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Intended learning outcomes

• Describe types of biological networks and give at least 
one example for such a network and where to find it

• Characterize a network in terms of what it represents
• Perform functional enrichment on a list of genes

• Analyze (your) high-throughput data using Cytoscape
– Import your data into Cytoscape using the stringApp

– Master network layouts and data visualization

– Perform clustering and enrichment analyses

• Know where to find relevant documentation and tutorials
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High-throughput technologies

Adapted from Griss et al., Mol & Cell Prot, 2020.Volcano plot

Heatmap
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A typical table with data

Emdal et al., Science Signaling, 2015.

• Temporal analysis by mass spectrometry of the proteome of 

neuroblastoma cells in response to nerve growth factor (NGF)

• Identification of 78 proteins that interact with tropomyosin-related kinase 

A (TrkA) upon NGF stimulation
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From gene lists to networks

Identify relevant 
pathways & processes, 

e.g. KEGG & GO

Construct networks 
and visualize data, 

e.g. STRING
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What are networks?

• Consist of nodes (vertices, circles) and edges (links, lines)
• Represent relationships between entities

• Networks are everywhere…
• Social networks 
• The power grid
• The internet

• Can you think of 1 or 2 examples 
for networks in your field?
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• Pathways: metabolic, 
signaling, regulatory, etc.

• For example KEGG

Types of biological networks

• Interaction networks: protein-
protein, protein-drug, etc. 

• For example STRING
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Sources of biological networks
• There are hundreds of different interaction databases

à It depends on your biological question and analysis plan

But know what you are getting...

• Interaction networks: broad coverage / lower resolution 
– STRING (https://string-db.org/)

– IntAct (https://www.ebi.ac.uk/intact/)

– BioGrid (https://thebiogrid.org/)

• Pathways: higher resolution / limited coverage
– KEGG (https://www.kegg.jp/kegg/pathway.html)

– Reactome (https://reactome.org/) 

– WikiPathways (https://www.wikipathways.org/) 

https://string-db.org/
https://www.ebi.ac.uk/intact/
https://thebiogrid.org/
https://www.kegg.jp/kegg/pathway.html
https://reactome.org/
https://www.wikipathways.org/
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STRING exercise 1 (15 min)

In this exercise, we use the STRING database to create a network for one protein 
of interest and explore the different visual representation and the supporting 
evidence of the interactions. 

Exercise 1.1: Single protein query
Question 1: Why are there multiple lines connecting the same two proteins?

Exercise 1.2: Visual representations
Question 2: Which information is shown for the edges in each representation? 

Exercise 1.3: Evidence viewers
Question 3: Which types of evidence support the interaction between insulin 
receptor (INSR) and insulin receptor substrate 1 (IRS1)?
Question 4: Which type of evidence gives the largest contribution to the 
confidence score 0.999?
Question 5: Which types of experiments support this interaction?

https://jensenlab.org/training/string/eubic/

https://jensenlab.org/training/string/eubic/
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STRING
à Integration of known and predicted functional protein 
associations

• Collect multiple types of evidence for known associations
• Predict new associations
• Transfer across species
• Assign confidence score to each association

Joint collaboration between the groups of 
Christian von Mering (University of Zurich), 
Lars Juhl Jensen (University of Copenhagen),
and Peer Bork (EMBL Heidelberg)
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STRING evidence channels
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Predictions from genomic context

Korbel et al., Nature Biotechnology, 2004.

14,094 organisms

Gene fusion

Gene neighborhood
Gene co-occurrence

(phylogenetic profiles)
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Experimental evidence

Look for consistent similarities 
between expression profiles in 
many different conditions
Mainly RNA-based expression 
data + a bit of protein expression

Pair-wise interactions from 
experiments in curated databases 
like IntAct & BioGrid
Can be any type of biochemical, 
biophysical or genetic interaction, 
like pull-down experiments
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“Higher-level” knowledge

Co-occurrence text mining for 
functional associations
Natural language processing for 
physical interactions

Also known as Databases
Curated pathway databases like 
KEGG & Reactome
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STRING scores

• However, it is not that simple:

à Quality scores [0,1] based on a gold standard
– Common scale for comparison
– Implicit weighting by quality

– Many databases
– Different formats
– Different identifiers

– Variable quality
– Not comparable
– Not the same species

https://string-db.org/help//faq/#how-are-the-scores-computed

https://string-db.org/help/faq/
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STRING score calibration

von Mering et al. Nucleic Acids Research, 2005.

