regulation, etc.) on a target entity. An ongoing cura-
tion effort in our group aims at making SIGNOR a promi-
nent resource in the biological community by offering a
comprehensive network of experimentally validated func-
tional relationships between signalling proteins. At the time
of writing, the core of SIGNOR is a collection of approxi-
mately 12 000 manually-annotated causal relationships be-
tween proteins and other biological entities that participate
in signal transduction. Each relationship is linked to the
literature reporting the experimental evidence and it is as-
signed a score. SIGNOR is not a collection of pathways but
rather a collection of causal relationships. Pathways may be
de�ned either by experts, or by users as a list of function-
ally related proteins. The database interrogated with a list
of proteins returns graphs having as nodes the proteins in
the queries list and as edges the causal relationships anno-
tated in the database.

SIGNOR scope and data model

Cell physiology has different layers of control. Cytokines
and growth factors, together with other soluble or mem-
brane bound entities, activate cell surface receptors that in
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turn trigger a signalling response that modulates the gene
expression and metabolic program. The complete coverage
of the metabolic and gene expression layer is beyond the
current scope of SIGNOR. SIGNOR focuses on the sig-
nalling reactions between intracellular proteins and small
molecules but, at the same time, it provides extensive cover-
age of entities, such as receptors, transcription factors and
metabolic enzymes that form the interface with extracellu-
lar signalling, gene regulation and metabolism, respectively.
Causal relationships are captured in SIGNOR as a list

of binary interactions between two entities, one playing the
role of the regulator and the other that of the regulated
entity. Most of the entities in the network are proteins.
However, we also consider additional entities such as small
molecules (ATP cAMP, PIP3, etc.), chemicals (enzyme in-
hibitors . . . ), stimuli, phenotypes, complexes and protein
families. A protein family is a group of proteins, encoded
by distinct genomic loci, with high sequence homology and
sharing a redundant function (14–3–3, Erk, etc.). A com-
plex is a group of proteins that carries out a speci�c func-
tion only when associated in a complex (Nfkb, mTORC1,
etc). Alongside proteins and chemicals we introduce stimuli
and phenotypes entities in order to be able to capture exper-
imental evidence such as ‘starvation induces the activation
of AMPK’ or ‘mTOR inhibits autophagy’. To avoid redun-
dancy or ambiguity between terms we provide de�nitions
and, whenever possible, we mapped stimuli and phenotypes
to Gene Ontology terms (14).
Since SIGNOR aims at being not only a repository

of causal relationships but also a useful tool to conceive
and design new experiments, we also annotate proteins
with information about chemical inhibitors to help ra-
tional design of perturbation experiments. To this end,
we manually curated the SelleckChem catalogue, repre-
senting an exhaustive repertoire of chemical compounds
inhibiting protein activities. SIGNOR contains informa-
tion about approximately 420 chemical inhibitors. Proteins,
small molecules and chemicals are identi�ed with UniPro-
tKB or PubChem identi�ers and hyperlinked to the re-
spective databases (12,13). Protein complexes, protein fam-
ilies, stimuli and phenotypes are de�ned within SIGNOR.
SIGNOR was conceived to be a network of human pro-
teins. If a curated experiment supporting a causal relation-
ship was performed in a model system, the interaction is
mapped onto the human proteome maintaining the infor-
mation about the experimental system (species, tissue, cell
line).
Databases capturing causal relationships have not

reached the maturity of the protein interaction �eld.
Community de�ned and accepted standards and controlled
vocabularies are not yet available. Whenever possible bio-
logical terms are mapped to Gene Ontology (14). Species
are mapped to the taxid of the taxonomy database of
NCBI, while cell lines and tissues are mapped to BRENDA
(15). Additional control vocabulary terms are de�ned in
Supplementary Tables S1 and S2.

