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Abstract

currently the subject of some debate.

systems of interest.

Background: There is general agreement amongst biologists about the need for good pathway diagrams and a need
to formalize the way biological pathways are depicted. However, implementing and agreeing how best to do this is

Results: The modified Edinburgh Pathway Notation (mEPN) scheme is founded on a notation system originally
devised a number of years ago and through use has now been refined extensively. This process has been primarily
driven by the author's attempts to produce process diagrams for a diverse range of biological pathways, particularly
with respect to immune signaling in mammals. Here we provide a specification of the mEPN notation, its symbols, rules
for its use and a comparison to the proposed Systems Biology Graphical Notation (SBGN) scheme.

Conclusions: We hope this work will contribute to the on-going community effort to develop a standard for depicting
pathways and will provide a coherent guide to those planning to construct pathway diagrams of their biological

Background

Pathway diagrams are currently available in a plethora of
different forms. Using the term in the broadest sense,
they can be a picture that accompanies a review article,
wall charts distributed by journals and companies, small
schematic diagrams used to support mathematical mod-
eling efforts or network graphs reflecting known protein
interactions based on the results of large scale interaction
studies or automated literature mining. To support these
efforts there are also a growing number of databases that
serve up these 'pathways' [1]. These are either curated
centrally [2-5] or increasingly by the community [6-8].
The sheer range of resources available reflects the current
interest in pathway science. However, this variety can in
itself be frustrating. Pathways are drawn using informal
and idiosyncratic notation systems, with varying degrees
of accuracy and specificity in defining what pathway
components are being depicted and the relationships
between them. Resources are often fragmented with
some proteins or metabolites being members of numer-

* Correspondence: Tom.Freeman@roslin.ed.ac.uk

! Division of Pathway Medicine, University of Edinburgh Medical School, The
Chancellor's Building, College of Medicine, 49 Little France Crescent,
Edinburgh, EH16 4SB, UK

Full list of author information is available at the end of the article

ous pathways; the concept of pathway membership being
a highly subjective division. The pathways themselves are
rarely available as a cohesive network and there are
numerous pathway exchange formats in use. All in all,
despite the huge efforts in time and resources that has
been poured into pathway science the state of the art
leaves a lot to be desired. The advent of analytical tech-
niques able to perform genome-wide analysis of cell sys-
tems has opened a window to our comprehension of
systems-level biology. It has however also highlighted the
pressing need for comprehensive pathway models in
order to assist with the interpretation of this data.

In recognition of these issues a number of groups have
proposed formalized notation schemes for drawing 'wir-
ing diagrams' of cellular pathways [9-12]. The process
diagram notation (PDN) on which our work has been
largely based [9], has been used in the generation of a
number of relatively large pathway diagrams [13-15].
However, in the course of our investigations we have
found that the diagrams resulting from these elegant and
pioneering efforts were not always easy to interpret and
the notation system was a challenge to implement. Fur-
thermore, we found that the PDN did not support all of
the concepts that are required to reflect the diversity of
pathway components and the relationships between
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them. The original Edinburgh Pathway Notation (EPN)
scheme [11] was designed to allow the logical depiction
of signaling pathways. The basic objectives of the EPN
were to create a notation scheme that was: a) flexible
enough to allow the detailed representation of a diverse
range of biological entities, interactions and pathway con-
cepts; b) able to represent pathway knowledge in a
semantically and visually unambiguous manner; c) able to
the construct pathway diagrams that are understandable
by a biologist; and d) able to produce diagrams that are
sufficiently well defined that software tools can convert
graphical models into formal models suitable for analysis
and simulation. It incorporated many of the ideas of the
process PDN scheme but notably introduced the idea of
using Boolean logic operators (AND/OR/NOT) nodes to
represent co-dependencies between components. As our
pathway mapping efforts have continued to develop and
been driven by our interest in modeling a diverse range of
biological pathways and concepts, we found it necessary
to further refine the EPN scheme. We are now satisfied
that this graphical language has reached a sufficient level
of maturity to now formally describe the 'modified' EPN
scheme. In doing so we seek to provide a cohesive guide
for those wanting to construct any range of pathways
using the mEPN, and support our own work in depicting
the regulation of macrophage biology [16-18]. We also
believe that the mEPN scheme has some important
advantages over other proposed pathway notation
schemes and is therefore a positive contribution to the
debate on standardizing pathway depiction.

Results

Definition of the modified Edinburgh Pathway Notation
(mEPN) Scheme

A pathway may be considered to be a directional network
of molecular interactions between components of a bio-
logical system that act together to regulate a cellular
event or process. In this context a component is any phys-
ical entity involved in a pathway e.g. a protein, protein
complex, nucleic acid (DNA, RNA), molecule, etc. Inter-
actions are generally the relationships between one com-
ponent and another where one component influences the
activity of another e.g. through its binding to, inhibition
of, catalytic conversion of, etc. Interactions between cel-
lular components thereby lead to a change in the status of
the system. A pathway notation scheme is a collection of
predefined symbols (shapes, lines, figures) that represent
the constituent parts of a graphical system for depicting
the components of a biological pathway, the interactions
between them and the cellular compartments in which
they occur. A scheme should also include rules for the use
of these symbols in depicting information. Glyphs are
stylized graphical symbols that impart information non-
verbally and are used to portray different classes of bio-
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logical entities e.g. protein, gene, pathogen etc. and the
nature of the relationships between them. In network ter-
minology all glyphs are nodes (vertices) of a specific type
and the connectivity between them is defined by edges
(lines/arcs). The full set of glyphs employed in the mEPN
scheme are shown in figure 1 and a full description of
them and their use is given in the accompanying mEPN
specification document (Additional files 1 and 2).

Pathway Components

The mEPN uses a set of standard shapes to represent
classes of molecules (components) from a rounded rect-
angle to represent proteins and protein complexes, to a
diamond shaped glyph to represent simple ions and mol-
ecules e.g. Na*, K+, H,O etc. Components play some role
within the pathway and exist in one or a number of loca-
tions within a cell. An important rule of the mEPN is that
a component may only be represented once in any given
cellular compartment. Whilst this rule can potentially
lead to a tangle of edges due to certain components pos-
sessing numerous connections to other components
spread across the pathway, the benefits of the rule out-
weigh the issues in adhering to it. The number of edges
entering or leaving each node gives the reader an exact
indication of a component's connections to other compo-
nents and hence potential activity, without the need for
scanning the entire diagram to find other instances where
the component is described. A notable exception to this
rule is in the depiction of small and ubiquitously present
ions and molecules which may be represented numerous
times and be involved in numerous processes. A compo-
nent may however be shown more than once in a given
cellular compartment if it changes from one state to
another e.g. from an inactive form to an active form, in
which case both forms are represented as separate com-
ponents.

