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ABSTRACT: Pathway analysis has become the most popular choice for gaining insight into the underlying biology of 
differentially expressed genes and proteins, as it reduces complications and has increased descriptive power. Curators 
of the metabolic pathway database work to present this information in an easily understandable pathway-based 
framework. Curators are required to define pathway limitations and classify pathways within a limts of pathway 
ontology to maximize the utility of the pathways to both researchers and the pathway prediction software. These 
apparently effortless tasks pose several challenges. This review describes these challenges as well as the criteria that 
need to be considered, and the rules that have been developed by these curators as they make decisions regarding 
the representation and classification of metabolic pathway information in different pathway analysis tools.  
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——————————      —————————— 

Introduction 

Despite the use of advanced technology, 
analysis of high-throughput data 
predominantly enlists the differentially 
expressed genes/proteins. This enlisting 
of expressed genes is extremely useful 
in identifying genes that may have 
significant roles in a biological 
phenomenon or phenotype. Thus the list 
has often been unable to predict the 
mechanistic logics into the underlying 
biology of the environment being 
observed for many investigators. In this 
way, the advent of high-throughput 
profiling technologies confronts a new 
test that of extracting meaning from a 
wide list of differentially expressed 

genes and proteins. 

One way to address this challenge has 
been to simplify analysis by grouping 
long lists of individual genes into 
smaller groups of related genes or 
proteins. This approach deduces the 
complexity of analysis. Biologists have 
developed a large number of knowledge 
bases to help with this task. The 
knowledge bases describe biological 
processes, components, or structures in 
which individual genes and proteins are 
known to be involved, as well as how 
and where gene products interact with 
each other. Analyzing high-throughput 
molecular measurements at the 
functional level is very appealing for 
two reasons.  

1. Coupling thousands of genes, 
proteins and or other biological 
molecules by the pathways they 
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are involved in reduces the 
complexity to just several 
hundred pathways for the 
experiment. 

2. Identifying active pathways that 
differs between two conditions 
can have more explainatory 
power than a simple list of 
different genes or proteins. 

The aim of thid review would be to, 
firstly describe the existing knowledge 
base–driven pathway analysis methods, 
and secondly discuss limitations of each 
class of methods. 

The term ‘‘pathway analysis’’ has been 
used in very broad contexts (Green, 
2006). It has been applied to the analysis 
of Gene Ontology (GO) terms, physical 
interaction networks (e.g., protein–
protein interactions), kinetic simulation 
of pathways, steady-state pathway 
analysis (e.g., flux-balance analysis), and 
in the inference of pathways from 
expression and sequence data. 
However, the definition of a ‘‘pathway’’ 
in some of these uses may be incorrect. 
According to Merriam Webster, 
Pathway is defined as “the sequence of 
usually enzyme-catalyzed reactions by 
which one substance is converted into 
another”. 

Generations of Pathway analysis 
Methods 

The pathway analysis tools have 
evolved over decades. They can be 
broadly categorized under three 
generations: 

1. First generation : the ORAs or 
over representation analysis 
approaches  
The immediate need for 
functional analysis of microarray 
gene expression data and the 
emergence of GO gave rise to 
over-representation analysis 
(ORA), which statistically 
evaluates the fraction of genes in 
a particular pathway found 
among the set of genes showing 
changes in its expression. 

2. Second generation: FCS or the 
functional class scoring 
approaches 
According to functional class 
scoring (FCS), although large 
changes in individual genes can 
have significant effects on 
pathways, weaker but 
coordinated changes pathways 
can also have significant effects. 
With few exceptions, all FCS 
methods use a variation of a 
general framework that consists 
of the following three steps: first, 
a gene-level statistic is computed 
using the molecular 
measurements from an 
experiment. This involves 
computing differential expression 
of individual genes or 
proteins.Second, the gene-level 
statistics for all genes in a 
pathway are aggregated into a 
single pathway-level statistic. The 
final step in FCS is assessing the 
statistical significance of the 
pathway-level statistic. 
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3. Third generation: Pathway 
Topology (PT)-Based Approaches 
PT-based methods are essentially 
the same as FCS methods in that 
they perform the same three 
steps as FCS methods. The key 
difference between these two is 
the use of pathway topology to 
compute gene-level statistics. 

Challenges with methodologies 

Although widely adopted, the first 
generation of pathway analysis 
methods, ORA methods, decouple 
molecular measurements from 
functional analysis and assume that 
genes and pathways are independent of 
each other. The second-generation FCS 
methods address these limitations. PT-
based methods further improve FCS 
methods by considering the number and 
type of interactions between genes, 
which FCS methods ignore. 

