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Gene expression and regulation
• Differentially expressed

• Different cell types (muscle cells, fibroblasts) 

• Environmental conditions (heat shock, nutrient 
deprivation)

• Developmental phases (embryonic day 12)

• Cell-cycle stages (S phase)

• Disease states (tumor cells, virus-infected cells) 

• Transcription level (primarily regulation)
• Determine the number of mRNA copies



Evolution of transcriptomics technologies

Northern Blot

Real time RT-PCR

Microarray RNA seq



Traditional analysis-1

my favorite gene

to Gary Bader

Northern Blot

Real time RT-PCR



High throughput data

HT data shows changed 
expression of thousands of 
genes.

How will you spot the patterns? 



Traditional analysis-2
Gene 1 
Apoptosis
Cell-cell signaling
Protein phosphorylation 
Mitosis
... 

Gene 2
Growth control
Mitosis
Oncogenesis
Protein phosphorylation 
... 

Gene 3
Growth control
Mitosis
Oncogenesis
Protein phosphorylation 
... 

Gene 4 
Pregency
Cell-cell signaling
Oncogenesis
Mitosis
... 

Gene 4 
Pregency
Cell-cell signaling
Oncogenesis
Mitosis
... 

Gene 6 
Pregency
Cell-cell signaling
Oncogenesis
Mitosis
... 

Gene 8
Pregency
Cell-cell signaling
Oncogenesis
Mitosis
... 

Gene xx
Pregency
Cell-cell signaling
Oncogenesis
Mitosis
... 

Gene x 
Pregency
Cell-cell signaling
Oncogenesis
Mitosis
... 

Gene xx
Pregency
Cell-cell signaling
Oncogenesis
Mitosis
... 

Gene xx 
Pregency
Cell-cell signaling
Oncogenesis
Mitosis
... 

Gene 100 
Cell proliferation (Pos. ctrl)
Glucose transport
Protein phosphorylation 
Oncogenesis
... 

After searching all information about 
these 100 genes, it is still difficult to 
know which biological processes are 
most significantly altered. 





Gene Ontology (GO)
the framework for the model of biology. The GO defines 
concepts/classes used to describe gene function, and 
relationships between these concepts. It classifies 
functions along three aspects: 

• molecular function(what)
molecular activities of gene products

• cellular component(where)
where gene products are active

• biological process(why)
pathways and larger processes made up of the activities of 
multiple gene products.

www.geneontology.org



GO annotations
• the model of biology. 
• Annotations are statements 

describing the functions of 
specific genes, using concepts 
in the Gene Ontology. 

• The simplest and most 
common annotation links one 
gene to one function, e.g. 
FZD4 + Wnt signaling pathway. 
Each statement is based on a 
specified piece of evidence.

AURKB



Evidence Code of GO

http://geneontology.org/page/guide-go-evidence-codes



http://www.geneontology.org/



Grouping Genes by Biological Process
Apoptosis
Gene 1
Gene 23 

Mitosis 
Gene 3
Gene 26
Gene 45
Gene 68
... 

Glucose transport
Gene 5
Gene 9 
Gene 11
Gene 35
Gene 66
Gene 79 
... 

Protein phosphorylation 
Gene 7
Gene 12 
Gene 19
Gene 33 
... 

Cell proliferation
Gene 54
Gene 63
Gene 75
Gene 98
... 

Cell-cell signaling
Gene 16
Gene 238 
Gene 87
... 



After GO 
annotation

JAK-STAT regulated genes 

Immune response 
Defense response

Response to stimulus

Toll regulated genes

Amino acid catabolism Lipid
metobolism

Immune response 

Protein catabloism

Peptidase activity 



How to spot biological functions 
embedded in a gene list? 



