D432-D439 Nucleic Acids Research, 2017, Vol. 45, Database issue

doi: 10.1093/narlgkw1037

Published online 29 November 2016

XTALkDB: a database of signaling pathway crosstalk
Sarah A. Sam' 21, Joelle Teel'-', Allison N. Tegge**1, Aditya Bharadwaj® and T.M. Murali®-®"

'Department of Biological Sciences, Virginia Tech, Blacksburg, VA 24061, USA, 2School of Neuroscience, Virginia
Tech, Blacksburg, VA 24061, USA, 3Department of Computer Science, Virginia Tech, Blacksburg, VA 24061, USA,
“Department of Statistics, Virginia Tech, Blacksburg, VA 24061, USA and ®ICTAS Center for Systems Biology of
Engineered Tissues, Virginia Tech, Blacksburg, VA 24061, USA

Received July 23, 2016; Revised September 28, 2016; Editorial Decision October 18, 2016; Accepted October 20, 2016

ABSTRACT

Analysis of signaling pathways and their crosstalk
is a cornerstone of systems biology. Thousands of
papers have been published on these topics. Sur-
prisingly, there is no database that carefully and ex-
plicitly documents crosstalk between specific pairs
of signaling pathways. We have developed XTaLkDB
(http://www.xtalkdb.org) to fill this very important
gap. XTALKDB contains curated information for 650
pairs of pathways from over 1600 publications. In
addition, the database reports the molecular com-
ponents (e.g. proteins, hormones, microRNAs) that
mediate crosstalk between a pair of pathways and
the species and tissue in which the crosstalk was
observed. The XTALKkDB website provides an easy-
to-use interface for scientists to browse crosstalk
information by querying one or more pathways or
molecules of interest.

INTRODUCTION

Cells assess and respond to their environment via sig-
naling pathways. A signaling pathway typically contains
a well-defined set of regulatory and physical interactions
among receptors, intermediate signaling proteins, transcrip-
tion factors and target genes. The perception of an external
signal by receptors causes the activities of intermediate pro-
teins to change and ultimately results in the regulation of
transcription factors, which modulate the expression of tar-
get genes. Stimulation of one pathway’s receptors may also
result in regulatory downstream effects on the target genes
of a second, biochemically distinct pathway (Figure 1). We
refer to this phenomenon as ‘pathway crosstalk.” Crosstalk
is widely studied in biology and in medicine. Crosstalk be-
tween pairs of signaling pathways has been identified in
healthy organismal development (1). A number of develop-
mental processes rely on crosstalk among the well studied
and phylogenetically conserved Notch, Wnt, and Hedgehog
pathways (2-4). Crosstalk has also been shown to govern in-

flammatory responses to pathogenic stress and tissue dam-
age (5,6). Aberrant regulation of crosstalk has been linked
to cancer (7) and neurodegeneration (8). In the context of
a specific disease, crosstalk studies attempt to elucidate the
role of a pathway or pathway pair in that pathology, often to
identify therapeutic targets (9-11). Crosstalk is challenging
to explore and understand since it depends on the organism,
the tissue, the external signal and the experimental context.
A database that explicitly documents experimentally con-
firmed instances of pathway crosstalk will be a valuable re-
source. Existing signaling pathway databases usually docu-
ment information on the proteins and interactions within
each pathway (see ‘Comparison to Other Databases’ un-
der ‘DISCUSSION’). We have developed XTALKDB (http:
[Iwww.xtalkdb.org) to fill this very important gap.

RESULTS
The XTALKDB data model

XTALKDB uses a biologically grounded principle to de-
termine if there is crosstalk from one pathway (say, 4) to
another (say, B): an experiment demonstrates that perturb-
ing at least one protein in pathway A4 causes a response in
or downstream of pathway B. We manually curated all en-
tries of pathway crosstalk in XTALKDB. For every pair of
pathways, XTALKDB records detailed information describ-
ing the experimental conditions under which crosstalk was
discovered:

