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ABSTRACT

Knowledge of protein–protein interactions (PPIs) is
important for identifying the functions of proteins
and the processes they are involved in. Although
data of human PPIs are easily accessible through
several public databases, these databases do not
specify the human tissues in which these PPIs
take place. The TissueNet database of human
tissue PPIs (http://netbio.bgu.ac.il/tissuenet/) asso-
ciates each interaction with human tissues that
express both pair mates. This was achieved by
integrating current data of experimentally detected
PPIs with extensive data of gene and protein
expression across 16 main human tissues. Users
can query TissueNet using a protein and retrieve
its PPI partners per tissue, or using a PPI and
retrieve the tissues expressing both pair mates.
The graphical representation of the output high-
lights tissue-specific and tissue-wide PPIs. Thus,
TissueNet provides a unique platform for assessing
the roles of human proteins and their interactions
across tissues.

INTRODUCTION

Proteins act through interactions with other molecules,
and knowledge of these interactions can help identify the
functions of proteins and their involvement in various
processes during health and disease (1,2). Owing to their
importance, many experimental methods were developed
and applied to detect physical protein–protein interactions
(PPIs). These methods include in vivo assays such
as affinity-based methods, as well as high-throughput
in vitro assays such as protein arrays (3). The various
types of PPIs have been recorded in several PPI databases

that serve a large community of researchers interested
in revealing the roles of proteins in various organisms
[e.g. (4–7)].
Here, we focus on the human PPIs. Unlike unicellular

organisms such as yeast, the human body is composed of
many tissues, each expressing a distinct set of proteins [e.g.
(8,9)]. Consequently, many proteins have varying PPI
partners across tissues (10,11). A tissue-sensitive view of
PPIs is therefore important for assessing the various roles
of human proteins. However, this view is not readily avail-
able in current databases: PPI databases do not hold tissue
information, potentially because many PPIs were detected
using in vitro assays, regardless of specific tissues.
Likewise, protein-centric databases report the expression
of a protein across tissues, but do not associate its PPIs
with a specific tissue [e.g. (12,13)].
TissueNet was designed to provide a tissue-sensitive

view of human PPIs. To this end, we integrated current
data of human PPIs from four major PPI databases with
data of tissue expression of genes and proteins. The tissue
expression data were assembled from three extensive re-
sources, each based on a different profiling technique, and
resulted in mapping of proteins to 16 main human tissues.
We then associated each PPI with the subset of tissues that
express both pair mates, thus leaving out tissues that are
less likely to contain the PPI.
Users can query TissueNet using a protein and retrieve

its PPI partners per tissue, or using a PPI and retrieve the
tissues expressing both pair mates. The graphical network
output distinctly highlights tissue-specific and tissue-wide
proteins and PPIs. TissueNet also provides auxiliary
information regarding proteins and interactions, such as
protein expression levels across tissues, PPI detection
methods and gene ontology (GO) annotations. We
believe that TissueNet will be of great help to researchers
interested in the various roles of human protein and inter-
actions across tissues.
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METHODS

Expression data sources

Data of mRNA levels across tissues, denoted GNF (8),
were downloaded from BioGPS (14), and all genes with
intensity value >100 in a tissue were considered as ex-
pressed (15). Data of protein expression across tissues,
denoted Human Protein Atlas (HPA) (16), were limited
to proteins with a positive expression value (ranked: 1, 2,
3, 4) in a tissue. Proteins were further filtered by imposing
stringent thresholds on the reliability and validity of their
antibodies. Specifically, when antibody-reliability score
was available, a medium or high was required; otherwise
at least one supportive and no negative validity scores
were required. RNA-seq data from Illumina Body Map
2.0 (17) were filtered for genes with at least 1 RPKM. All
analyses were limited to proteins and protein-coding genes
only, and these were mapped to their Ensembl gene ids
using BioMart (18). Supplementary Table S1 presents an
overview of the objects and tissues measured in each
resource.

Consolidation of expression and tissue data

As RNA-seq data covered the largest number of genes per
tissue, we based our analysis on the 16 main human tissues
profiled with RNA-seq. As GNF and HPA profiled
sub-parts of these tissues, we manually consolidated the
various tissue sub-parts according to the consolidation
scheme given in Supplementary Table S2.

RESULTS

TissueNet synergizes between large-scale data of PPI and
expression profiling across tissues to create a unique
database of tissue-associated PPIs. Below, we describe
the construction of TissueNet and its usage.

TissueNet construction

In TissueNet, a PPI is associated with the tissues expressing
both pair mates. This was achieved by integrating recent
data of PPIs with extensive data of gene and protein ex-
pression across 16 main human tissues. Specifically, experi-
mentally detected human PPIs were assembled for four
major PPI databases, including BIOGRID (4), DIP (5),
IntAct (6) and MINT (7). These data amounted to 67 439
PPIs between 11 225 human proteins. Data of gene and
protein expression across tissues were assembled from
three major resources: the GNF data set of Su et al. (8)
based on profiling using DNA microarrays, the HPA
based on protein immunehistochemistry measurements
(16) and the Illumina Body Map 2.0 based on RNA-seq
measurements (17). These data were subject to stringent
thresholds (see Methods). As RNA-seq identified the
largest number of genes per tissue (9,11), we focused on
the 16 main human tissues profiled by RNA-seq. The 16
tissues were as follows: adipose, adrenal, brain, breast,
colon, heart, kidney, liver, lung, lymph node, ovary,
prostate, skeletal muscle, testis, thyroid and white blood
cells. We then combined data of these tissues from the
three resources as follows: We associated a PPI with a

tissue if each pair mate was found to be expressed in that
tissue according to at least one resource. For tissues con-
sisting of multiple sub-parts, such as brain, we associated a
PPI with the tissue only if the two pair mates were detected
in similar or closely related sub-parts of that tissue (see
Methods). Consequently, 59 640 PPIs were associated
with at least 1 of the 16 tissues.