It is worth considering the depiction of protein com-
plexes as a special case. For relatively simple protein com-
plexes e.g. dimers, trimers, it is usually sufficient to depict
the complex as a simple rounded rectangle labelled using
the names of the constituent proteins and their modifica-
tions (Figure 2a). However as the size of complexes grows
this can become limiting. In the first instance a complex
may span more than one cellular compartment e.g. a
membrane receptor complex and it is useful to depict this
and the relative position of molecules within the com-
plex. In such cases we have found it useful to draw the
complex as an elongated rounded rectangle with the
names of the proteins arranged relative to their position
within the complex/cell (Figure 2b). This also has the
added advantage of reducing the reducing space a com-
plex takes up, a distinct benefit when depicting a large
number of receptors and their transient activation states.
In other cases a protein complex may have a well recogn-
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Figure 1 List of the Glyphs used by the modified Edinburgh Pathway Notation (mEPN) scheme. Unique shapes and identifiers are used to dis-
tinguish between each element of the notation scheme. The notation scheme essentially consists of the following categories of nodes representing;
cellular components, compartments, Boolean logic, edge annotations, reactions and processes. For a full description of the notation scheme and rules

EDGE ANNOTATION

Modified Edinburgh Pathway
Notation (mMEPN) Scheme
2010

ised structure and it may be desirable to reflect that
structure in its depiction. For example when depicting
various forms of the proteasome we arranged the subunit
names in layers reflecting the composition of the protea-
some's core barrel structure and placed the cap-proteins
at either end of this barrel. Whilst far from perfect it goes
some way in capturing the recognised structure of the
complex. However at a point this too becomes limiting
and when components are complexes of complexes or
complexes composed of proteins and say DNA, it is no
longer sufficient to simply represent everything as single
unified component. In such cases we have found it useful
to depict complexes as a collection of components joined
using non-directional edges (an edge without an arrow-
head) which represent a physical covalent of non-cova-
lent bond. In this way a functional entity can be seen to be
composed of multiple separate entities each of which can
be separately modified but still influence the activity and
composition as a whole (Figure 2c).

Component annotation

Multiple names are often available to describe any given
protein with a number of different protein names fre-
quently in use in the literature at any one time. Likewise
some common names may be used to describe more than
one protein or complex. This use of non-standard
nomenclature frequently leads to ambiguity as to the
exact identity of the component being depicted. Under
mEPN we therefore recommend the use of standard gene
nomenclature systems e.g. HGNC or MGD to name
human or mouse genes/proteins, respectively. These
nomenclature systems now provide a near complete
annotation of all human and mouse genes and their use in
the naming of proteins provides a direct visual link
between the identity of the gene and the corresponding
protein. Where other names (alias') are in common use
these names may be shown as an addition to the label on
the glyph representing the protein and are included as
part of the node's label after the official gene symbol in
rounded () brackets. Use of standard nomenclature also
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Figure 2 Graphical Representation of Complexes. (A) Two alternate views of the STAT1 homodimer both of which would be considered to be
formally correct under the mEPN scheme. (B) Visual representation of interferon-gamma receptor complex bound to IFNG. For membrane receptor
complexes such this we have generally favoured showing the complexes spanning the plasma membrane (brown) with the receptor portion pro-
truding into the extra-cellular space (grey) and with the adaptor molecules projecting into the cytoplasm (yellow). (C) The 26S proteasome has a bar-
rel-like structure made up of 6 six concentric rings each composed of 7 proteasome subunits, capped with regulatory subunits at either end. We
therefore chose to arrange the subunit in names in this manner so as to capture visually something of this arrangement. (D) Model of the transcription
factor/coactivator complex that regulate genes associated with MHC class2 antigen presentation such as CD74. In this case transcription is thought
to be regulated by two transcription factor complexes, CREB1 and one unknown factor which bind directly to four elements in the gene's promoter
and transcription is initiated by a conformation change induced by the binding of CIITA. Here as in E interaction edges are used to denote a physical
link between components of the complex. (E) DNA replication complex formed during S-phase. As complexes become large the use of the physical
interaction edge becomes essential in defining not only which components make up the complex but where in the complex they reside. This arrange-
ment also allows for the depiction of specific components of the complex to undergo a change in state or cause a change in another component

(which may or may not be part of the same complex).

assists in the comparison and overlay of experimental
data (which is usually annotated using standard nomen-
clature) with pathway models. At the present time there
are unfortunately no standard and universally recognized
nomenclature systems available for naming certain types
of pathway components. For instance protein isoforms
tend to be named in an ad hoc manner by those who
study them and biochemical compounds are known by
both their common names or by names that reflect their
chemical composition. For instance the IUPAC nomen-
clature system http://www.chem.gqmul.ac.uk/iupac/ is a
standard nomenclature system for organic chemicals but
most names would have little relevance to a biologist. In
cases such as these the important thing is to be consistent
and where possible to cross reference the components ID
to other sources such that the identity of the component
depicted, where at all possible, is unambiguous.

Protein complexes when drawn as a single entity are
named as a concatenation of the proteins belonging to the
complex separated by a colon. Again if the complex is
commonly referred to by a generic name this may be
shown below the constituent parts. There are no strict
rules as to the order in which the protein names are
shown in the complex and are often shown in the order in
which proteins join the complex, in the position they are
likely to hold relative to other members of the complex
(where known) or position relative to cellular compart-
ments e.g. with receptor proteins in a membrane bound
protein complex protruding into the extra-cellular space.
Where a specific protein is present multiple times within
a complex, this may be represented by placing the num-
ber of times a protein is present within the complex in
angle brackets < >. If the number of proteins in the com-
plex is unknown this may be represented by <n>. The
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particular 'state' of an individual protein or a protein
within a complex may be altered as a consequence of a
particular process. This change in the component's state
is marked using square [] brackets following the compo-
nent's name; each modification being placed in separate
brackets. This notation may be used to describe the
whole range of protein modifications from phosphoryla-
tion [P], truncation [t], ubquitinisation [Ub] etc. Where
details of the site of modification are known this may be
represented e.g. [P-L232] = phosphorylation at leucine
232. Alternatively the details of a particular modification
may be placed as a note on the node visible only during
'mouse-over' or when viewing a node's properties. Where
multiple sites are modified this may be shown using mul-
tiple brackets, each modification (state) being shown in
separate brackets.