Curation strategy

To populate SIGNOR we initially selected to curate
manuscripts reporting signalling information by searching

Medline abstracts for text containing protein names and
terms typical of signalling. As a second step we �ltered in-
teractions already curated by the IMEx databases to extract
some interactions that are relevant for signalling. IMEx
databases do not aim to capture causal interactions. How-
ever, some of the interactions curated by these databases
are relevant for signalling and imply an asymmetric re-
lationship between the two interacting entities. These in-
clude interactions between ligands and receptors, interac-
tions among transcription factors and enzymatic interac-
tions. To this end we retrieved from mentha (16) the list of
interactions with these characteristics and the publications
supporting each interaction. A subset of these publications
was classi�ed as relevant and subjected to additional man-
ual curation. We next checked whether phosphorylation in-
formation annotated in the PhosphoSitePlus and Phospho-
ELM (17,18) had already been annotated in SIGNOR. If
not, we have used the literature links accompanying the
missing entries to recurate the relevant information accord-
ing to our curation rules. In Figure 1B we have schematized
the strategy that we have adopted.
We also compared the entries in SIGNOR with those in

SignaLink. We collected all the interactions that were an-
notated in both databases and contained contradictory in-
formation. We reviewed the literature and, if necessary, we
corrected the entries in SIGNOR. Finally, the interactions
that were annotated in SignaLink and absent in SIGNOR
were checked for relevance according to our datamodel and
a fraction of these were recurated according to our curation
policy and curation depth. A �nal comparison still reveals
that approximately 300 entries in SIGNOR and SignaLink
provide contrasting information. We randomly selected a
sample of 150 interactions and we observed that 2% needed
to be revised in SIGNOR.
The curation effort described above resulted in a core of

approximately 12 000 manually-annotated relationships be-
tween more than 2800 human proteins that participate in
signal transduction, 321 were classi�ed as ‘receptors’ (14%
of the whole list of receptors), while 388 as ‘transcription
factors’ (33% of the whole list of TFs) (19,20). Particular
attention was paid to post translational modi�cation: more
than 4900 modi�ed residues (approx. 6000 relationships)
have been annotated with plenty of details about the re-
sponsible enzyme(s) and the effect of the modi�cation on
the target protein. The resulting network provides informa-
tion about 351 human kinases and 94 phosphatases (21). Fi-
nally, as mentioned earlier, each relationship, in SIGNOR,
is linked to the literature reporting the experimental evi-
dence (PubMedID) and is assigned a score based on co-
citation in literature abstracts. Further details regarding lit-
erature mining and data curation policy are available in the
Methods session (Supplementary �le 1).

SIGNOR, the website

SIGNOR can be accessed at http://signor.uniroma2.it/. The
homepage summarizes the scope of the project and links to
external related resources. Three different entry points pro-
vide access to SIGNORdata (i) ‘entity search’, (ii) ‘pathway
search’ and (iii) ‘multi-protein search’.
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The ‘Entity search’ is the simplest way to query SIGNOR
and to explore entity relationships. Proteins, inhibitors,
small organic molecules or complexes can be searched by
typing in the search �eld the entity name or its accession
number (UniProtKB AC for proteins, PubChem ID for
small molecules and chemicals) (12,13). SIGNOR retrieves
the entities whose description matches the entered string
and leaves to the user the choice of the speci�c entity of in-
terest. By clicking on the selected entity the user is taken to
the ‘entity page’ listing the information about the molecule
(name aliases, accession numbers, inhibitors) and its causal
relationships with other entities. If the selected entity is a
protein, the user is offered a short description of the pro-
tein properties and function. This information is extracted
from the UniProtKB database (12). More importantly, the
‘entity page’ is the entry point for browsing through the
causal relationships, which are the core information of the
SIGNOR database. The user can explore the relevant inter-
actions in two ways: (i) through ‘the relationships section’,
displaying the list of logic relationships where the searched
entity plays a role as upstream regulator or as downstream
effector, (ii) the graphic viewer that offers the same type of
information via a graphic display (Figure 2A). In both cases
a symbol and a colour code associated to the edges summa-
rizes the attributes of the interactions. Direct interactions
are displayed as solid lines, indirect as dashed lines while
the effect (activation or inactivation) is mapped to the edge
colour and arrow shape. Activations are represented as blue
arrows, while inhibitions as red ‘T-shaped’ arrows. In addi-
tion, every entity pair is linked to the mechanism (phospho-
rylation, methylation, binding . . . ) and to the abstract(s) of
the manuscript(s) supporting the interaction.
The ‘pathway search’ option allows browsing through a