Pathway and Network Analysis

• Helps gain mechanistic insight into ‘omics data
• Identifying a master regulator, drug targets, 

characterizing pathways active in a sample

• Any type of analysis that involves pathway or 
network information

• Most commonly applied to help interpret lists of 
genes

• Most popular type is pathway enrichment analysis, 
but many others are useful

to Gary Bader



Pathways vs. Networks

- Detailed, high-confidence consensus
- Biochemical reactions
- Small-scale, fewer genes
- Concentrated from decades of literature

- Simplified cellular logic, noisy
- Abstractions: directed, undirected
- Large-scale, genome-wide
- Constructed from omics data integration

to Gary Bader



Pathway analysis workflow overview

to Gary Bader



What’s the reality in living cells: Signaling Pathways



What’s the reality in living cells: Cellular Metabolisms

Lipid 
metabolism

Carbohydrate 
metabolism

Amino acid 
metabolism

Energy 
metabolism

Nucleotide 
metabolism

TCA cycle

Glycan 
biosynthesis



What’s the reality in living cells: Chemical Reactions

Glycolysis pathways



KEGG: Kyoto Encyclopedia of Genes and Genomes
Kanehisa Laboratories since 1995

• Manually create a knowledge base for such systemic functions by capturing and summarizing experimental 
knowledge in computable forms.

• To develop and improve the cross-species (ortholog-based) annotation procedure for linking genomes to the 
molecular networks.

• KEGG is a database of biological systems which contains:
• Molecular building blocks of genes and proteins (Genomic information) 
• Chemical building blocks of both endogenous and exogenous substances (Chemical information)
• Integrated with the knowledge on molecular wiring diagrams of interaction, reaction and relation 

networks (Systems information)

• KEGG provides a reference knowledge base for linking genomes to biological systems and also to 
environments by the processes of PATHWAY mapping and BRITE mapping.

http://www.kanehisa.jp/


KEGG is an integrated database resource consisting of the 
sixteen main databases subdivided into four categories

Current statistics

Pathway modules are subnetworks that are tighter functional units compared to pathway entries

The KEGG Database



KEGG Object Identifier
KEGG objects are biological entities from molecular to higher levels that are represented as database 
entries in KEGG, such as genes and protein, small molecules, reactions, pathways, diseases and drugs.

• Each database entry is a 
KEGG object

• IDs for specific data types
• Use in KEGG or even in 

Google!

The KEGG object identifer or simply the KEGG identifier (kid) is a unique identifier for each 
KEGG object, which is also the database entry identifier. Generally it takes the form of a prefix 
followed a five-digit number as shown below:

Database Object Prefix Example

KEGG PATHWAY Pathway map map, ko, ec, rn, (org) hsa04930

KEGG BRITE Functional hierarchy br, jp, ko, (org) ko01003

KEGG MODULE KEGG module M, (org)_M M00010

KEGG ORTHOLOGY KO K K04527

KEGG GENOME KEGG organism T T01001 (hsa)

KEGG GENES Gene / protein hsa:3643

KEGG COMPOUND Small molecule C C00031

KEGG GLYCAN Glycan G G00109

KEGG REACTION Reaction R R00259

KEGG RCLASS Reaction class RC RC00046
KEGG ENZYME Enzyme ec:2.7.10.1
KEGG DISEASE Human disease H H00004
KEGG DRUG Drug D D01441
KEGG DGROUP Drug group DG DG00710