STRING 
confidence score 
(how likely are two proteins part 
of the same KEGG pathway) 
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STRING network views

Evidence view Confidence view

What is the difference between these two views?
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Different STRING network types
Functional associations vs. physical interactions

Indirect 
functional 

association

Physical 
complex 
formation

New since STRING v11.5



21

STRING exercise 2 (20 min)

In this exercise, we will work with a list of proteins associated with epithelial ovarian 
cancer (EOC) in the study by Francavilla et al. and learn how to query STRING for 
multiple proteins, change the query parameters and do functional enrichment.

Exercise 2.1: Multiple proteins query
Question 1: How many nodes and edges are in the resulting network?

Exercise 2.2: Query parameters
Question 2: How does changing the confidence or network type influence the set 
of interactions shown?
Question 3: What evidence types are available for the physical interactions? Are 
there more or fewer evidence types than in the full STRING network?
Exercise 2.3: Functional enrichment
Question 4: How many categories contain enriched annotation terms?
Question 5: What information is shown in each line of the table? How can you find 
out more about this annotation term?
Question 6: Do the pathways annotate the same set of genes or not?

https://jensenlab.org/training/string/eubic/

https://doi.org/10.1016/j.celrep.2017.03.015
https://jensenlab.org/training/string/eubic/
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Functional enrichment analysis

• aka over-representation analysis
• A term is usually a pre-defined group of 

genes, with the same function or the same 
process, e.g. a pathway like TCA cycle or a 
Gene Ontology term like mRNA processing

• Identify terms that are statistically over-
represented for a set of regulated genes 
compared to a background set of genes 

• Fisher’s exact test followed by multiple 
testing correction

• Choosing the right background is very 
important: genome-wide vs. user-defined

Gene ontology example
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Enrichment in STRING
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Gene set enrichment analysis

• aka GSEA is performed on a ranked list of all genes
• Kolmogorov-Smirnov test to identify which terms show 

a non-random distribution across the sorted gene list, 
followed by multiple testing correction

Up-regulated

Down-regulated

mitochondrion cytosol nucleus
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GSEA in STRING
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Related databases

• COMPARTMENTS: 
Subcellular localization 
database

• TISSUES: tissue expression 
database for human, mouse, 
rat and pig

• DISEASES: disease-gene 
associations mined from the 
literature

• All three provide confidence 
scores between 0 and 5 stars

http://jensenlab.org/resources/

http://jensenlab.org/resources/
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From STRING to Cytoscape
• Web-based network interfaces have limitations

- Creating networks for large lists of genes
- Integrating and showing additional experimental data
- Having more powerful analysis and visualization options
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Cytoscape
• Open source tool for network analysis and visualization
• Large, active community of developers & users
• However, Cytoscape itself doesn’t know any biology
à Cytoscape apps: apps.cytoscape.org







stringApp
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Let’s try it out!

How many have installed Cytoscape 3.9.1?

If not installed yet, get it from here: 
http://cytoscape.org/download.php

http://cytoscape.org/download.php
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Launch Cytoscape

Control panel:

List of networks

Visual styles

Selection filters

Layout tools

Network view

Table panel:

Node Attributes Table

Edge Attributes Table

Default layout
Zoom in/out
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Install stringApp v1.7.1
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stringApp exercise 1 (10 min)

In this exercise, we will perform some simple queries to retrieve molecular networks 
in Cytoscape using the stringApp.

Exercise 1.1: Protein query
Question 1: How many nodes are in the resulting network? What types of 
information do the Node Table and the Edge Table provide?

Exercise 1.2: Disease query
Question 2: Which additional attribute column do you get in the Node Table for a 
disease query compared to a protein query? Hint: check the last column.

https://jensenlab.org/training/stringapp/eubic/

https://jensenlab.org/training/stringapp/eubic/
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• Starting with a list of genes, no network data
– stringApp
– GeneMANIA app
– IntAct app

• Pathway databases
– KEGGscape app
– ReactomeFI app
– WikiPathways app

• Your own network data
– from files, e.g. Excel tables or text files
– from R or Python via automation

Import network (edge) data
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stringApp

• STRING protein query 
– Queries for STRING interactions for 
one protein or for a list of identifiers

• STRING compound query 
– Queries for protein-compound 

interactions 

• STRING disease query
– Queries for disease-associated 

proteins from DISEASES and for 
STRING interactions between them

• STRING PubMed query
– Retrieves STRING interactions for 

proteins co-occurring with the query 
term in PubMed
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STRING protein query
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STRING network in Cytoscape
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• Nodes and edges can have 
data associated with them
– Gene expression data
– Mass spectrometry data

• Import own data from files, 
e.g. Excel sheets, or via 
automation from R or Python

• Import complex omics data 
(via Omics Visualizer app)

• Identifiers have to match!