There are still outstanding annotation 
and methodological challenges. First, 
low resolution knowledge bases, 
missing condition- and cell-specific 
information and incomplete annotations 
restrict development of the next-
generation pathway analysis methods. 
Second, the inability to integrate the 
dynamic nature of a biological system in 
analysis limits the utility of existing 
methods. However, despite these 
hurdles, as the number and type of 
functional annotations increase, coupled 
with technological advances and 
analysis methods that provide better 
guidance for strategic planning for 
subsequent biological experiments, the 
utility of pathway analysis and 
confidence in results will likely improve 
(Khatri, 2012). 
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Let us now see examples of the first generation of pathway analysis tools i.e., Over 
Representation Analysis approach. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WEGO (Web tool for plotting GO 

annotations) 

GO (gene ontology) consortium provided, unified 

structured vocabularies and classification which 

are widely accepted in almost all of the large 

scale gene annotation projects. As a consequence, 

many tools have been created for use with the use 

with the GO ontologies. WEGO (Web gene 

ontology annotation plot) is a simple and useful 

tool for comparing visualizing and plotting GO 

annotation results. 

It hasn’t been easy to analyze and understand the 

GO information completely for someone with 

little computer background. This problem was 

addressed in 2 ways that are, firstly how to 

annotate the anonymous sequence with the GO 

vocabulary and secondly, how to find the 

deviation or anything noval in the data sets. Many 

tools and software programs have been developed 

to tackle the first problem through an 

automatically or normally curated search for the 

associations between GO terms and genes 

(Zehetner,Khan, and Hennig(2003)).  

 

GenMAPP (Gene Microarray Pathway 

Profiler) 

GenMAPP (Gene Microarray Pathway 

Profiler) is a standalone computer program 

designed for viewing and analyzing gene 

expression data in reference to biological 

pathways. GenMAPP is known to displays 

gene expression data on pathways by coloring 

genes based on data and requirement given by 

the user. GenMAPP also has graphical tools 

for modifying and constructing pathways. 

Also, it provides annotation for genes and 

bridge amongst pathway experts (Eisen, 1998). 

GenMAPP extends the capabilities of pathway 

resources by allowing users to design new 

pathways, to modify pathways for their own 

use and to use complex strategies for viewing 

gene expression data on those 

pathways.GenMAPP represents biological 

pathways in a special file format called 

‘MAPPs’ (Tomayo, 1999). MAPPs are 

independent of the gene expression data and 

can be used to group genes by any organizing 

principle. 
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Limitations: Although large number of 
tools and their widespread use is 
available, ORA have fewlimitations. For 
instance, the different statistics used by 
ORA (e.g., hypergeometric distribution, 
binomial distribution, chi-square 
distribution, etc.) are independent of the 
measured changes. It can be observed 
from this that these tests consider the 
number of genes individually and 
ignore any values associated with it 
such as probe intensities. By ignoring  

 

this information, ORA treat each gene 
equally. However, the information 
about the extent of regulation (e.g., fold-
changes) can be useful in assigning 
different weights to input genes, as well 
as to the pathways they are involved in, 
which in turn can provide more 
information than current ORA 
approaches. 

FCS methods address the limitations of 
ORA. For instance, they do not require 
an arbitrary threshold for dividing 

Uses of WEGO: There are two methods to tackle 

with WEGO. The first is to upload the 

annotation files (up to 3 files at a time). The 

input files must be in any one of the four formats 

input format: WEGO native format, 

InterProScan raw (our default input format), text 

and XML output formats. The version of GO 

archive used for the downstream analysis of the 

GO annotation results in WEGO should of 

course be the same as the one used in 

annotation. Therefore, it is optional in WEGO 

when uploading the input files. The second way 

is to simply enter the job ID.A process window 

showed the job ID after the task is completed. 

Later the user is redirected to a webpage with a 

hierarchical GO tree that has all the GO terms 

within in the uploaded files. The displayed level 

of Gene Ontology tree and the selected Gene 

Ontology terms both can be altered by the user. 

 

Researchers can build custom MAPPs with the 

graphics tools given by the program, providing 

each gene an identification (ID) from GenBank, 

SWISSPROT. The gene ID is the link between 

the gene object on the MAPP, the gene 

expression data and the annotation for that gene 

contained in an underlying GenMAPP database 

(DeRisi, 1997). The annotations, its relative the 

data and the hyperlinks to the public databases 

can be accessed by simply one click over the 

gene. 

Uses of geneMAPP: GenMAPP has the flexibility 

to accept numeric and character data types, 

calculated values (such as P values), data from 

several experiments and data from both custom-

spotted and commercial microarrays. GenMAPP 

converts the expression data into a data set that 

can then be viewed on any MAPP with any 

number of color-coding criteria sets (karp, 2002).  
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expression data into significant and 
non-significant pools. Rather, FCS 
methods use all available molecular 

measurements for pathway analysis. 
Some of the FCS methods using tools 
are: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SAFE (Significance Analysis of Function and 

Expression) 

SAFEGUI is written in Java in order to 

provide cross-platform compatibility, and 

relies upon the Significance Analysis of 

Function and Expression (SAFE) package 

(Barry et al., 2005) written in R (R 

Development Core Team, 2006). The release 

of SAFE 2.0 coincides with the release of 

SAFEGUI, and adds several new features, 

including new statistics for differential 

expression and pathway enrichment, as well as 

new procedures for error control and 

resampling. SAFE provides a highly 

generalized environment for category testing, 

with a greater variety of options than other 

resampling category enrichment procedures. 