1) the PubMed id of the paper that reported the crosstalk,

i) the direction, e.g. from the Notch to the TGF-B path-
way,

iii) type of regulation, i.e. activation or inhibition of B,

iv) if the crosstalk is mediated by a transcriptional event,
i.e. pathway A4 regulates the expression of a gene whose
protein product is a member of pathway B,

v) the molecules that mediate the crosstalk, and

vi) the tissue type (mapped to the Brenda Tissue Ontology)
(12) and the organism.
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Figure 1. An example of activating crosstalk. (A) The Notch signaling
pathway. When the Delta ligand binds to Notch, the Notch intracellular
domain (NICD) is cleaved and translocates to the nucleus, where it binds to
CSL. The NICD:CSL complex controls the transcription of developmen-
tal genes. (B) The TGF-B signaling pathway. The binding of TGF-B to its
receptor results in the heterodimerization of SMAD3 and SMAD4 and
the subsequent phosphorylation and translocation of the complex to the
nucleus. Here, this complex regulates the transcription of genes involved
in differentiation. (C) Crosstalk from the Notch signaling pathway to the
TGF-B signaling pathway occurs when NICD binds to SMAD?3 to fur-
ther promote complex formation between SMAD3 and SMAD4. After
crosstalk, the transcriptional complex includes NICD (not shown in the
figure).

We discuss these features further in ‘Curation procedure.’
Table S1 in Supplementary Section 1 includes detailed de-
scriptions of all features in XTALKDB.

We motivate these features using the Notch and TGF-
B pathways as examples. Crosstalk is asymmetric, i.e.
crosstalk from one pathway to another is not indicative
of crosstalk in the opposite direction. For example, the
crosstalk from the Notch to the TGF- pathway (13) in-
volves different mechanisms and proteins than the crosstalk
from the TGF-B to the Notch pathway (14). In the first
case, the crosstalk is mediated by the interaction between
the Notch intracellular domain (NICD) and SMAD3. This
interaction promotes complex formation between SMAD3
and SMAD4 (Figure 1) (13). This crosstalk was identified in
the Gallus gallus embryo. In the latter case, TGF- signaling
induces the expression of Jaggedl, a ligand for the Notch
pathway (14), i.e. the crosstalk is mediated by a transcrip-
tional event. The corresponding experiment was conducted
in human bone marrow cells. In both cases, the first pathway
activates the second. XTALKDB includes several examples
where the crosstalk is inhibitory or there is crosstalk in one
direction but not in the other.
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Curation procedure

For each pathway pair, we used the following procedure to
manually curate and identify publications in the literature
that may support their crosstalk.

1) Select two pathways to be queried (referred to as ‘A’
and ‘B’). For every such selection, there are two ordered
pairs: (A, B) and (B, A). Note that the crosstalk from A
— B is different from crosstalk from B — A.

ii) We searched PubMed for publications that may pro-
vide evidence for crosstalk between two pathways us-
ing a structured query. We formatted these queries
as follows: ‘A AND B AND crosstalk’ or ‘A AND
B AND pathway’ Occasionally, we modified these
queries by using synonyms for pathway names or
by including proteins within the pathways. For ex-
ample, we used the query ‘GLP-1 Adipocytokine
Signaling’ instead of ‘Insulin Signaling AND
Adipocytokine AND pathway.” The download-
able files provided on the XTALKDB website specify the
precise queries for each pathway pair.

iii) If none of the queries returned any results, we recorded
each of the pathway pairs with a dummy PubMed id.

iv) We processed the search results in order of relevance.

v) If there were at most 10 publications returned, we read
each abstract. Otherwise, we selected paper titles that
we judged were likely to report crosstalk.

vi) Note that some publications may support crosstalk
from pathway A to pathway B and other papers in the
other direction. It is also possible for a publication to
support crosstalk in both directions. We describe how
we curated a paper for evidence of crosstalk from path-
way A to pathway B. We used an analogous procedure
for crosstalk in the other direction. In effect, we evalu-
ated each publication twice.

a) We searched the abstract for a sentence that sup-
ported crosstalk. We recorded that there was no
crosstalk if the abstract had enough evidence to sup-
port this conclusion. For example, an abstract may
have mentioned both pathways (among others) but
did not mention them together or the paper was in-
cluded in the results because it reported intercellular
crosstalk.