KEGG ENVIRON Crude drug, etc. E E00048

http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg-bin/show_pathway?hsa04930
http://www.genome.jp/kegg/brite.html
http://www.genome.jp/kegg-bin/get_htext?ko01003
http://www.genome.jp/kegg/module.html
http://www.genome.jp/kegg-bin/show_module?M00010
http://www.genome.jp/kegg/ko.html
http://www.genome.jp/dbget-bin/www_bget?ko:K04527
http://www.genome.jp/kegg/genome.html
http://www.genome.jp/dbget-bin/www_bget?gn:T01001
http://www.genome.jp/kegg-bin/show_organism?org=hsa
http://www.genome.jp/kegg/genes.html
http://www.genome.jp/dbget-bin/www_bget?hsa:3643
http://www.genome.jp/kegg/compound/
http://www.genome.jp/dbget-bin/www_bget?cpd:C00031
http://www.genome.jp/kegg/glycan/
http://www.genome.jp/dbget-bin/www_bget?gl:G00109
http://www.genome.jp/kegg/reaction/
http://www.genome.jp/dbget-bin/www_bget?rn:R00259
http://www.genome.jp/kegg/reaction/
http://www.genome.jp/dbget-bin/www_bget?rc:RC00046
http://www.genome.jp/kegg/reaction/
http://www.genome.jp/dbget-bin/www_bget?ec:2.7.10.1
http://www.genome.jp/kegg/disease/
http://www.genome.jp/dbget-bin/www_bget?ds:H00004
http://www.genome.jp/kegg/drug/
http://www.genome.jp/dbget-bin/www_bget?dr:D01441
http://www.genome.jp/kegg/drug/
http://www.genome.jp/dbget-bin/www_bget?dg:DG00710
http://www.genome.jp/kegg/drug/environ.html
http://www.genome.jp/dbget-bin/www_bget?ev:E00048


http://www.kegg.jp

Main database 
entry points

http://www.kegg.jp/kegg/
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KEGG database: Table of contents

• Access to KEGG data via “Entry Points”
• KEGG associated tools

• Analysis tools
• Software developers

Systems information
Genomic information
Chemical information

Health information

Organism-specific entry points

Web resources
Computational tools

Software development

http://www.kegg.jp/kegg/kegg2.html

Subject-oriented entry points



KEGG database: Data-oriented entry points

Total 15 main databases subdivided into four categories



Search by key words



Definition of KEGG symbols

Objects Arrows

Protein-protein interactions Gene expression relations

Enzyme-enzyme relations



Partial list of metabolism pathways





Pathway description

From Lehninger Biochem

Glycolysis; fatty acid oxidation

http://www.genome.jp/kegg-
bin/show_pathway?map=map00020&show_description=show

http://www.genome.jp/kegg-bin/show_pathway?map=map00020&show_description=show


Enzymes

Pyruvate 
dehydrogenase

EC



EC Number 

https://en.wikipedia.org/wiki/Enzyme_Commission_number



Pyruvate dehydrogenase



BRITE hierarchies of pyruvate dehydrogenase

Enzyme ID: 1.2.4.1





Exercise:
What is enzyme: EC 6.4.1.2? 

How many pathways are EC 6.4.1.2 involved in?





Genes are not presence 
in Loa Loa





Orthologs/paralogs, 
conserved gene clusters, 
and sequence motifs

GFIT:
Gene Function Identification Tool









Exercise:
What is enzyme: EC 6.4.1.2? 

How many pathways are EC 6.4.1.2 involved in?

Does mouse have this enzyme? 

Is there any 3D structure published?

How many orthologs & paralogs?

Show the protein sequence.



Drug development pathways



Antineoplastics: protein kinase inhibitors



Java script to see 
and rotate the 3D 
structure



CDK2 Search by Gene Name

Search pathway by gene name



CDK2 related pathways

Object ID



Cell Cycle Pathway



BRITE

PATHWAY

Description

Module

Ortholog

Pathway modules are subnetworks that are tighter functional units compared to pathway entries



Cell cycle in BRITE



Ortholog table of cell cycle

Genes



KEGG Mapper – Color Pathway

http://www.kegg.jp/kegg/mapper.html



KEGG Color Codes







Overview of analysis workflow for microarray 
and RNA-seq transcriptional profiling

Fang Z et.al. Cell Biosci. 2012;2:26



Before Analysis
 Normalization
 Background adjustment
 Quality control (garbage in, garbage out)

 Use statistics that will increase signal and reduce noise 
specifically for your experiment

 Gene list size
 Make sure your gene IDs are compatible with software

to Gary Bader



Recommendations

• For proteins and genes
• (doesn’t consider splice forms)

• Map everything to Entrez Gene IDs or Official Gene 
Symbols using a spreadsheet

• If 100% coverage desired, manually curate missing 
mappings using multiple resources

• Be careful of Excel auto conversions – especially 
when pasting large gene lists!