Depiction of Interactions between Components
Interactions are depicted by edges and signify the rela-
tionships between one component and another. Edges
denote that an interaction occurs between components/
processes in a pathway and convey the directionality of
that interaction, where appropriate. The nature of an
interaction is inferred through the use of edge annotation
nodes, process nodes, and Boolean logic operators (see
below). Interaction edges may be coloured for visual
emphasis but as with nodes, the definition of meaning is
not reliant on colour. A number of edges contain an in-
line annotation node to indicate the 'type' of interaction,
as is often depicted by the use of different arrowheads.
An edge annotation is generally characterized as having
only one input and one output, and functions to describe
the type of activity implied by the edge e.g. activation,
inhibition, catalysis. However, in certain instances they
can be used as distribution nodes e.g. where one compo-
nent activates many others such as with transcriptional
activation of a number of genes by a transcription factor
it can reduce the number of edges emanating from the
transcription factor and therefore simply the representa-
tion. One other type of edge, one that connects compo-
nents but has no arrowhead, is used to depict a physical
interaction between the components. This can be used in
the depiction of a bond between separate components of
a complex, thereby providing improved visual clarity,
especially with very large complexes, as to which compo-
nents directly interact with each other.

Depiction of Biological Processes

A process is a defined event occurring between compo-
nents or to a component. A process node in the context of
this notation system can be defined as a node that infers
an action, transformation, transition or process. They
impart information on the type of process that is associ-
ated with transformation of a component from one state
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to another or movement in cellular location. They also
act as junctions between components and as such may
have multiple inputs or outputs to components. In the
mEPN all process nodes are represented by a small circu-
lar glyph and the process they represent is defined by a
one-to-three letter code. Colour is used as a visual clue
for quick recognition of the nature of the process
depicted and group processes into 'type' but again is not
necessary for inferring meaning. There are currently 31
process nodes recorded under the mEPN. Different pro-
cess nodes generally have different connections. For
instance a 'binding' node will have multiple inputs and
one output, the opposite is true for a dissociation node.
Process nodes also act as way of collating information
about a given event; for example protein A may be
cleaved by protein B, this reaction being ATP dependent.
In this case A would be shown connected to its truncated
form (A [t]) via a process node depicting cleavage (X). B
would be shown to catalyze or active that process
through its connection to the X-process node which
would also receive an input from an energy transfer node
(ATP->ADP) (See Additional file 3).

Boolean Logic Operators

Boolean logic operators define the dependencies between
components of a system describing the relationship
between multiple inputs into a process. An 'AND' opera-
tor is used when two or more components are required to
bring about a process i.e. an event is dependent on more
than one factor being present. In modelling flow through
networks these act in a similar manner to 'bind' process
nodes i.e. all inputs must be present before a product is
formed or reaction proceeds. In contrast an 'OR' operator
is used when one component or another may orchestrate
the same change in another component. For instance
multiple kinases e.g. MAP2K3, MAP2K6, MAP2K7 may
catalyze the phosphorylation of p38 (MAPKI14) and
therefore shown connecting with p38 via an OR operator.
OR operators have also occasionally been used to infer
that a component(s) has potentially multiple out comes.

Other Nodes

There are a number of glyphs that represent concepts
that do not sit neatly under the headings of being a com-
ponent, a process or logic operator. These include:

Energy/molecular transfer nodes are used to represent
simple co-reactions associated with or required to drive
certain processes (e.g. ATP T ADP, GTP T GDP, NADPH
T NADP+*). They are linked directly to the node repre-
senting the process in which they take part.

Conditional gates are used where there are potentially
multiple fates of a component and the output is depen-
dant on other factors such as the components concentra-
tion, time or is associated with a cellular state. These have
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been used to depict control points such as the check
point controls in cell cycle where the decision to go on to
the next phase cell replication is under the control of a
number of factors and two or more outcomes are possi-
ble. Another example is where cholesterol, depending on
its intracellular concentration, may be either exported out
of the cell or trigger the cholesterol synthesis pathway.

Pathway modules define complicated processes or
events that are not otherwise fully described. Examples
include signaling cascades, endocytosis, compartment
fusion etc. They are a short-hand way of representing
molecular events that are not known, not recorded or not
shown.

Pathway outputs detail the cumulative output of series
of interactions or function of an individual component at
the 'end’ of a pathway. Pathway outputs are shown in
order to describe the significance of those interactions in
the context of a biological process or with respect to the
cell. The input lines leading into a pathway output node
have been coloured light blue to emphasize the end of the
pathway description.

Compartments

A cellular compartment can be a region of the cell, an
organelle or cellular structure, dedicated to particular
processes and/or hosting certain sub-sets of components
e.g. genes are found only in the nuclear compartment.
Sub-cellular compartments are defined by a labelled
background to the pathway and arranged with spatial ref-
erence to cell structure. Compartments are coloured dif-
ferently for emphasis and to ease awareness the location
of components. A proposed colour scheme for compart-
ments is shown in Figure 1. Similar or related compart-
ments share the same fill colour but have different
coloured perimeters to define internal boundaries within
a compartment e.g. membrane vs. lumen or to define the
origin of compartments e.g. different classes of vesicles
derived from the endoplasmic reticulum or plasma mem-
brane.

IFNy Activation of MHC class Il Gene Expression: A Worked
Example of the mEPN in Use

In order to demonstrate the pathway notation system in
action on a scale that can be viewed in this format, we
have extracted a small section of our efforts in depicting
macrophage biology [17,18]. Figure 3 depicts the activa-
tion of MHC class II genes by interferon-gamma (IFNG)
as described in the literature and represented here using
the mEPN scheme. Going through these series of events
in detail:

IFNYy is secreted by T and NK cells upon activation [19-
21] (not shown). It oligomerises to form a homodimer
which then binds of to its receptor complex situated in
the plasma membrane of macrophages [22]. This com-
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plex is formed from IFNGR1, IFNGR2, JAK1 and JAK2
[23,24], two copies of all proteins being present in the
receptor complex. Binding of IFNy causes the autophos-
phorylation of JAK2 [25] which in turn phosphorylates
STAT1 [23]. The autophosphorylation of JAK2 can be
inhibited by SOCS1 or SOCS3 [26,27], and the activated
complex dephosphorylated by PTPN2 [28,29]. STAT1
now activated, oligomerises, is further phosphorylated by
PRKCD [30] and translocates to the nucleus where it
directly activates gene expression by binding to STAT
sites present in the promoters of numerous genes. Shown
on the diagram are just two of these genes, SOCSI and
IRFI [31,32]. These form feedback inhibition and feed-
forward activation loops, respectively. SOCS1 blocking
further signal propagation through the inhibition of the
IFNYy receptor complex (reviewed in [33] and IRF1 being
necessary for the activation of STAT1 expression as well
as being a necessary component of the CIITA transcrip-
tional initiation complex [34]. At least two complexes are
reported to be necessary to activate the expression of
CIITA (reviewed in [35], the first composed of STATI,
IRF1, USF1 and IRF2 which binds to the so called pIV ele-
ment of the CIITA, the second is comprised of STAT1I,
CREB1, RUNX2/3, TCEFE3, SPI1 and IRF4 which binds to
the plII element of the gene. CIITA is a co-activator and
the key missing element in the transcription of MHC
class II genes. Once translated it binds to a preassembled
transcription factor complex, including members of the
RFX and NFY family of proteins and CREBI, thereby
activating the expression of the MHC class II genes [35].
This class of genes includes CD74, HLA-DPA/B, HLA-
DQA/B, HLA-DRA/B [33,36] and through combinatorial
assembly form a wide variety of complexes denoted here
generically as CD74 (li)HLA-D (alpha):HLA-D (beta). It
is this class of complexes that is shown in the main dia-
gram to go on through a long series of steps to bind pep-
tide antigen derived from the lysosomal degradation of
pathogen proteins and present them to T-helper cells. As
such this diagram serves as a graphical representation of
the known pathway connecting IFNy secretion to the
activation of MHC class II antigen presentation.

Our work developing this notation scheme has reached
a point where we foresee little need to change the major-
ity of the mEPN scheme as presented here. Clearly the
modeling of other systems and ideas from others however
may in the future present a case for further modifications
or refinements.

Visualization of Pathway Information in 3D Environments

The reliance of the mEPN scheme on the principles of
network graphs and use of simple node shapes, labels,
edges and colour to convey pathway information has pre-
sented us with the opportunity to examine the use of
other environments in which to visualize pathways. Lay-
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Figure 3 Graphical Representation of the Interferon-gamma Pathway Leading to MHC class 2 Antigen Presentation. Shown here are the
known events between the release of IFNy and the subsequent up-regulation of MHC class 2 antigen presentation by macrophages using the mePN

out of pathways in 3D space begins to address the issue of
scalability associated with visualizing very large pathway
diagrams and offers a little explored environment to visu-
alize and interact with pathway models. Here we present
for the first time a 3D translation of mEPN scheme (Fig-
ure 4). The scheme is devised to reflect the colours and
where possible glyphs used in the 2D mEPN process dia-
grams converting the 2D shapes into 3D objects. The pro-
posed notation mEPNS3D scheme is currently supported
by the network visualization and analysis tool BioLayout
Express3P [37,38]http://www.biolayout.org/. This tool
now supports the direct import of pathways as .graphml
files, the main file type used by us to support our pathway
modeling efforts. The potential of representing pathways
in 3D environments is discussed below and elsewhere
[16,17].

Discussion

Pathway diagrams act as a visual representation of known
portions of the vast molecular network that underpins all
aspects of biological function. Models of pathways pro-
duced either as a graphical representation of known
events or as a resource for mathematical modelling, are
fundamental to understanding the workings of biological
systems. However the task of assimilating the large
amounts of available data and representing this informa-
tion in an intuitive manner remains a challenge. Accord-

ingly there has been increasing interest in the biology
community to develop approaches for representing bio-
logical pathways. The Molecular Interaction Map (MIM)
and Process Description Notation schemes were pro-
posed by Kurt Kohn [10,39] and Hiroaki Kitano (Kitano
2005), respectively, and their ideas laid the foundations
for much of the work on pathway notation that has fol-
lowed. The current mEPN scheme is the based on ideas
from the PDN and original EPN schemes but importantly
the experience of over four years of pathway construc-
tion, notation testing and discussions.

The objectives of the EPN as originally proposed
remain preserved, as do many of the original concepts of
the EPN and PDN schemes [9,11]. However substantial
modifications have been made to the notation system
from the introduction of new symbols to changes in the
aesthetics of the scheme and pathway syntax in order to
achieve our original objectives. Firstly, we wanted a nota-
tion system that was flexible enough to allow the detailed
representation of diverse biological entities, interactions
and pathway concepts. In this respect, we have used the
mEPN as described here not only in the construction of
the large macrophage pathway diagrams [16-18] which in
their own right cover a diverse range of signalling and
effector pathways, but also for the depiction of choles-
terol metabolism and the cell cycle (not shown). In all of
these endeavours the mEPN scheme has been able to
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depict the literature-based understanding of these sys-
tems and where it was formerly unable to support a con-
cept, it was modified to allow us to do so. Secondly, we
wanted a system for presenting pathway knowledge in a
semantically and visually unambiguous manner. To some
degree this is down to actually labelling components in a
way that is unambiguous. The use of standard gene
nomenclature to label genes/protein components,
together with a formalized system to describe modifica-
tions to them, goes someway to achieving this. This has
meant in many cases that we have needed to first decon-
volute the literature which describes these systems using
numerous different names for the same protein or com-
plex. It means however that one component is unlikely
ever to be represented more than once but with different
names. It also facilitates use of the diagrams in the inter-
pretation of experimentally derived data which is fre-
quently annotated using standard gene nomenclature.
Our third aim, which is related to the second, is that dia-
grams are as simple as possible to construct and are
understandable by a biologist. To help ensure this to be
the case all the work in creating our pathway diagrams