b) If we found a sentence in the abstract that supports
crosstalk or there was not enough information in the
abstract to conclude that there is no crosstalk, we
then searched the full text of the paper (when avail-
able) for sentences that contained the names of one
or both pathways. We then read each of these sen-
tences within its context as well as the ‘Discussion’
or ‘Conclusion’ section of the paper to judge their
support of crosstalk.

c¢) We also examined the publication for sentences
that provided further information on crosstalk: the
molecules that mediate the crosstalk, whether path-
way A activates or inhibits pathway B and the
species and tissue type in which the experiment re-
ported in the publication was performed.

d) For each pair of pathways shown to crosstalk in
a publication, we recorded the following informa-
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Figure 2. Statistics summarizing data in XTALKDB. (A) The number of crosstalking pairs in which each pathway participates, either as 4 (left) or B (right),
with activating and inhibiting crosstalk counted separately. The number in parentheses is the total number of crosstalking pairs that include the pathway.
Pathways appear in descending order of this number. ‘P4’ is an abbreviation of ‘Progesterone.” (B) The distribution of the species in XTALKDB. Icons
taken from mindthegraph.com under a Creative Commons Attribution Share-Alike 4.0 License. (C) The frequency of Brenda Tissue Ontology terms in
XTALKDB. The chart displays only the most specific tissues in the ontology that annotate 10 or more pairs of crosstalking pathways. (D) The distribution
of the number of crosstalking pathway pairs mediated by a molecule. We identify the molecules that mediate crosstalk between at least six pairs of pathways.
Some of these molecules have similar names (e.g. NFKBI1 and Nfkbl) because they belong to different organisms.



tion in the database: whether the crosstalk was tran-
scriptional, the regulation type (activating or in-
hibiting), molecular component A, molecular com-
ponent B, species, tissue, condition and the sentence
supporting the crosstalk between the two pathways.
Supplementary Table S1 contains all the attributes
recorded in XTALKDB and their descriptions.

e) If the publication did not support crosstalk, we
recorded that this publication had no evidence for
crosstalk from pathway A to pathway B.

Additional notes on the curation procedure.

1) Through this procedure, we recorded up to 20 at-
tributes for each pair of pathways and each publication
(Supplementary Section 1).

i) If the full text of a paper was not available, we recorded
as much information (on support for crosstalk or lack
thereof) from the abstract.

iii) On occasion, a publication returned by our search
query was a review article. In such a case, we recorded
the information documenting crosstalk available in the
review article instead of the original source article that
reported the crosstalk. We opted for this strategy since
we wanted to document which paper and sentence led
to the entry in XTALKDB.

iv) Through this curation procedure, we recorded (path-
way A, pathway B, PubMed id) triples where the publi-
cation did not provide support for crosstalk from path-
way A to pathway B. These triples are part of the file
downloads on the XTALKDB website. However, the
web interface does not include them in the search re-
sults.

v) It was not possible to confirm that a pathway pair does
not crosstalk. What we could conclude from this pro-
cess was that none of the publications that we have
curated contained evidence for crosstalk between that
pair of pathways.

vi) Publications that we curated typically monitored a
pathway by measuring the expression of a target (re-
porter) gene or the activity of a representative protein.
We recorded that pathway A activated (respectively, in-
hibited) pathway B if a publication reported that the
stimulation of pathway A4 activated (respectively, inhib-
ited) a representative gene or protein for B.

vii) The molecules that mediate the crosstalk between a
pair of pathways may not directly interact. Hence, these
molecules do not always provide information on the
mechanism underlying the crosstalk.

PATHWAY SELECTION

We selected pathway names from the KEGG database (15)
since it has one of the most comprehensive collections of
pathways. KEGG divides pathways into seven categories:
metabolism, genetic information processing, environmental
information processing, cellular processes, organismal sys-
tems, human diseases and drug development. We selected
the following categories related to intracellular signaling:
environmental information processing (signal transduction
and signaling molecules and interaction), cellular processes
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(cell growth and death and cell community) and organismal
systems (immune system and endocrine system). Since the
definition of crosstalk relies on the transduction of a signal
from one pathway to another, we limited ourselves to those
pathways that have at least one receptor and one transcrip-
tion factor.

