The power of RNA-seq

Interpretation: enrichment, networks etc.

Dick de Ridder
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Inferring regulation networks

" Yesterday: WGCNA, simple correlation:

F e

" Beyond correlation: reverse engineering of regulation,
find connections and parameters from measurement data
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Systems biology

" Model biological processes R
to better understand life &5 siologeal s
contradictory

issues

" Interplay between

. . Data- and
b 10 I (0] g | StS an d Experiment hypothesis-
data analysis driven

computer scientists

modeling

"Dry" experiments
(simulation)

"Wet" experiments

" Use networks to
e create hypotheses

Experiment
design and System analysis
experimental and theory
device formation

development

® guide experiments
e store knowledge

Predictions
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Inferring regulation networks (2)

" Physical approach:
identify protein
factors regulating
transcription
(model-based)

" Influence approach:

summarize

regulatory influences
between transcripts

s
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Measurement data

" Steady state " Time series
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Steady-state data

1) Apply diverse treatments 2) Measure RNA 3) Learn model
. Model of
to cells expression for parameters .
transcription
each treatment h
regulation

Y kodeu —-
-—-—
Coen) =

Overexpress | =i

% —-
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Time series data




Clustering: groups of genes

B Cluster 1
] Cluster 2
B Cluster 3
B Cluster 4
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Network inference: derive relationships

B Cluster 1
] Cluster 2
B Cluster 3
B Cluster 4




General approach

" Assume (change of) gene expression at time t
depends on activity of regulators at time t-1

" For regulator activity, take gene expression as proxy
" Number of samples and sampling interval critical for fitting

MNetwork modeal I
[ Influence

functian X(Hl) — f(X(t))

Input transcript transcript

CONCentrat|cns Concentratons

WAGENINGEN UNIVERSITY
NNNNNNNNNN



From time series data to networks

t {+2
9 T
t+k
—»
E Sample at time t,:
activity of g, & g,

(each point is one sample)

Traj_ectory of expression

during the experiment
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State-space model

" State of cell given
by expression
levels of all genes g,

" Closed, one-step
memory system

9
activity of a gene = weighted sum of all genes,

g+ = wgt+D) 4 p
find W and b by linear regression

" Simplest model: linear,
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State-space model (2)

" Example: 3 gene network g(t“) = Wg(Hl) + b
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Many other methods

a
" Association networks:
O(/J
. Correlatlon 0 12345678 12345123 123456 12345678 12345 CR
] . 40_Regre35|on Ml Corr. Bayes Other Meta
e mutual information %
® Boolean networks ==

0
12345678 12345 123 123456 12345678 12345 CR

® REVEAL 15 Regression Ml Corr. Bayes Other Meta
" Bayesian networks

E. coli
AUPR (%)

0
12345678 12345 123 123456 12345678 12345 CR

H Dynamlcal Systems (ODES) ) Regression Ml  Corr. Bayes Other Meta
e Inferelator iz
= Etc. etc. = See e.g. ? 0 1234567&12345 ;2312345612:_34567812345CR-

Regression Ml Corr. Bayes Other MetaJ

Hurley, NAR 2012 or Communiy
Huynh-Thu and Sanguinetti, arXiv 2018 Marbach et al.,

Nature Methods 2012
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Network mining

" Like in WGCNA:
find subnetworks
(clusters, modules)
that may correspond
to specific functions,
processes, complexes...

® General idea:
clusters/modules have
many (high-weight)
connections within,
and few (low-weight)
connections without
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Interpretation

" Given a list of & & E T
significant genes,
a cluster or
module, what
information is
available to learn
more about it?
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Measurement databases

" Genomics: Ensembl, UCSC, RefSeq, Uniprot, GenBank

" Transcriptomics: Gene Expression Omnibus (GEO),
EBI ArrayExpress, Stanford Microarray Database (SMD)

" Proteomics: Open Proteomics Database (OPD), Integr8

" Protein-DNA: Biomolecular Network Database (BIND),
Encyclopedia of DNA elements (ENCODE)

" Protein-protein: Munich Inf. Center for Prot. Seq. (MIPS),
Database of Interacting Proteins (DIP)

" Interactome: General Repository for Interaction Datasets
(GRID)
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Databases

" HuGO: gene names

" Gene Ontology (GO): gene annotations

" TRANSFAC: transcription factors

" TRANSPATH: signalling pathways

" KEGG LIGAND, Brenda: chemical reactions, enzymes
" REACTOME, BIOCARTA, KEGG: biological pathways

® Saccharomyces Genome Database (SGD)

" PUBMED/MEDLINE: biological references, abstracts
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Sequence features

" Chromosome: genes may be functionally related if...
e they lie close on the genome tegilatoy s

Regulatory

Structural loci —————»

gene

. example: OperOnS ‘Pr/omotelrforlacoperon
— -

Operator Structural gy, ¢ ra Structural
gene for gene for gene for
f-galacto- g qajactoside p-galactoside
sidase permease transacetylase

lac Operon |

" Sequence: genes may be functionally related if...