When SAFEGUI starts, the user is presented 

with the main window. The user selects a data 

file which consists of a row of sample group 

labels, followed by gene expression 

measurements. The user selects the appropriate 

microarray platform and SAFEGUI 

automatically retrieves the corresponding 

annotation data from Bioconductor 

(Gentleman et al., 2004). 

GeneTrail 

 

GeneTrail is a web-based application that 

allows the identification of enriched functional 

categories of protein/gene sets. GeneTrail 

supports the ORA as well as the GSEA‘Gene 

Set Enrichment Analysis’ approach. Also, the 

implementation of the GSEA analysis 

involves a novel algorithm that computes the 

correct p-value instead of calculating it with 

permutation tests. Since our tool is based on 

the comprehensive integrative system BN ++ 

(Kuntzer, 2006), GeneTrail allows the 

evaluation of a broad range of functional 

categories. The basic problem with biological 

data management is the use of appropriate 

identifier for genes or proteins. Mapping is 

done for the external identifier to the 

identifiers being used internally. When NCBI 

Gene IDs are the internal identifiers and 

provided data set does not contain NCBI Gene 

IDs, then GeneTrail needs to convert these 

IDs.  
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Limitations: FCS was an improved 
methodlogy over ORA as told by 
Pavlidis (2004), but it also has several 
limitations. First, similar to ORA, FCS 
analyzes each pathway independently. 
This is a limitation because a gene can 
function in more than one pathway, 
meaning that pathways can cross and 
overlap. As a result, if we affect one 
pathway in any experiment, it is 
observed that other pathways are also 
being significantly affected due to the 
set of overlapping genes. This type of 
phenomenon is common while using 
the Gene Ontology terms to define 

pathways, due to the hierarchical nature 
of the GO. 

Pathway topology (PT)-based methods 
had been developed to utilize the 
additional information. PT-based 
methods are essentially the same as FCS 
methods in that they perform the same 
three steps as FCS methods. The key 
difference between the two is the use of 
pathway topology to compute gene-
level statistics. Rahnenfuhrer et al., 
proposed ScorePAGE, which computes 
similarity between each pair of genes in 
a pathway (Kanehisa, 2000). KEGG and 
MetaCyc are examples of PT based 

The user selects a gene-specific ‘local’ 

statistic to test for differential expression (e.g. 

an F -statistic in a one-way ANOVA for a 

multi-class experimental design). Finally, the 

user can select from several options to test 

category enrichment correct for multiple 

testing of categories/pathways. 

SAFEGUI introduces a user-friendly graphical 

user interface to a powerful statistical package 

for the analysis of category or pathway 

significance from microarray data. 

Therefore, it is recommended to use the NCBI 

Gene IDs so as to avoid possible mismatches. 

GeneTrail enriches the user with the facility of 

extracting information from complex proteome 

data, microarray data or data generated by other 

high throughput methods with least endeavors.  

In conclusion, GeneTrail complements the 

conventional evaluation of experimental data and 

offers new starting points for further 

experimental investigation. 
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mathods, lets us make their comparative 
study. 

Relative comparision between MetaCyc 
compounds and KEGG compounds are 
made as MetaCyc compounds database 
links to the corresponding KEGG 
compounds. The MetaCyc curation staff 
members add such links during their 
manual curation. In addition, 
researchers also submit MetaCyc 
compounds with chemical structures to 
the PubChem standardization pipeline 

in order to compare MetaCyc 
compound structures with PubChem 
Compound entries. Periodic processing 
is done by the same PubChem 
standardization pipeline for KEGG 
compounds. A histogram plot of the 
frequency of MetaCyc base pathway 
sizes (by reaction count) and KEGG 
modules sizes (by reaction count) is 
presented in Figure1, and a histogram 
plot of the frequency of MetaCyc super 
pathways and KEGG maps sizes by 
reaction count is presented in Figure2. 

 

 

 

 

 

 

 

Figure 1: A histogram plot of MetaCyc 
base pathway and KEGG module size by 
reaction counts (TomerAltman, 2013). 

Figure 2: A histogram plot of MetaCyc 
super pathway and KEGG map size by 
reaction counts (TomerAltman, 2013). 
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Conclusion: 

 Consequently the pathway analysis 
tools have developed and have gone far 
better over the years. The PT pathways 
are now in trend and are also quite 
efficient. 
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