STATISTICS ON XTaLkDB

XTALKDB contains information for 650 ordered pairs of
pathways based on the curation of over 1600 publica-
tions. Of these 650 pairs, XTALKDB contains literature
evidence supporting crosstalk for 345 pairs of pathways
(53%). For the remaining pathway pairs, the curated pub-
lications do not contain any evidence for crosstalk. All
pathways in XTALKDB participate in at least one instance
of crosstalk (Figure 2A). As many as 14 pathways have
crosstalk to or from at least half the pathways. This sub-
set includes phylogenetically-conserved pathways such as
Hedgehog, Notch and Wnt and widely-studied pathways
such as TGF-B, NF-kB and MAPK. In contrast, the path-
ways that are less involved in crosstalk may be either poorly
studied, tissue-specific (e.g. Prolactin signaling and oocyte
maturation) and/or responsible for the production of spe-
cific molecules (e.g. Thyroid synthesis, Insulin secretion
and Melanogenesis). Interestingly, as many as 17 upstream
pathways inhibit the Apoptosis pathway, perhaps due to
the prevalence of cancer-related publications on crosstalk.
Crosstalk was activating for 74% and inhibiting for 41%
pairs. Note that a pathway can both activate and inhibit
another pathway. Crosstalk was transcriptional for 48%
of the pairs. The curated publications in XTALKDB span
17 species, with 237 and 96 pathway pairs cataloged in
human and mouse, respectively (Figure 2B). The experi-
ments recorded in XTALKDB were performed in a wide
range of tissues. As many as 24 tissues supported at least
10 crosstalking pairs each, with vascular endothelial cells,
uterus, liver and muscle being the most common (Fig-
ure 2C). The database contains information on over 440
molecules, each of which can mediate the crosstalk between
one or more pairs of pathways (Figure 2D). A vast ma-
jority of these molecules (376, 85%) act as mediators for
three or fewer pathway pairs. A smaller number (30) me-
diate crosstalk between six or more pathway pairs. These
molecules include ligands (e.g. SHH, TGFBI1, TNF), recep-
tors (e.g. ESR1, EGFR, ERBB2, TLR4), intermediate sig-
naling molecules (e.g. Aktl, PRKACA) and transcription
factors and regulators (e.g. HIF-1«, B-catenin and the es-
trogen receptor).

THE XTaLxkDB WEBSITE

The XTALKDB website allows scientists to browse and
query information on crosstalk either by pathways or by
molecules.

Search by pathways

The main interface to XTALKDB on the website is a search
box where the user can select one or more pathways. The
result is a list of ordered pairs of crosstalking pathways, de-
pending on the number of pathways selected:
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Figure 3. Screen shots from the XTALKDB website. (A) The List View of the search results for Notch, TGF-8 and Wnt signaling pathways. (B) The
Network View of the same search results. Green edges with arrowheads represent activating crosstalk and red edges with blunt heads denote inhibiting
crosstalk. (C) Molecules mediating the crosstalk from Notch to TGF-f signaling pathway. (D) The network of these molecular interactions. The green and
blue rectangles contain the molecules in the Notch and TGF-B signaling pathway, respectively.

i) zero pathways: all crosstalking pairs in the database.

ii) one pathway A: all crosstalking pairs (4, X) or (X, A4),
where X is another pathway in XTALKDB.

iii) two pathways A4 and B: at most two pairs (4, B) and
(B, A), depending on whether XTALKDB records any
relevant crosstalk information.

iv) three or more pathways, e.g. A, Band C: the union of the
searches for all ordered pairs of pathways in the query.
In this case, there are six possible pairs.

For each resulting pair, the ‘List View’ (Figure 3A) dis-
plays the two pathways that crosstalk and provides a sum-
mary of the curated evidence. A user may filter the result-
ing pathway pairs based on the species and/or tissue. The
‘Network View’ (Figure 3B) provides an alternative visual-
ization of the search results. Here each node represents a
pathway and each directed edge indicates that XTALKDB
contains at least one publication supporting the crosstalk
from one pathway to the other. A user may click on an edge
between pathways to view a summary of the evidence for
their crosstalk.