• Remember to format cells as ‘text’ before pasting

to Gary Bader



Overview of existing pathway analysis methods 
using gene expression data as an example

PLoS Comput Biol. 2012;8(2):e1002375

http://www.ncbi.nlm.nih.gov/pubmed/22383865




Gene Set Enrichment Analysis (GSEA) is a computational method that 
determines whether an a priori defined set of genes shows statistically
significant, concordant differences between two biological states

http://www.broadinstitute.org/gsea/index.jsp



2. Provide 
expression data

1.
 P

ro
vi

de
   

Ge
ne

 se
ts

Running GSEA

3. Choose 
parameters 
via GSEA 
interface 

4. Decide if the GSEA 
output contains 
informative results 



Main Data Files for Input

• Gene sets database files

• GeneMatrix (filename.gmt) in local machine (download from the Broad MSigDB)

• Expression Data files (expression values or differential expression levels)

• Gene Cluster Text file:    filename.gct (full expression data)

• Ranked list file format:    filename.rnk (condensed differential expression data)

• ExpRESsion (with P and A calls) file:   filename.res (a format for Affymetrix data)

• Phenotype information files (categorical = specify the group for each sample)

• Need a .cls file if using full expression data (.gct)

• Categorical (e.g.   tumor vs normal) class file format:  filename.cls

• Continuous (e.g.  clinical data or a gene profile) file format:  filename.cls



From  http://www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html

Information available from the Broad Institute GSEA documentation

http://www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html


http://www.broadinstitute.org/cancer/software/gsea/wiki/index.php/Data_formats

GCT: Gene Cluster Text file format (*.gct)



GMT: Gene Matrix Transposed file format (*.gmt)



CHIP: Chip file format (*.chip)
The CHIP file contains annotation about a microarray. It should list the features (i.e probe sets) 
used in the microarray along with their mapping to gene symbols (when available). While this file 
is not used directly in the GSEA algorithm, it is used to annotate the output results and may also 
be used to collapse each probe set in the expression dataset to a single gene vector.



RNK: Ranked list file format (*.rnk)
The RNK file contains a single, rank ordered gene list (not gene set) in a simple newline-delimited text 
format. It is used when you have a pre-ordered ranked list that you want to analyze with GSEA. For 
instance, you might have used your favorite tTest-like statistic to produce a ranked ordered gene list from 
your dataset which you now want to test for enrichment. Order of lines does not matter. It is important, 
however, that the second column will have numeric values - they will be used to rank order genes by GSEA.



GSEA algorithm
• Calculate the enrichment score of each gene set

• Move down the list and increment a counter
• If the current gene is a member of the set, add quantity whose magnitude depends 

on the gene’s correlation with the class variable
• For non-members subtract this quantity  
• The enrichment score (ES) is the maximum deviation from 0

• Estimate the significance level of the gene set enrichment values
• Repeatedly permute the class labels (1000 times) and then calculate the enrichment 

values of the gene sets
• The significance level of each gene set is determined by this null distribution

• For example, if the enrichment value of a gene set is greater than all but 5 of the enrichments values from 
the permutation, then its p‐value is 0.005.

Proc Natl Acad Sci U S A. 2005 Oct 25;102(43):15545-50

http://www.ncbi.nlm.nih.gov/pubmed/16199517


GSEA Enrichment tests

UP

DOWN

ENRICHMENT
TEST

Gene list
Fisher’s Exact Test,
Binomial and Chi-
squared.   

Ranked list (semi-
quantitative)
Minimum 
hypergeometric test,
GSEA,
Wilcoxon ranksum,
Mann-Whitney U,
Kolmogorov-Smirnov

UP

DOWN

Quaid Morris

to Quaid Morris



GSEA原理



GSEA/mHG: Method

Where are the gene-set genes located in the ranked list?
Is there distribution random, or is there an enrichment in either end?