has been performed by relatively junior biologists (MSc/
PhD students). They have been encouraged to discuss
their ideas and their pathways with each other so as iron
out areas where the information is not clearly depicted.
For this to happen they must be able to communicate
complicated biological concepts using the diagrams. The
readability of a diagram is not only dependent on the
notation system but also on its layout. Although a variety
of automated layout algorithms exist for network graphs
they do not perform as well as a human curator with an
artistic eye for the task. Pathway layout is relatively trivial
for small diagrams, but a long time has had to be spent on
optimizing the layout all of our large pathways so that
they are relatively easy to interpret. However, large inte-
grated pathway diagrams, like the systems they represent,
are inevitably complex. Finally, pathway diagrams are
central to efforts to computationally model the observed
behaviour of biological systems [40]. Our fourth objective
has therefore been to develop the mEPN such that the
semantics of the resulting network diagrams are suffi-
ciently well defined that software tools can convert
graphical models into formal models, suitable for analysis
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and simulation. Whilst the primary objective behind our
efforts has been to create a graphical model of events, we
have been mindful to construct pathway diagrams as
directional networks that could in principle support stud-
ies on the dynamics of these systems. In examining vari-
ous approaches to pathway modelling some are clearly
not scalable, such as those using ordinary differential
equations (ODEs) that require interaction parameters to
be known or computed. Other approaches do not sup-
port the modelling of the co-dependencies between com-
ponents of a pathway or give quantitative outputs
(reviewed in [36,41]. However the recently published sig-
naling Petri net (SPN) [42] potentially allows us to use
diagrams constructed using the mEPN scheme to study
the 'flow' of information through pathways. The SPN
algorithm uses stochastic flow simulations to distribute
'tokens' representing quantitative estimates of activity
through a network graph over time using only the net-
work structure to determine outcomes. The technique
has the advantage of offering fast computational simula-
tions on large networks (< 1 sec for ~100 node networks),
can support concepts of co-dependency between compo-
nents and requires no kinetic details for interactions. In
this way it should be possible to estimate the dynamics of
information flow through a network and the effects of
perturbations on that flow. Pathways drawn using the
mEPN system can easily be converted into a bipartite
graph of places (nodes) and transitions connected by arcs
(edges) that are required to support this approach. We are
currently exploring how SPN modelling might be used to
better understand the structure and activity of the signal-
ling systems of interest to us.

One advantage of the simple node and edge based
approach to pathway element depiction is that it facili-
tates mEPN's conversion into other software environ-
ments. Graphml files (the main file exchange format used
by the yEd editor) are supported by other network pro-

grams such as NodeXL http://www.codeplex.com/
NodeXL, Sonivis http://www.sonivis.org/, GUESS http://
guess.wikispot.org/GraphML, Pajek http://pajek.imfm.si/

doku.php and NetworkX http://networkx.lanl.gov/ and
the use of standard shaped nodes (glyphs) means that

other generic network analysis tools such as Cytoscape
[44] could also be used to draw mEPN diagrams. In par-
ticular we have been developing mEPN's compatibility
with BioLayout Express3P, a network analysis tool devel-
oped by us for the visualization and analysis networks
derived from 'omics data [37,38]. We have recently imple-
mented a parser that supports the import of .graphml
files into BioLayout Express3P. This translates the visual
characteristics and layout as defined by the original
.graphml 2D node co-ordinates of mEPN pathway dia-
grams from yEd in to a series of 3D objects, each repre-
senting a different class component using a combination
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of shape, size and colour (Figure 4). Translating a 2D
pathway into a 3D environment arguably offers no advan-
tage for small diagrams. Indeed in 3D, arrowheads and
polylines are not currently supported. However, when
diagrams become large, pathways be rotated and viewed
from any angle, zoomed in on and generally manipulated
in an environment which is quite different to that of any
2D representation. In the 3D environment colour is a
powerful device that can be used to further overlay visual
information on to nodes (Figures 5a, b). Indeed we have
now built in the ability of BioLayout Express3P to directly
export the analyses of one graph e.g. clusters from
expression data and import and overlay this information
on to another, in this instance a pathway (Figure 5c). It is
also possible to imagine much larger models of pathway
systems where the spatial layout of components in 3D
space is based on a components cellular location (Figure
5d). With BioLayout Express3P now capable of supporting
networks comprising of up to 30,000-40,000 node graphs
there is considerable scope for building ever larger path-
way models and further exploring the potential of 3D
environments for pathway visualization and analysis. One
final use of the 3D environment is as a means to visualize
pathway activity. We are now working on a version of
BioLayout Express®P that will harness the power of the

Figure 5 Pathway Representation in 3D Environment. Large mac-
rophage activation pathway rendered in 3D environment where node
shape, size and colour represents a components identity. (A) Nodes
coloured according to type e.g. light blue - proteins, yellow - protein
complexes, purple - generic molecular species. All process nodes are
depicted as small cubes and coloured according to type. (B) Nodes
coloured according to cellular location e.g. brown - plasma mem-
brane, yellow - cytoplasm, purple - endosome, green nucleus. Process
nodes/Boolean logic operators are shown as having no cellular loca-
tion and are coloured dark blue (no class). (C) Nodes coloured accord-
ing to overlay of data, in this case expression data. Colour of nodes
represents co-expression cluster following stimulation of mouse mac-
rophages with Ifn3 (D) A representation of the interferon-beta signal-
ling pathway and the transcriptional network it controls. The signalling
networkis represented using the mEPN3P notation with the addition of
transition nodes for use in modelling studies. Connected to it are clus-
ters of genes up or down regulated by Ifnb which have been stacked
in at different layers depending on the their time course of activation/
repression.
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OpenGL 3D graphics to animate analyses of flow through
a pathway, again using a node's shape, size and colour to
indicate a components activity during dynamic simula-
tions of pathway activity.