For each pair of pathways in the search results, the user
can click the ‘More details’ button to visit a webpage spe-
cific to that pair. For each curated publication that supports
crosstalk between the two pathways, this page lists the in-
formation recorded in XTALKDB from that paper. In ad-
dition, this page lists any recorded molecules mediating the
crosstalk (Figure 3C). A network view of these molecular
interactions is also available (Figure 3D).

Search by molecules

A user may also search XTALKDB for crosstalking pathway
pairs by the mediating molecules. The search box provides
a dropdown of a list of molecules contained in the database.
The user may select one or more molecules. The results will
depend on the number of molecules selected:

1) one molecule: XTALKDB will return records for all path-
way pairs for which the query molecule mediates the
crosstalk.

i1) two or more molecules: XTALKDB will return records
for all pathway pairs for which at least one of the query
molecules mediates the crosstalk.

Other features

The user can become acquainted with the main features of
the XTALKDB website by clicking the “Take a tour’ button.
The website provides links to download the database in tab-
delimited, comma-separated or JSON formats. See Supple-
mentary Section 1 for a description of these files. The user
may also download data specific to a particular pathway.
The user can access up-to-date documentation and statis-
tics on the website. XTALKDB is available under a Cre-
ative Commons Attribution-ShareAlike 4.0 International
License (CC BY-SA 4.0).



Implementation

XTALKDB is a NoSQL database that uses MongoDB as
the database management system. The web interface is im-
plemented in JavaScript and runs on a NodeJS web server
hosted on Amazon Web Services. The frontend interface
uses Bootstrap framework for web design and CytoscapelS
(16) for network visualization.

DISCUSSION
Comparison to other databases

Many databases exist for storing physical, regulatory or
causal interactions between pairs of proteins and complexes
without annotating them to any specific pathway, e.g. (17—
20). Other databases document pathways and the proteins
and interactions within each pathway (21,22). As far as we
know, these resources do not record crosstalk.

KEGG (15), a database of pathways, uses a ‘maplink’ to
represent an interaction between a protein in one pathway
and a protein in the linked pathway. Such interactions may
not necessarily imply crosstalk between pathways. More-
over, the KEGG database does not explicitly document lit-
erature support for each interaction. Instead, it only pro-
vides a list of publications from which curators have cre-
ated the pathway. SignaLink (23) is a database that anno-
tates seven pathways and potential crosstalk between them.
These authors state that crosstalk occurs between two path-
ways (say, 4 and B) if a protein in pathway A interacts with
a protein in pathway B. PathwAX (24) is a web server that
computes the extent of crosstalk between a query list of
proteins and all KEGG pathways. It is based on a similar
principle as SignaLink: crosstalk depends on the number of
links between the query and a pathway. In contrast, the defi-
nition of crosstalk used by XTALKDB is more stringent and
biologically grounded since the presence of such an interac-
tion is not a guarantee that stimulation of A will lead to a
response in or downstream of B.

Applications of XTALKDB

The crosstalk data stored in XTALKDB is a rich resource for
several types of further analysis. Scientists can study tissue-
specific crosstalk, e.g. instances discovered in breast-cancer
cell lines, or crosstalk that has been validated in multiple
organisms. It is also possible to explore the multiple roles
played by mediating molecules. As a specific use case, we
asked whether one pathway could activate or inhibit an-
other using the same mediating protein. We also checked
if two pathways could activate/inhibit each other using the
same proteins. XTALKDB contains numerous examples of
such pathway pairs: (i) 17 pairs (4, B) where 4 activates B
and 4 inhibits B using the same protein, (ii) 26 pairs where
A activates B and B activates A using the same protein and
(iii) 18 pairs where A4 activates B and B inhibits 4 using the
same protein. We list these pathway pairs on the statistics
page on the website. As an example of the first category,
the NF-kB pathway can activate the hypoxia-inducible fac-
tor 1 (HIF-1) pathway through the action of Inhibitor of
nuclear factor-kB o (NFKBIA), which derepresses HIF-1
during moderate hypoxia (25). The NF-kB signaling path-
way can also inhibit the HIF-1 pathway: NF-kB-mediated
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inflammatory signaling blocks the transactivation of HIF-1
(26).