GSEA/mHG score calculation
gene-set 

to Quaid Morris



GSEA/mHG: Method

Every present gene (thick red vertical bar) gives a positive contribution,
Every absent gene (black vertical bar) gives a negative contribution

ES
 sc

or
e

Gene rank1 101 401

GSEA/mHG score calculation
gene-set 

Warning: the 
alignment here 
between bars and 
plot is a little off

to Quaid Morris



GSEA/mHG: Method
ES

 sc
or

e

Gene rank1 101 401

GSEA/mHG score calculation
gene-set 

1. Maximum (or minimum) ES score is the final ES score for the gene set
2. Can define “leading edge subset” as all those genes ranked as least as 
high as the enriched set. 

to Quaid Morris



Empirical p-value estimation (for every gene-
set)

1. Generate null-hypothesis distribution from 
randomized data (see permutation settings)

Distribution of (max) ES scores from 
N permutations (e.g. 2000)

Co
un

ts

ES Score

Permutation-based P-values

to Quaid Morris



Estimate empirical p-value by comparing observed max ES 
score to null-hypothesis distribution from randomized 
data (for every gene-set)

Co
un

ts

Real ES score

Distribution of ES scores from 
N permutations (e.g. 2000)

Permutation-based P-values

ES Score

to Quaid Morris



Estimate empirical p-value by comparing observed max ES 
score to null-hypothesis distribution from randomized 
data (for every gene-set)

Co
un

ts

ES Score

Randomized with ES score ≥ real: 4 / 2,000 
--> Empirical p-value = 0.002

Permutation-based P-values

Real ES score

Distribution of ES scores from 
N permutations (e.g. 2000)

to Quaid Morris



Ranked
gene list

UP in 
treated

Enrichment Score

+

-
DOWN in 
treated

+
+
+
+
+

+

+

+

Gene-set 1 (n=17)
Enriched in treated

Gene-set 3 (n=22)
Depleted in treated

Gene-set 2
Not enriched

Enrichment Score

More GSEA examples

to Quaid Morris



Molecular Signatures Database v6.2



Easy-to-use graphical user interface



GSEA desktop application



Load data

1. RPKM ratio
2. Sorting/unique
3. Save as .txt
4 ..txt  .rnk

1

2

3

4



Parameters of pre-ranked GSEA I

Gene sets database:
c2.cp.kegg.v6.2.symbols.gmt

Chip platform:
GENE_SYMBOL.chip



Parameters of pre-ranked GSEA II

For full run use 1000 permutations

Set up the 
project name

Output folder

Pick a specific random 
number generator 
seed so can exactly 
reproduce the result



Data of pre-ranked GSEA
Data summary

Result index.html



Data of pre-ranked GSEA
snapshot of enrichment results

Snapshot of enrichment results

Enrichment score

Leading edge 
subset

Rank at max



Data of pre-ranked GSEA
Detailed enrichment results in html format

• Nominal P –value 
• Is the GS significantly changed between two 

classes 

• NES 
• ES / Mean(All permutated ES) 
• A comparable ES across gene sets 

• FDR or FWER 
• The estimated probability that a gene set with a 

given NES represents a false positive finding. 

• Tags
– % of gene hits before (for positive ES) or after (for negative ES) the peak in 

the running enrichment score. 
– % of genes contributing to the enrichment score.

• List 
– % of genes in the ranked gene list before (for positive ES) or after (for 

negative ES) the peak in the running enrichment score. 
– where in the list the enrichment score is attained. 

• Signal 
– N is the number of genes in the list 
– Nh is the number of genes in the gene set
– If the gene set is entirely within the first Nh positions in the list, then the 

signal strength is maximal or 100%. If the gene set is spread throughout the 
list, then the signal strength decreases towards 0%.



Leading Edge Analysis
Import GSEA results 



Data of leading Edge Analysis 

Heat Map shows the (clustered) genes in the leading edge subsets. 
Expression values are represented as colors
Red: high; Pink: moderate; Light blue: low; Dark blue: lowest 

Set-to-Set 
correlations 

Gene in 
Subsets 

Histogram 
Jacquard is the intersection divided by the 
union for a pair of leading edge subsets. 
Number of Occurrences is the number of 
leading edge subset pairs in a particular bin.