list of annotated pathways (seemethods). In our curation ef-
fort we have de�ned for each pathway a set of 20–30 entities
(seeds) that are often mentioned in reviews that discuss the
pathway and we de�ne the ‘pathway’ as the ensemble of in-
teractions curated in SIGNOR that links the seed proteins.
A drop-down menu allows the user to select one of the cu-
rated pathways recovering its graphical representation and
the list of proteins that curators have annotated as ‘seeds’ of
the pathway (Figure 2B).

The ‘Multi-proteins search’ function was developed to al-
low retrieval of relationships between a custom list of pro-
teins or molecules. The output is the graphical representa-
tion of the network. The ‘Multi-proteins search’ function
offers two options: the �rst one, ‘connect’, returns only the
relationships between the protein seeds entered in the search
�eld. The second option, ‘all’, extends the network to the
�rst neighbours of the entities in the list. This tool allows the
user to explorewhether a given list of proteins are connected
by activation/inactivation relationships that have been de-
scribed in the literature and annotated in SIGNOR. Every
search returns the results as an interactive map (Figure 2).
The graphic viewer (see Supplementary File 1) provides a
schematized, still detail rich, data presentation.
The top menu also gives access to database statistics and

to the download page, where it is possible to download the
full data set or customized data either as tab delimited text
or in an SBML format. Finally two additional links permit
to contact our group via email for questions, suggestions or

bugs. The �nal link is dedicated to registered users and gives
access to the curation interface.
All the entries of SIGNOR are double checked by our cu-

rators. However, we are aware that mistakes and inaccura-
cies could still be present. We welcome feedback from users
within speci�c domains of their expertise. To this end a link
in the home page, ‘feedback’, allows the users to comment
on the curation of a speci�c entry and to suggest new en-
tries.

CONCLUSIONS

Comparison with other signalling databases

SIGNOR (http://signor.uniroma2.it/) was developed
to support experimental approaches based on multi-
parametric analysis of cell systems. SIGNOR offers a large
network of experimentally validated causal relationships
between signalling proteins and can be used as a prior
model for network optimization strategies and as a basis
for interpreting high content phosphoproteomic studies.
SIGNOR is different in scope from protein interaction

databases. However, there is some overlap between the
relationships captured by the two types of resources. Of
the approximately 6500 protein interactions annotated in
SIGNOR, only 45% are present in mentha that integrates
about 180 000 physical interactions curated by the IMEx
databases.
Because of the different data models adopted by the in-

dividual signalling databases (such as Reactome pathway
database (7)) only a few of these can be fairly compared
with SIGNOR. The Venn diagram in Figure 3 shows the
comparison between the information captured by SIGNOR
mentha, KEGG and SignaLink. Additional comparison of
the characteristics of traditional signalling resources and
SIGNOR is provided in Supplementary Table S3. The small
overlap between the database contents is partly the result of
the different focus of the databases and partly re�ects the
incompleteness of the curation effort, strongly advocating
collaborative initiatives in this ‘curation domain’ such as the
ones implemented in IMEx for the curation of physical in-
teractions. Moreover, differently from PPI, in the signalling
interaction curation �eld no common curation policy and
standards have been agreed upon. This implies that different
resources often annotate the same information in different
ways.
SIGNOR aims at combining curation quality, depth of