Running concurrently with our work has been an ongo-
ing community effort to establish rules for best practice
in pathway depiction. The Systems Biology Graphical
Notation http://www.sbgn.org/ project has been discuss-
ing issues and ideas around this topic and a manuscript
describing the SBGN Process Diagrams Level 1 specifica-
tion was recently published [43]. The mEPN scheme as
described here aspires to many of the same goals as the
SBGN and where possible we have tried to harmonize the
mEPN scheme to the emerging SBGN specification.
However, our biologist centric approach to this problem,
combined with a lack of flexible pathway editing tools,
the scale our diagrams and the range of biological systems
we have attempted to map, have all played their part in
determining the design and implementation of the mEPN
scheme. As a result there are a number of important dif-
ferences that exist between the mEPN as described here
and the SBGN scheme for process description language
as currently proposed (level 1, version 1.1). Firstly, in
common with the proposed SBGN scheme, the mEPN
uses glyphs of a specific shape to define the class of a
component although there are some differences between
the two schemes (Figure 6a). However, under the SBGN
scheme the glyph representing a multimeric protein com-
plex is comprised of each protein in a complex being
depicted separately, modifications to them being overlaid
on top of these and the whole thing is enclosed by a con-
tainer node. We have found this a considerable overhead
to implement and can interfere the clarity of what is
depicted rather than enhancing it (Figure 5b). Further-
more the notation scheme is not supported by many of
the general purpose network visualization tools e.g. yEd,
Cytoscape, Biolayout Express3P [44-46] in general use,
requiring instead the use of dedicated pathway software.
Given the relatively recent publication of the SBGN spec-
ification tools to support its deployment are largely still
under development. As a result the mEPN scheme gener-
ally uses a single standard shape to depict a component
even when made up of more than one entity or a series of
attached entities (Figure 2d &2e). It relies on a labelling
system to define the exact identity and make up of the
component and its state e.g. the protein subunits that
make up protein complex and their modifications (Figure
6b). Secondly, we have avoided the use of different arrow-
heads to depict the nature of interactions (edges). The
meaning of numerous arrowheads can be challenging to
remember and again they are not always supported by
general pathway/network editing software packages.
Instead mEPN uses inline annotation nodes to depict the
meaning of edges which carry a letter symbolizing the
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meaning of the edge e.g. A for activation, I for inhibition,
and may also use colour as an additional visual clue (Fig-
ure 6¢). In principle this approach could support a wide
range of edge meanings but in practice we have found
many of the edge concepts supported by SBGN of no use
in our mapping efforts and hence have not been included
in the mEPN scheme. For instance a consumption arc
(edge) as defined by SBGN is 'used to represent the fact
that an entity affects a process, but is not affected by the
process' and a production arc is 'used to represent the fact
that an entity is produced by a process.' In the first
instance, then this is the case with many enzymes acting
on their substrate and in the second instance it is obvious
by the fact that one thing leads on to another. In both
cases we see this information as self-evident with no need
for specific notation to depict it. In the case of the inclu-
sion of specific edges to define a 'modulation’ then the
question is what kind of modulation is this and how
would one interpret or model such a vague concept and
the mEPN equivalent of the 'stimulation’ edge is an acti-
vation edge. Finally, mEPN uses labelled process nodes to
explicitly state the nature of interactions between compo-
nents. In the proposed SBGN scheme process nodes are
used, but generally not as a means to convey the nature of
interactions except in the case of protein binding (associ-
ation) and dissociation (Figure 6d). Whilst this approach
is understandable on the basis that most process nodes
would function similarly during computational modelling
of such systems, not depicting the nature of the process
whereby one component is transformed to another does
impair visual interpretation of the diagrams. Therefore
the mEPN provides a visual clue as to the nature of inter-
action using a one-to-three letter key to represent the
nature of the process being depicted. When pathways are
large and the distance between interacting species may be
great, this can be an important visual aid to reading the
diagrams. There are a number of other differences
between the two schemes and full description of the dif-
ferences between the SBGN level 1 notation and the
mEPN described here can be found in Additional file 4.
Whilst on these and other points the mEPN and SBGN
schemes may differ, we are fully supportive of the princi-
ple of promoting the adoption of a common notation sys-
tem for pathway depiction and hope that current the
work will contribute to this end.

There are significant efforts already underway to garner
the support and interest of the wider biological commu-
nity in assembling resources, information and pathway
diagrams covering a broad spectrum of biology. Indeed,
the need has never been greater for these resources.
However, if they do not record pathways in a standard-
ized way, integration of the results of these efforts will
continue to be a considerable issue. To this end we are
fully supportive of the SGBN's effort to promote the prin-


http://www.sbgn.org/

Freeman et al. BMC Systems Biology 2010, 4:65
http://www.biomedcentral.com/1752-0509/4/65

Page 11 0f 13

mEPN

Peptide, protein, complex { LABEL J

A (Macromolecule) {
<5> LABEL } [E LABEL ﬂ

LABEL

Multimers/complex [

DNA sequence
(Nucleic acid feature)

Gene
(Nucleic acid feature)

Simple biochemical

lon/simple molecule
(Simple biochemical)

Generic entity
(Unspecified entity)

Drug

Energy/molecular
transfer

mEPN SBGN

B <2> IFNG:

<2>IFNGR1 [P-Y440]:

Depiction of a S IRNGR.
complex JAKT:
JAK2 P@‘(AAO

C
Gimuatony O —
Inhibition —>— -
Catalysis —o— - 5
D indin
(Asiogiat?on) o
Dissociation ®) O
Sink o)) 0)
®WOe©
O © &9
Other process COOGE
nodes GITISIY) []
CITICIO);
@Gy
@

Figure 6 Comparison of mEPN to SBGN. Main glyphs used in the mEPN shown on the left, SBGN glyphs on the right. (A) Shows the main symbols
used for depicting biological entities and (B) the different ways the two schemes represent protein complexes. (C) Different way of showing edge
meaning and (D) the different symbols used to depict various processes. mEPN names for these entities/activities given alongside and SBGN names,
when different, in brackets beneath. For a more in depth comparison of the two notation schemes see Additional file 4.

ciples of standard notation systems even if we can not
fully support the proposed SBGN specification for pro-
cess diagrams. We present this work and accompanying
website http://www.mepn-pathway.org/ in the hope that
it is as positive contribution to the debate about how best
to graphically model pathway knowledge.

Additional material

Additional file 1 mEPN Scheme Specification Document. mEPN
scheme specification document detailing each glyph and rules for their
use.

Additional file 2 mEPN Scheme Palette. Palette of mEPN glyphs for
import into yED graph editor.

Additional file 3 Simple mEPN Worked Examples. Some simple exam-
ples of MEPN notation use.

Additional file 4 Comparison of mEPN to SGBN. Comparison of mEPN
and SGBN schemes.

Authors' contributions

TCF oversaw and contributed to the development of the mEPN scheme, has
directed the development of improved computational resources to support
the scheme and drafted the manuscript; SR has been instrumental in the

development of many of the pathway diagrams that have driven the evolution
of mEPN scheme and has contributed writing of the paper; AT has been devel-
oping the program BiolLayout Express3P to enhance its capabilities to support
the visualization of pathways drawn using the mEPN scheme and their integra-
tion with data; PG oversaw the original development of the EPN scheme and
supported the current development.

Acknowledgements

Thanks to the BBSRC MSc Studentship Funding Programme, the Wellcome
Trust (to PG), The Centre for Systems Biology at Edinburgh funded by BBSRC
and EPSRC, reference BB/D019621/1, 'Infobiomed' Framework 6 EC Network of
Excellence. This work has been driven by the DPM's postgraduate programme
in Genomics and Pathway Biology since 2003, where students engage in the
curation and notation of biological pathways http://www.pathwaymedi-

cine.ed.ac.uk/mscgenpath.