Exercise GSEA

DATASET Download



GSEA Exercise:
• 安裝與執行GSEA3.0
• 匯入Gene list檔案

• 執行Preranked tools (C2.KEGG)
• 輸出GSEA Report
• 比較 pos vs. neg enrichment table與產出各前五筆

GSEA Enrichment plot
• Leading edge analysis 前五筆比較



Network visualization 
and analysis



Networks

• Represent relationships
• Physical, regulatory, genetic, functional interactions

• Useful for discovering relationships in large data 
sets

• Better than tables in Excel

• Visualize multiple data types together
• See interesting patterns

• Network analysis

to Gary Bader



Six Degrees of Separation

• Everyone in the world is connected
by at most six links

• Which path should we take?
• Shortest path by breadth first search

• If two nodes are connected, will find the shortest path 
between them

• Are two proteins connected?  If so, how?
• Biologically relevant?

Picture thanks to bridgettribe.wordpress.com

to Gary Bader



Applications of Network Biology
• Gene Function Prediction –

shows connections to sets of genes/proteins involved in same biological process

• Detection of protein complexes/other modular structures –
discover modularity & higher order organization (motifs, feedback loops)

• Network evolution –
biological process(es) conservation across species

• Prediction of new interactions and functional associations –
Statistically significant domain-domain correlations in protein interaction network to predict 
protein-protein or genetic interaction

• Identification of disease subnetworks – identification of disease network subnetworks that are 
transcriptionally active in disease. 

• Subnetwork-based diagnosis – source of biomarkers for disease classification, identify 
interconnected genes whose aggregate expression levels are predictive of disease state

• Subnetwork-based gene association – map common pathway mechanisms affected by 
collection of genotypes

to Gary Bader



What’s Missing?

• Dynamics
• Pathways/networks represented as static processes

• Difficult to represent a calcium wave or a feedback loop
• More detailed mathematical representations exist that 

handle these e.g. Stoichiometric modeling, Kinetic 
modeling (VirtualCell, E-cell, …)

• Need to accumulate or estimate comprehensive kinetic 
information

• Detail – atomic structures
• Context – cell type, developmental stage

to Gary Bader



What Have We Learned?

• Networks are useful for seeing relationships in large 
data sets

• Important to understand what the nodes and edges 
mean

• Important to define the biological question - know 
what you want to do with your gene list or network

• Many methods available for gene list and network 
analysis

– Good to determine your question and search for a solution
– Or get to know many methods and see how they can be 

applied to your data

to Gary Bader



Network Visualization and 
Analysis using Cytoscape
• Network visualization and analysis using Cytoscape

software
• Cytoscape basics
• Cytoscape network analysis examples

to Gary Bader



Cytoscape
Network Data Integration, Analysis, and Visualization in a Box



Desktop

Canvas

Network overview

Network manager

Attribute browser

CytoPanels

to Gary Bader



yFiles Organic
to Gary Bader



yFiles Circular
to Gary Bader



Network Layout

• Many algorithms available through apps
• Demo: Move, zoom/pan, rotate, scale, align

to Gary Bader



Create Subnetwork

to Gary Bader



Create Subnetwork

to Gary Bader



Visual Style

• Customized views of experimental data in a 
network context

• Network has node and edge attributes
• E.g. expression data, GO function, interaction type

• Mapped to visual attributes
• E.g. node/edge size, shape, colour…

• E.g. Visualize gene expression data as node colour
gradient on the network

to Gary Bader



Visual 
Style

Load “Your Favorite Network”

to Gary Bader



Visual 
Style

Load “Your Favorite Expression”
Dataset

to Gary Bader



Visual Style

Map expression values to node colours using a continuous mapper to Gary Bader



Visual 
Style

Expression data mapped
to node colours

to Gary Bader



Interaction Database Search

to Gary Bader



to Gary Bader



to Gary Bader



Exercises



Cytoscape Exercise:
• 安裝與執行cytoscape 3.x
• 匯入GSEA Build Enrichment Map檔案

• 練習修改Layout, Style
• 安裝App



GSEA <-> Cytoscape
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