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volved pathways. Several methods and tools resolved this problem by incorporating genomic and proteomic
data. However, the difficulty of obtaining prior knowledge of complex signaling networks limited the applicabil-
ity of these tools. In this study, based on the simulation of signal flow in signaling network, we introduce a meth-
od for determining dominant pathways and signal response to stimulations. The model uses topology-weighted
transit compartment approach and comprises four main steps which include weighting the edges, simulating
signal transduction in the network (weighting the nodes), finding paths between initial and target nodes, and
assigning a significance score to each path. We applied the proposed model to eighty-three signaling networks
by using biologically derived source and sink molecules. The recovered dominant paths matched many
known signaling pathways and suggesting a promising index to analyze the phenotype essentiality of
molecule encoding paths. We also modeled the stimulus-response relations in long and short-term synap-
tic plasticity based on the dominant signaling pathway concept. We showed that the proposed method not only
accurately determines dominant signaling pathways, but also identifies effective points of intervention in signal
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1. Introduction

One of major challenges in systems biology is to understand com-
plex processes of signal transduction and cell response to environmen-
tal signals such as hormones, growth factors, nutrients, and other
stimuli [1]. Recent technologies enable a systematic mapping of sig-
naling interactions and constructing large signal transduction networks
[2-4]. Networks generated as such are very complex and often require
extensive computational tools for dissecting to the pathways and
yield biological insights [4]. Parametric and non-parametric model-
ing methods are two general approaches in these computational
tools [5]. The difficulty of obtaining parameters for broad operating con-
ditions limits the applicability of parametric methods in signal-response
relationship studies [6]. Non-parametric methods use topological data
to estimate the unknown quantities , and thus, are valid for most phys-
iological conditions and capable of predicting the system response for
possible signal inputs.

Signal transduction in cells is an adaptive process [7]. When a
stimulus arrives, a signaling network reassembles and large numbers
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of molecular contacts are established. In this step, for routing, local sig-
nal transmission tends to be stochastic. If a stimulus arrives regularly,
cellular networks exhibit global routing property by developing a struc-
tural memory and learning the most efficient links to transfer the signal
[8,9]. These preferred paths of signal transduction are dominant signal-
ing pathways [10,11]. Several methods were developed for mining
dominant paths within cellular signaling networks. The major challenge
facing these methods is to determine which of the signaling paths with-
in a given pair of starting and ending molecules are biologically signifi-
cant [11]. Several recently developed methods addressed this issue by
integrating the network structure with confidence values, sequence
information, or gene-expression profiles [12-14]. In this study, we
proposed a non-parametric method to determine the dominant paths,
i.e., paths between internal nodes that are most effected by input stim-
ulus. To determine the dominant signaling path, we need to consider
paths from a source to a sink molecule. The difficulty of this problem is
that many paths can link two molecules in a signaling network [15].
We use two established assumptions to simplify the problem. First, in
biological systems, the signal flow prefers the path of least physico-
chemical resistance, and signals are dominantly transferred across the
rationally short cascades [16]. Second, propagation of signal through
edges on overlapping parallel paths increases the efficiency of signal
transduction [17]. To our knowledge, there is no non-parametric and
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probabilistic model has been reported to determine the signal transduc-
tion pathways within networks based on simulation of signal flow and
routing. We used literature-mined mammalian signaling networks to
systematically analyze the efficiency of the proposed modeling
method for inferring pathways and signal transduction-related
responses.

2. Methods
2.1. Weighting of the edges and nodes

To model a signaling network, we used directed graph model with
nodes (n) representing molecules and edges (e) showing type and di-
rection of interactions (activation/blockage) between the molecules
[18]. The input (source) nodes of signaling networks represent the li-
gands or their receptors, the intermediate nodes consist of various ki-
nases and second messengers, and the output (sink) nodes represent
cellular responses (e.g. transcription factors) [4]. During simulation,
we used normalized similarity index (NSI) to weight the edges and cal-
ibrate their efficiency for signal transduction in network [18,19]. Let us
consider molecules i and j in a directed network with adjacency matrix
A, where, Aj; is the number of edges from node i to node j. Nodes i and j can
be linked by a direct interaction A; and by indirect interaction with their
shared neighbor. The weight of direct interaction between node i and
node j is computed as the proportion of the common shared neighbors:

NSI(ij ) =(1AinAjnl +Ag)/ (ki + K = (AN Ayl +Ay) ) M

where, n is the neighboring node, and k; is degree of node i [18]. Simu-
lation of signal transduction starts from ligand molecule(s) and itera-
tively traverses the whole network by a modified breadth-first-search
(BFS) method [18]. The state of a node j, (X)), is the activity-level of
given molecule. At each time interval [X (t)], state of a node j is updated
based on its value in the previous time step [X(i — 1)] states of activa-
tor(s) (Xa—;) and repressor(s) (XR ﬂ) nodes feeding into it as:
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where, each directed edge (i, j) models the transduction of signals from
node i to node j of activator or repressor type [18].

2.2. Finding signaling paths between two molecules

A walk on a directed graph is an intermittent sequence of nodes
and edges, beginning and ending with node (N = {ng,ny,...,n_1,n}).
Walks without repeated edges are called trails, and those without
repeated edges and nodes are called paths [20]. We refer to ng as the
source node and n; as the sink (or target) node of the signal transduction
path. To find signaling paths between source and target molecules,
and compare the properties of dominant and secondary paths, we used
approximation traversal algorithms available in graph theory [20]. This
approximation algorithm finds optimal paths from all possible paths.

The algorithm uses breadth-first search, and iterates over potential
paths between source and target nodes in the given directed network.
During the search, among routes with intermediate node(s) in their
center-back parts, the algorithm tries to choose those reaching the tar-
get node faster (Fig. 1). This method is well suited for our problem, as
in biological systems the signal flow prefers the path of least physico-
chemical resistance [21,22]. Without setting a limit on path length, the
algorithm finds the partially or completely non-overlapping paths
with polynomial runtime. Table 1 shows the pseudo code for the
algorithm.
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Fig. 1. To illustrate our approach to select optimal signaling paths between two molecules,
suppose that we are concerned with finding paths, which transfer signal from molecule 1
into 7. In the given network, first, algorithm generates trails starting from source to target
node. In the network G, the resulting trail sets are {a:1,2,8,6,7}, {b:1,3,4,5,6,7}, and
{c:1,3,9,10,11,12,7}. Between trails a, and b with intermediate node 6, we select path
a, since it reaches the sink node faster.
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2.3. Topology-weighted transit compartments function to score signal
transduction paths

Because cellular signal transduction is a path of pair-wise interactions,
we applied the transit compartment model and queuing theory to score

Table 1

Non-parametric computing dominant signaling pathway (NSIP) algorithm. First, algorithm
simulates the signal flow in the connected sub-network that begins with the first node, and
records the efficiency of signal transduction between all node pairs and proportion of
active form for each node. According to the weights of nodes and edges, paths between
source and sink nodes are scoring by a specific function. Path with the highest score is a
plausible candidate for a dominant signaling path.

Algorithm: Nonparametric computing dominant signaling pathways (NSIP)
Problem: simulation of signal flow and inferring dominant signal transduction pathway
Inputs:

N(n): set of nodes in Graph G to which # is connected directly as parent

X(N): Nodes and edges weighting functions

P(i): is a linking list includes paths from source to node i

so: source node

si: sink node

Outputs:

C: paths topology

D: dominant path

Body of algorithm:
: calculate the weight of nodes and edges according to the X(N)

: enqueue (g, 50)

: visited(so)  true

: visited(si)  true

while(g )

n  dequeue(g)

for each w € N(n) do
if visited(w) then
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10: enqueue(w)
11:  visited(w) true
12: endif

13: Add P(n) to P(w)

14: Add 0 to P(w)

15: Insert n into P(w) before each 0

16: end for

17:end while

18:C P( )

19:Calculate the score for all paths in C
20:D  the path in C with the highest score
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