TissueNet usage

Users query TissueNet using a protein and retrieve its PPI
partners per tissue, or using a PPI and retrieve the tissues
expressing both pair mates. The output of TissueNet
includes a network view using a Cytoscape Web plug-in
(19), as well as a textual output and a context menu for
consecutive user queries. Below, we describe the input,
output and context menu in more detail.

Querying TissueNet
TissueNet supports protein and PPI queries that use
Ensmbel gene ID, Entrez gene ID or wiki names. The
full lists of proteins that are present in TissueNet are
accessible from TissueNet homepage. In addition to
the protein and PPI queries, TissueNet also offers a
‘sample protein’ query that retrieves the tissue PPIs
of the human protein TP53 and a ‘random protein’
query that retrieves the tissue PPIs of a randomly
selected protein from TissueNet.

TissueNet output
TissueNet output includes a graphical network view and
textual information of the output proteins and PPIs
(Figure 1). The graphical network view depicts proteins
as network nodes and PPIs as network edges while high-
lighting their tissue specificity: tissue-specific proteins,
which are expressed in at most three tissues, are
coloured orange, and tissue-wide proteins, which are ex-
pressed in 14–16 tissues, are coloured blue. Other proteins
are coloured grey. The width of a PPI edge increases with
the number of tissues associated with it.

The textual information is divided into tabs, each
relating to a different type of data regarding the output.
The ‘Properties’ tab lists the tissues associated with each
protein or PPI and also specifies the detection methods
and source databases for each PPI. The ‘Gene ontology’
(GO) tab provides the GO annotations of proteins selected
in the network view (20). The ‘Chemicals’ tab lists chem-
icals known to interact with selected proteins, which might
suggest candidates for experimental manipulation (21).
Lastly, the ‘Tissues’ tab lists per tissue the subset of
proteins that are expressed in that tissue, along with the
reporting expression resource and measured expression
value. Thus, the various tabs enable users to assess the
reliability of PPIs and of tissue associations, and to
learn more about the selected proteins and PPIs.

The context menu
The context menu is activated by a right mouse click over
the output network view. This menu provides an interface
for several user options, including changing the graph
layout, exporting the output, removing proteins from
the network and adding the PPIs of selected proteins
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to the current network view, thereby gradually expanding
the network.

DISCUSSION

The TissueNet database of human tissue PPIs at http://
netbio.bgu.ac.il/tissuenet/ offers a unique service that as-
sociates experimentally detected PPIs with tissues that
express both pair mates. To construct TissueNet, we
gathered tissue-profiling data from three large resources,
each using a different technique to measure expression
within a tissue. By applying a stringent threshold for
calling expression within a resource and uniting these
data, we created a broad, high-confidence data set of
gene and protein expression across 16 main human
tissues. The integration of these data with data of PPIs
resulted in tissue associations for 88% of the PPIs.

Although co-expression in a tissue is a necessary condi-
tion for a PPI to occur, it is important to clarify that it
does not validate the PPI within a tissue. PPIs are prob-
abilistic events that depend on additional parameters, such
as the cellular localization, post-translational modifica-
tions and concentrations of the interacting proteins,
which are yet unavailable for most PPIs. For these
reasons, the common practice in the field of PPI

mapping is to consider experimentally identified PPIs as
potential PPIs [e.g. (2)]. TissueNet further limits these po-
tential PPIs by tissue co-expression, thereby filtering out
PPIs from tissues that do not express both pair mates. To
judge the filtering power of TissueNet, we calculated the
fraction of mapped PPI tissue associations as follows:
we summed the number of different tissue associations
per PPI across all PPIs (729 675 PPI tissue associations).
We then divided it by the total number of potential tissue
associations for all PPI, i.e. the total number of PPIs
multiplied by 16 tissues (1 079 024 PPI tissue associations).
This resulted in 67.6%, meaning that TissueNet filtered
out a considerable 32.4% of the potential PPI tissue asso-
ciations. To help users further assess the reliability of
specific PPIs, TissueNet provides for each PPI its detecting
methods and the tissue expression levels of its proteins.
To summarize, TissueNet is a novel platform for obtain-
ing a tissue-sensitive view of human PPIs that can greatly
facilitate the functional assessment of human proteins and
their PPIs across tissues.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1 and 2.

Figure 1. TisseuNet presentation of the PPIs of the human protein alpha-synuclein (SNCA) in brain. The network view on the left shows SNCA as
the diamond-shaped node in the middle, circled by its PPI partners in brain. The network view distinguishes between partners expressed in �14
tissues (coloured blue), partners expressed in at most three tissues (SNCB, coloured orange) and other partners (coloured grey). The Tissues tab on
the right shows the measured expression levels in brain of SNCA’s PPI partners.
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