Author Details

'Division of Pathway Medicine, University of Edinburgh Medical School, The
Chancellor's Building, College of Medicine, 49 Little France Crescent,
Edinburgh, EH16 4SB, UK, 2The Roslin Institute and Royal (Dick) School of
Veterinary Studies, University of Edinburgh, Roslin, Midlothian, EH25 9PS, UK
and 3Centre for Systems Biology at Edinburgh, C H Waddington Building, King's
Buildings, Mayfield Road, Edinburgh, EH9 3JU, UK

Received: 26 November 2009 Accepted: 17 May 2010
Published: 17 May 2010


http://www.mepn-pathway.org/
http://www.biomedcentral.com/content/supplementary/1752-0509-4-65-S1.PDF
http://www.biomedcentral.com/content/supplementary/1752-0509-4-65-S2.ZIP
http://www.biomedcentral.com/content/supplementary/1752-0509-4-65-S3.PDF
http://www.biomedcentral.com/content/supplementary/1752-0509-4-65-S4.PDF
http://www.pathwaymedicine.ed.ac.uk/mscgenpath
http://www.pathwaymedicine.ed.ac.uk/mscgenpath
http://www.biomedcentral.com/1752-0509/4/65
http://creativecommons.org/licenses/by/2.0

Freeman et al. BMC Systems Biology 2010, 4:65
http://www.biomedcentral.com/1752-0509/4/65

References

1.

20.

22.

23.

Bader GD, Cary MP, Sander C: Pathguide: a pathway resource list. Nucleic
Acids Res 2006, 34:D504-506.

Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, Katayama T,
Kawashima S, Okuda S, Tokimatsu T, Yamanishi Y: KEGG for linking
genomes to life and the environment. Nucleic Acids Res 2008,
36:D480-484.

Kanehisa M, Goto S: KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res 2000, 28:27-30.

Schaefer CF, Anthony K, Krupa S, Buchoff J, Day M, Hannay T, Buetow KH:
PID: the Pathway Interaction Database. Nucleic Acids Res 2009,
37:D674-679.

Thomas PD, Kejariwal A, Campbell MJ, Mi H, Diemer K, Guo N, Ladunga |,
Ulitsky-Lazareva B, Muruganujan A, Rabkin S, et al: PANTHER: a browsable
database of gene products organized by biological function, using
curated protein family and subfamily classification. Nucleic Acids Res
2003, 31:334-341.

Joshi-Tope G, Gillespie M, Vastrik I, D'Eustachio P, Schmidt E, de Bono B,
Jassal B, Gopinath GR, Wu GR, Matthews L, et al: Reactome: a
knowledgebase of biological pathways. Nucleic Acids Res 2005,
33:D428-432.

Pico AR, Kelder T, van lersel MP, Hanspers K, Conklin BR, Evelo C:
WikiPathways: pathway editing for the people. PLoS Biol 2008, 6:¢184.
Vastrik |, D'Eustachio P, Schmidt E, Gopinath G, Croft D, de Bono B,
Gillespie M, Jassal B, Lewis S, Matthews L, et al: Reactome: a knowledge
base of biologic pathways and processes. Genome Biol 2007, 8:R39.
Kitano H, Funahashi A, Matsuoka Y, Oda K: Using process diagrams for
the graphical representation of biological networks. Nat Biotechnol
2005, 23:961-966.

Kohn KW: Molecular interaction map of the mammalian cell cycle
control and DNA repair systems. Mol Biol Cell 1999, 10:2703-2734.
Moodie SL, Sorokin A, Goryanin |, Ghazal P: A Graphical Notation to
Describe the Logical Interactions of Biological Pathways. Journal of
Integrative Bioinformatics 2006, 3:11.

Novere NL, Hucka M, Mi H, Moodie S, Schreiber F, Sorokin A, Demir E,
Wegner K, Aladjem MI, Wimalaratne SM, et al.: The systems biology
graphical notation. Nat Biotechnol 2009, 27:735-741.

Oda K, Kitano H: A comprehensive map of the toll-like receptor
signaling network. Mol Syst Biol 2006, 2:2006 0015.

Oda K, Matsuoka Y, Funahashi A, Kitano H: A comprehensive pathway
map of epidermal growth factor receptor signaling. Mol Syst Biol 2005,
1:2005 0010.

Calzone L, Gelay A, Zinovyev A, Radvanyi F, Barillot E: A comprehensive
modular map of molecular interactions in RB/E2F pathway. Mol Syst
Biol 2008, 4:173.

Raza S, Robertson KA, Lacaze PA, Page D, Enright AJ, Ghazal P, Freeman TC:
A logic-based diagram of signalling pathways central to macrophage
activation. BMC Syst Biol 2008, 2:36.

Raza S, McDerment N, Lacaze P, Robertson K, Watterson S, Chen Y,
Chisholm M, Eleftheriadis G, Monk S, O'Sullivan M, Turnbull A, Roy D,
Theocharidis T, Ghazal P, Freeman TC: Construction of a Large Scale
Integrated Map of Macrophage Pathogen Recognition and Effector
Systems. BMC Syst Biol 2010, 4:63.

Macrophages - Resources for the Analysis of Macrophage Pathways
[http//www.macrophages.com/index_pathways.html]

Marcucci F, Waller M, Kirchner H, Krammer P: Production of immune
interferon by murine T-cell clones from long-term cultures. Nature
1981, 291:79-81.

O'Malley JA, Nussbaum-Blumenson A, Sheedy D, Grossmayer BJ, Ozer H:
Identification of the T cell subset that produces human gamma
interferon. JImmunol 1982, 128:2522-2526.

Munakata T, Semba U, Shibuya Y, Kuwano K, Akagi M, Arai S: Induction of
interferon-gamma production by human natural killer cells stimulated
by hydrogen peroxide. Jimmunol 1985, 134:2449-2455.

Walter MR, Windsor WT, Nagabhushan TL, Lundell DJ, Lunn CA, Zauodny
PJ, Narula SK: Crystal structure of a complex between interferon-
gamma and its soluble high-affinity receptor. Nature 1995,
376:230-235.

Sakatsume M, Igarashi K, Winestock KD, Garotta G, Larner AC, Finbloom
DS: The Jak kinases differentially associate with the alpha and beta
(accessory factor) chains of the interferon gamma receptor to form a

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 12 0f 13

functional receptor unit capable of activating STAT transcription
factors. JBiol Chem 1995, 270:17528-17534.

Watling D, Guschin D, Muller M, Silvennoinen O, Witthuhn BA, Quelle FW,
Rogers NC, Schindler C, Stark GR, Ihle JN, et al.: Complementation by the
protein tyrosine kinase JAK2 of a mutant cell line defective in the
interferon-gamma signal transduction pathway. Nature 1993,
366:166-170.

Igarashi K, Garotta G, Ozmen L, Ziemiecki A, Wilks AF, Harpur AG, Larner
AC, Finbloom DS: Interferon-gamma induces tyrosine phosphorylation
of interferon-gamma receptor and regulated association of protein
tyrosine kinases, Jak1 and Jak2, with its receptor. JBiol Chem 1994,
269:14333-14336.