Attribute (table) data
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Node table

• Protein information from STRING
• Subcellular localization scores (https://compartments.jensenlab.org/)
• TISSUES expression scores (https://tissues.jensenlab.org/)
• IDG drug target information (https://pharos.nih.gov/)
• Experimental data from the original table

https://compartments.jensenlab.org/
https://tissues.jensenlab.org/
https://pharos.nih.gov/
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Know your identifiers
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Cytoscape core concepts

Networks
e.g., protein-protein 
interaction networks

Visual Styles

Tables
e.g., actual network data 

or annotations
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Cytoscape core concepts

Networks
e.g., protein-protein 
interaction networks

Visual Styles

Tables
e.g., actual network data 

or annotations
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• Visual attributes
– Nodes: fill color, border color, border width, size, 

shape, opacity, label, etc.
– Edges: line style, line color, line width, line opacity, 

ending type, ending color, etc. 

• Mapping types
– Continuous (numeric values)

• Expression values, edge interaction scores
– Discrete (categories)

• Type of interaction, protein family
– Pass-through (labels)

• Pre-defined visual styles

Visualize data using styles
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STRING network in Cytoscape
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STRING network in Cytoscape
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Pharos drug target information

Enzyme

GPCR

Kinase

Discrete mapping: node color
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Pharos drug target information

Enzyme

GPCR

Kinase

Discrete mapping: node color & node size + Bypass: node labels
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STRING network in Cytoscape



51

Expression data as node colors

Protein abundance

-2                       0                        2

Continuous mapping: node color
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• Avoid cluttering your visualization with too much 
data
– Highlight meaningful differences
– Avoid confusing the viewer
– Consider creating multiple network images

Data Mapping: Tips
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Styles: User interface

Default fill color: grey

Styles tab

Node tab Edge tab

Fill color mapping: 
rainbow colors

Bypass mapping

Available styles
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• Layouts determine the location of nodes and 
(sometimes) the paths of edges

• Recommended apps: yFiles Layout Algorithms, 
layoutSaver

Layouts

HierarchicalForce-directed Circular
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• Cytoscape sessions save 
everything (.cys files)

• Export networks in 
different formats

• Export node & edge tables 
as text files

• Publication quality 
graphics in several formats

Save data
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stringApp exercise 2 (20 min)

In this exercise, we will work with the list of proteins associated with epithelial 
ovarian cancer (EOC) in the study by Francavilla et al. to perform typical network 
imoprt and visualization tasks. 
2.1 Protein network retrieval & layout 
Question 1: How many nodes and edges are there in the resulting network? Do 
the proteins all form a connected network? Why?
Question 2: Does any of the suggested layouts make patterns in the network easy 
to recognize? (Recommended: install the app yFiles Layout Algorithms)
2.2 Discrete color mapping
Questions: How many of the proteins in the network are ion channels (IC) or 
GPCRs? How many kinases are in the network?
2.3 Data import
Question 4: Do you see the columns from the Excel table in the Node Table?
2.4 Continuous color mapping
Question 5: Are the up-regulated nodes grouped together? Do you see any issues 
with the color gradient and can you improve it? 

https://jensenlab.org/training/stringapp/eubic/

https://doi.org/10.1016/j.celrep.2017.03.015
https://jensenlab.org/training/stringapp/eubic/
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Why use (biological) networks?
• Networks are powerful tools

ü Reduce complexity
ü More efficient than tables
ü Great for data integration
ü Intuitive visualization

• But also… Challenging!

• Many different network 
analysis and visualization 
techniques available
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• Functional enrichment
• Topological analysis
• Clustering 
• And many more…

Annotate & analyze the network

à Visit the Cytoscape app store at https://apps.cytoscape.org/

https://apps.cytoscape.org/
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• Group nodes together based on some measure of distance 
or similarity between the nodes

• Makes the network easier to understand
• MCL (Markov CLustering)

– Fast algorithm
– No need to specify number of clusters  

Network clustering
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Clustering in Cytoscape



Why use (biological) networks?

Doncheva et al., J Proteome Research, 2019
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• Not really a network 
analysis technique, but very 
useful for visualization

• Filter by category, remove 
redundant terms

• Visualize significant terms

• Many categories: Gene 
Ontology terms, Reactome,  
KEGG & Wiki pathways, 
Tissues, Diseases, 
Subcellular localization, 
STRING clusters, Protein 
domains, Publications

stringApp functional enrichment
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More stringApp features

• Change confidence level of 
interactions à important when 
merging networks

• Expand network by a user defined 
number of additional interactors à
for example compounds

• Filter nodes by tissue or 
compartment annotation 

• Filter and color edges by evidence
• Stringify networks not created with 

the stringApp
• Query for virus-host interactions
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• Functional enrichment: stringApp, clueGO & 
CluePedia, BiNGO,  EnrichmentMap