Computational methods can identify crosstalk automat-
ically (24,27-29). We previously used an early version
of XTALKDB as a gold standard for the evaluation of
three such methods (29). Therein we discovered that the
commonly-held conjecture that crosstalk occurs when two
pathways share proteins is a poor predictor: it achieved an
area under the ROC curve (AUC) equal to that of the ran-
dom classifier. Moreover, a method that relied on inter-
actions that connect proteins in one pathway to another
(28) performed only a little better; note that SignaLink
2.0 and PathwAX use this concept to define crosstalk. A
novel path-based technique that we developed had superior
AUC. The inclusion of both positive (pathway pairs with
crosstalk supported in the literature) and negative (pairs for
whom we could not find evidence for crosstalk) examples in
XTALKDB was critical to the success of the evaluation. We
expect that XTALKDB will continue to serve as a powerful
resource for evaluating the accuracy of such computational
methods.

Aberrant signaling has been observed in cancers, de-
velopmental disorders, and neurodegenerative diseases (7—
11). Additionally, unexpected drug side effects have been
associated with non-canonical signaling events (30,31).
XTALKDB provides protein mediators of crosstalk that may
be used to better understand these processes, especially in
combination with algorithms that systematically integrate
protein interaction and signaling networks with experimen-
tal data on drugs and their effects (30,31).

Future directions

We are planning to expand XTALKDB in several ways.
First, we will provide XTalkDB for download in additional
computable formats. We are examining approaches such
as BioPAX (32) and the Biological Expression Language
(BEL) (33). BEL is a promising option since it is designed
to represent scientific findings by capturing causal and cor-
relative relationships at the levels of molecular events and
cellular processes.

Second, we will store additional types of information
about each crosstalking pair of pathways in order to pro-
vide a more comprehensive description of these events. It
is well known that signal transduction pathways rely on
post-translational modifications (PTMs) to determine pro-
tein activities. Therefore, we will document PTMs that par-
ticipate and mediate the crosstalk between pathways.

Third, we will increase the number of pathways we cover,
e.g. by including pathways from the following KEGG sub-
categories: ‘Cellular Process’ (e.g. cell cycle and autophagy),
‘Immune System’ (e.g. NOD-like receptor signaling path-
way, and ‘Nervous System’ (e.g. retrograde endocannabi-
noid signaling). Including these categories will increase the
scope of XTALKDB beyond signaling pathways and diver-
sify its repertoire of crosstalk events.

However, the manual curation process underlying
XTALKDB has its limitations (Supplementary Section
2), especially as we seek to expand the coverage of the
database: the number of pairs to be curated grows quadrat-
ically with the number of pathways. Hence, our final
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direction will be to use text mining as a means to augment
and accelerate manual curation. Specifically, we plan to
develop a natural-language processing (NLP) framework
that will rate publications based on their likelihood to doc-
ument crosstalk. A curator can then focus on highly ranked
publications, thereby reducing the time spent on ‘false
positive” publications (i.e. papers returned by the PubMed
query that do not yield evidence of crosstalk). XTALKDB
contains the specific sentence documenting the crosstalk in
each supporting publication. In several cases, XTALKDB
also includes sentences that are suggesting of crosstalk but
are ultimately misleading. These data promise to be very
useful for training NLP systems for automatically curating
the literature for instances of crosstalk.

CONCLUSION

Crosstalk is a widely studied phenomenon that has been
observed in both healthy and disease states, across multi-
ple tissues and in several species. We were surprised to find
that almost half the pathway pairs in XTALKDB have lit-
erature evidence supporting their crosstalk. This high de-
gree of crosstalk emphasizes the complex nature of cellular
signaling. This database may spur research on relationships
between signaling pathways and how they are defined. As
far as we are aware, XTALKDB is a unique resource that is
not replicated by any other database. We expect XTALKDB
to be a valuable resource to the biomedical community.
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Supplementary Data are available at NAR Online.
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