Endo TA, Masuhara M, Yokouchi M, Suzuki R, Sakamoto H, Mitsui K,
Matsumoto A, Tanimura S, Ohtsubo M, Misawa H, et al: A new protein
containing an SH2 domain that inhibits JAK kinases. Nature 1997,
387:921-924.

Schroder K, Hertzog PJ, Ravasi T, Hume DA: Interferon-gamma: an
overview of signals, mechanisms and functions. JLeukoc Biol 2004,
75:163-189.

ten Hoeve J, de Jesus Ibarra-Sanchez M, Fu Y, Zhu W, Tremblay M, David
M, Shuai K: Identification of a nuclear Stat1 protein tyrosine
phosphatase. Mol Cell Biol 2002, 22:5662-5668.

Simoncic PD, Lee-Loy A, Barber DL, Tremblay ML, McGlade CJ: The T cell
protein tyrosine phosphatase is a negative regulator of janus family
kinases 1 and 3. Curr Biol 2002, 12:446-453.

Uddin S, Sassano A, Deb DK, Verma A, Majchrzak B, Rahman A, Malik AB,
Fish EN, Platanias LC: Protein kinase C-delta (PKC-delta) is activated by
type | interferons and mediates phosphorylation of Stat1 on serine
727. JBiol Chem 2002, 277:14408-14416.

Gilmore TD, Koedood M, Piffat KA, White DW: Rel/NF-kappaB/IkappaB
proteins and cancer. Oncogene 1996, 13:1367-1378.

Naka T, Narazaki M, Hirata M, Matsumoto T, Minamoto S, Aono A,
Nishimoto N, Kajita T, Taga T, Yoshizaki K, et al.: Structure and function of
a new STAT-induced STAT inhibitor. Nature 1997, 387:924-929.
Alexander WS: Suppressors of cytokine signalling (SOCS) in the
immune system. Nat RevImmunol 2002, 2:410-416.

Alfarano C, Andrade CE, Anthony K, Bahroos N, Bajec M, Bantoft K, Betel D,
Bobechko B, Boutilier K, Burgess E, et al: The Biomolecular Interaction
Network Database and related tools 2005 update. Nucleic Acids Res
2005, 33:D418-424.

Reith W, LeibundGut-Landmann S, Waldburger JM: Regulation of MHC
class Il gene expression by the class Il transactivator. Nat Rev/mmunol
2005, 5:793-806.

Boss JM, Jensen PE: Transcriptional regulation of the MHC class Il
antigen presentation pathway. Curr OpinImmunol 2003, 15:105-111.
Freeman TC, Goldovsky L, Brosch M, van Dongen S, Maziere P, Grocock RJ,
Freilich S, Thornton J, Enright AJ: Construction, visualisation, and
clustering of transcription networks from microarray expression data.
PLoS Comput Biol 2007, 3:2032-2042.

Theocharidis A, van Dongen S, Enright AJ, Freeman TC: Network
Visualisation and Analysis of Gene Expression Data using BioLayout
Express3P. Nature Protocols 2009, 4:1535-1550.

Kohn KW, Aladjem MI, Weinstein JN, Pommier Y: Molecular interaction
maps of bioregulatory networks: a general rubric for systems biology.
Mol Biol Cell 2006, 17:1-13.

Kwiatkowska MZ, Heath JK: Biological pathways as communicating
computer systems. J Cell Sci 2009, 122:2793-2800.

Eungdamrong NJ, lyengar R: Modeling cell signaling networks. Biol Cell
2004, 96:355-362.

Ruths D, Muller M, Tseng JT, Nakhleh L, Ram PT: The signaling petri net-
based simulator: a non-parametric strategy for characterizing the
dynamics of cell-specific signaling networks. PLoS Comput Biol 2008,
4:21000005.

Le Novere N, Hucka M, Mi H, Moodie S, Shreiber F, Sorokin A, Demir E,
Wegner K, Aladjem MI, Wimalaratne SM, Bergman FT, Gauges R, Ghazal P,
Kawaji H, Li L, Matsuoka Y, Villéger A, Boyd SE, Calzone L, Courtot M,
Dogrusoz U, Freeman TC, Funahashi A, Ghosh S, Jouraku A, Kim S,
Kolpakov F, Luna A, Sahle S, Watterson S, Wu G, Goryanin |, Kell DB, Sander
C, Sauro H, Snoep JL, Kohn K, Kitano H: The Systems Biology Graphical
Notation. Nature Biotechnology 2009, 27:735-741.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18077471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10592173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18832364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12520017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18651794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17367534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16082367
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10436023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19668183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16738560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16729045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18319725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18433497
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20470404
http://www.macrophages.com/index_pathways.html
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6164925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6176643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3919096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7617032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7615558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7901766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7514165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9202126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14525967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12138178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11909529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11839738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8875974
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9202127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12093007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16200082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12495741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17967053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19798086
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16267266
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19657015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15207904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18463702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19668183

Freeman et al. BVIC Systems Biology 2010, 4:65 Page 13 of 13
http://www.biomedcentral.com/1752-0509/4/65

44. Yeung N, Cline MS, Kuchinsky A, Smoot ME, Bader GD: Exploring
biological networks with Cytoscape software. Curr Protoc Bioinformatics
2008, Chapter 8(Unit 8):13.

45. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T: Cytoscape: a software environment for
integrated models of biomolecular interaction networks. Genome Res
2003, 13:2498-2504.

46. yEd Graph Editior - yWorks the diagramming company [http//

www.yworks.com

doi: 10.1186/1752-0509-4-65

Cite this article as: Freeman et al, The mEPN scheme: an intuitive and flexi-
ble graphical system for rendering biological pathways BMC Systems Biology
2010, 4:65

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BioMed Central



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18819078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14597658
http://www.yworks.com
http://www.yworks.com

	Abstract
	Background
	Results
	Conclusions

	Abstract
	Background
	Results
	Definition of the modified Edinburgh Pathway Notation (mEPN) Scheme
	Pathway Components
	Component annotation
	Depiction of Interactions between Components
	Depiction of Biological Processes
	Boolean Logic Operators
	Other Nodes
	Compartments
	IFNy Activation of MHC class II Gene Expression: A Worked Example of the mEPN in Use
	Visualization of Pathway Information in 3D Environments

	Discussion
	Additional material
	Authors' contributions
	Acknowledgements
	Author Details
	References