• Clustering: clusterMaker2
• Merge networks: Cytoscape built-in (Tools à Merge)

• Omics data visualization: OmicsVisualizer
• Pathways: KEGGscape, WikiPathways, ReactomeFI, 

OmniPath

• Network topology: Cytoscape built-in (Tools à Analyze 
network)

Useful apps & features
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stringApp exercise 3 (10 min)

In this exercise, we will work with the list of differentially abundant proteins from the 
study by Francavilla et al. and perform typical network analysis tasks.
Prerequisites: install the app ClusterMaker2
3.1 Network clustering
Question 1: How many clusters have at least 10 nodes?
Question 2: How many nodes and edges are there in this cluster?
3.2 Functional enrichment
Question 3: How many statistically significant terms are in the table? Which is the 
most significant term for each of the categories GO Biological Process, Reactome
and KEGG Pathways?
3.3 Functional enrichment extras
Question 4: What is the title of the most recent publication?

https://jensenlab.org/training/stringapp/eubic/

https://doi.org/10.1016/j.celrep.2017.03.015
https://jensenlab.org/training/stringapp/eubic/
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stringApp exercise 4 (10 min)

In this exercise, we will compare the network of differentially abundant proteins 
from the study by Francavilla et al. and the network of genes associated with the 
same disease based on literature and knowledge from the DISEASES database.
4.1 Overlap with DISEASES network
Question 1: How many nodes are in the intersection? 
4.2 Integrate networks
Question 2: Which protein from the experiment has the highest disease score?
Question 3: Can you find the protein with the highest disease score in the network 
view?

https://jensenlab.org/training/stringapp/eubic/

https://doi.org/10.1016/j.celrep.2017.03.015
http://diseases.jensenlab.org/
https://jensenlab.org/training/stringapp/eubic/
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Complex input data tables

• Usual workflow: given a list pf proteins, import a STRING 
network and add experimental data from the table

• But what to do with multiple lines of data for one 
node? Aggregate the data or select the "best" site?

• ⇒ How to visualize multiple lines of data for one node? 
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Omics Visualizer features

• Import multi-omics data as an Omics Visualizer table
• Retrieve a STRING network for the proteins in the table
• Visualize data (e.g. phospho-site specific) as pies inside 

the nodes or donuts around the nodes
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Donut visualization

Ring as column = condition
(Slice as row)

Ring as row = phospho side
(Slice as column)

Data: two different conditions as two columns, several 
phospho sites for each protein as different rows
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Pie visualization

There is also an automatically generated legend!

Note: only possible for one data column!
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Omics Visualizer ex. 1 (20 min)

In this exercise, we will work with the list of 541 differentially abundant proteins 
from the study by Francavilla et al. with focus on the phosphorylation data.
Prerequisites: install the app OmicsVisualizer
1.1 Table import

1.2 Table row filtering

Question 1: How many rows do you have in the table? How many rows are shown 
after you applied the filter?
1.3 STRING network retrieval

Question 2: How many nodes do you have in your network? Does it corresponds 
to the number of rows you queried?
1.4 Donut visualization

Question 3: How are multiple sites on the same protein shown? Do different donut 
slices within a protein always show similar changes?
1.5 Pie visualization

Question 5: What are the advantages and disadvantages of donut vs. pie 
visualizations?

https://jensenlab.org/training/omicsvisualizer/

https://doi.org/10.1016/j.celrep.2017.03.015
https://jensenlab.org/training/omicsvisualizer/
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Supporting lectures

https://www.youtube.com/c/LarsJuhlJensen

https://www.youtube.com/c/LarsJuhlJensen
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Tutorials & getting help

• STRING, stringApp & Omics Visualizer:
– YouTube videos: https://www.youtube.com/c/LarsJuhlJensen

– Tutorials & exercises: https://jensenlab.org/training/

• Cytoscape
– Online manual: http://manual.cytoscape.org/

– Tutorials: https://github.com/cytoscape/cytoscape-tutorials/wiki
– YouTube videos: 

https://www.youtube.com/channel/UCv6auk9FK4NgXiXiqrDLccw
– Helpdesk mailing list: cytoscape-helpdesk@googlegroups.com

• Automation using R and Python
– https://github.com/cytoscape/cytoscape-automation/wiki

– https://github.com/scaramonche/EuBIC2020_Cytoscape

https://www.youtube.com/c/LarsJuhlJensen
https://jensenlab.org/training/
http://manual.cytoscape.org/
https://github.com/cytoscape/cytoscape-tutorials/wiki
https://www.youtube.com/channel/UCv6auk9FK4NgXiXiqrDLccw
mailto:cytoscape-helpdesk@googlegroups.com