annotation details, data accessibility and data usability.
Moreover thanks to the annotation of the effect of single
modi�ed residues on the activity of the target protein, SIG-
NOR is a useful tool to map the results of high throughput
functional experiments such as high throughput differential
phospho-proteomics. To summarize SIGNOR stores more
than 8200 enzymatic reactions where the catalytic activity
of the upstream enzyme modulates the activation status or
the stabilization of the downstream one. In approximately
70% (5946) of the relationships it was possible to recover
the information about themodi�ed residuewhosemodi�ca-
tion cause activation or inhibition. The vast majority of the
modi�cations are phosphorylation reactions (94%, of which
2089 have an activation effect while 3248 are inhibitory).
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Figure 2. SIGNOR, website. The screenshot in (A) is an example of a result of an ‘entity search’ (EGFR). The web page is organized in four parts: the
entity information summary, the graphic visualizer, the list of regulatory post-translational modi�cation (reporting the modi�er and the effect that the
modi�cation has on the host protein) and the list of logic relationships (not shown) that involve the query entity. The screenshot in (B) Represents an
example of a ‘pathway search’ (EGF signalling), the web page is organized in three parts: the pathway description, the interactive graphic visualizer and
the editable list of pathway ‘seeds’. The attributes if nodes and edges are represented with different colours and symbols.
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Figure 3. Comparison of SIGNOR data set with that of other databases. The Venn diagrams in (A), (B) and (C) represent the comparison of the coverage
and the overlap in the data sets of SIGNOR and three other databases. In this comparison only the direct interactions between two proteins are considered.
Interactions involving RNAs, small molecules chemicals, stimuli or phenotypes have been excluded. For SignaLink only the ‘manually curated’ interactions
have been considered (9). KEGG archives manually curated biochemical (metabolic pathways) and causal interactions (8). In order to compare it with
SIGNOR we considered all causal interactions archived in the following sub categories: Environmental Information Processing; Cellular Processes; Or-
ganismal Systems; Human Diseases. We downloaded all these pathways in kgml format and parsed them to extract activation and inhibition interactions.
Furthermore, each entity involved in these interactions was remapped to UniProt primary identi�es using UniProt services (12).

Less represented are dephosphorylation (4%) and ubiquiti-
nation reactions (0.3%). Finally the link of signalling pro-
teins to chemical inhibitors (≈420 chemical compounds)
and their activities to speci�c antibodies makes SIGNOR
a unique resource to help in the design of new experiments
and in themodelling of cell behaviour in response to stimuli.

Coverage and perspectives

The primary goal of SIGNOR is to provide a platform for
the interpretation of experimental data and for the design
of new experiments. Although incomplete, SIGNOR has a
good coverage of signalling proteins and signalling interac-
tions: PathCards is a recently developed resource integrat-
ing signalling information frommultiple pathway databases
(22). We observe that SIGNOR covers approx. 22.4% of
the total number of human genes annotated in PathCards.
Moreover, the gene products that are missing in SIGNOR
and are present in PathCards participate in biological pro-
cesses related to metabolic processes, to speci�c diseases
or to the assembly of macrostructures such as ribosomes,
which are outside the scope of SIGNOR. To test the cov-
erage of SIGNOR in areas of biological and medical in-
terest, we checked the extent to which SIGNOR covers the
network of oncological interest. Of 562 onco-related genes
listed in ‘the cancer Gene Census’, an ongoing effort to cat-
alogue genes whose mutations are causally related to cancer
(23), 446 (79%) are annotated in SIGNOR. We made an ef-
fort to link the remaining 116 to the SIGNOR signalling in-
formation but we could not recover supporting experimen-
tal information from the literature.
SIGNOR aims at increasing the database coverage with

as little bias as possible. However, there are some thematic
areas that will be the focus of the curation effort over the
next few years. We plan to extend the coverage of dephos-
phorylation reactions, of ligand-receptors interactions and
the curation of transcription factors, which constitute un-
derrepresented areas in the database.
SIGNOR captures causal interactions that can be used

to help assembling large logic models. In the present im-
plementation no effort has been made to de�ne the logic

gates integrating multiple signals affecting the activation of
a target entity. Although this type of information is sparse,
sometimes contradictory and dif�cult to recover, the anno-
tation of logic gates is a primary interest of the SIGNOR
curation effort.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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