e they share a transcription voss Topisomorase |

= = . E. coli gyrase A o e —————————
fa Cto r b I n d I n g S I te Human succinyl CoA-transferase ~ -
E. coli acetate Co-A transferase o =
E. coli acetate Co-A transferase p T

e they are homologous 5 iAol c —— e

E. coli DNA pol Il o.

- I h E. coliDNA pol lll =
to a single other gene N p—
E. coli histidine biosynthesis HIS2 ENNSSN
E. coli histidine biosynthesis HIS10 ) = e |
‘ exa I I l p I e : RO S etta Human &-1-pyrroline-5-carboxylate synthetase g 000
E. coliy-glutamyl phosphate reductase LOOOCOOOK S
E. coli glutamate-5-kinase  —
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Protein features

" Protein domains: genes may
be functionally related if...

e they share certain
structural domains

" Protein families: genes may
be functionally related if...

e their products belong to the
same protein (super)family
(evolutionary related, but
no longer homologous)
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Protein interactions

" Protein interactions: genes may
be functionally related if...

e their products interact in
some way, e.g. form a complex

Mitotic exit
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Pathways

" Specific interactions:
e Signalling pathways

Cytoplasm

Nucleus
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Phenotypes

® Disease
annotation

" Tissue
expression
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Gene ontology

" Three ontologies:

® Biological processes (BP)
e Molecular functions (MF)
e Cellular components (CC)

id: GO:0007323

name: peptide pheromone maturation
namespace: biological process

alt id: GO:0007324

alt id: GO:0007326

alt id: GO:0046613

Biological Process

SN

Developmental processes Cell growth and/or maintenance

Is-a
Is-a Is-a —
Metabolism
Genetic exchange Cell-cell fusion l Is-a

Is-a
Protein metabolism & modification

- l Is-a

Mating (sensu Fungi)
Is-a Protein modification

/ Is-a
Mating (sensu Saccharomyces)

Protein processing
w-of /
Is-a

Pheromone processing ‘

AXL1
KEX2
KEX2
krp1
mug138

def: "The generation of a mature, active peptide pheromone via p RAM2
unique to its processing and modification. An example of t RCE1l

is found in Saccharomyces cerevisiae."
synonym: "a-factor processing (proteolytic)" NARROW []
synonym: "alpha-factor maturation" NARROW []
synonym: '"pheromone processing" EXACT []
is a: GO:0016485 ! protein processing
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Gene ontology (2)

46/621

organelle organization
and biogenesis

59/744

cell organlntlon
and buogenesns

399/6356
205/2199

cellular physnologlcal
process

450/6949

168/174

168/1747

108/1062

H

450/6949

47317276
4731727

N

cellular process

519/7981 519/7981
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38/252
700501  |48/335 15/7
25/150
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y

74/706 81709 81/709
72/549 a—

physiological process
N

biological_process

22/182

77/640- locomotory |32/246
behavior

mspon;o abioti
26/215 stimulus

120/1209

fesponse to other -
organism

77/640 7/640

- 120/120

120/1209

120/120

519/7981



Annotation (2)

$ $° & o » &
s c)é}’b‘>€b & 0&& ézéy OQ& o‘zé) %é) ézé)
= % B
" How do we use = =111
this information = g
to help interpret N % %
a list of significant ] =0 == RN
genes or a cluster? === " [—] 7
P N A
W ]

" Annotation: look up genes in databases

-
e o

" Enrichment: look for significant annotations in gene

S

" Prioritization: order genes on relation to phenotype
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Enrichment: Fisher’s exact test

" Statistical test for association due to R.A. Fisher
" Also known as the hypergeometric test
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Test setup

= p=8 cups of tea
= g=3 with milk first, b=75 with tea first




Fisher’s exact test

* Remember from statistics: hypothesis tests

« null hypothesis: assume there is no real association
between pouring order and the ladies choice

« what is the probability of finding an association
in an experiment by chance?

« if this is probability is low, the assumption is likely
incorrect : she can really tell the difference
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Fisher’s exact test (2)

* Test setup:
 Present cups in random order
e Ask the lady to pick the three “"milk first” cups
* Null hypothesis: H,: choice is random

* The lady picks 2 cups correctly
* What is the probability of this happening under H,?

#ways of picking 2 "milk first" and 1 "tea first" cups

total #ways of picking 3 cups

WAGENINGEN UNIVERSITY
NNNNNNNNNN



Fisher’s exact test (3)

* What is the total number ways in which she could
choose 3 cups in a specific order?

WAGENINGEN UNIVERSITY
NNNNNNNNNN



Fisher’s exact test (4)

* How many ways are there of ordering 3 cups?

=EB OO

Qr-QE= s

> QE Q=

3-2-1
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Fisher’s exact test (5)

* What is the total number ways in which she could
choose 3 cups in a specific order?

8-7-6
* How many ways are there of ordering 3 cups?
3-2-1
* What is the total number ways in which she could
choose 3 cups in any order?

8-7-6 (8-7-6)-(5-4-3-2-1) 8 (8] (8
3.2-1  (3-2-1)-(5-4-3-2:1) 315! (5] (3
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Fisher’s exact test (6)

* The lady picks 2 cups correctly
* What is the probability of this happening under H;?

#ways of picking 2 "milk first" and 1 "tea first" cups

< total #ways of picking 3 cups >
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Fisher’s exact test (7)

* What is the total number ways in which she could
choose 2 "milk first” cups out of 3 in any order?

3
2
* What is the total number ways in which she could
choose 1 “tea first” cup out of 5?

y
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Fisher’s exact test (8)

* The lady picks 2 cups correctly
* What is the probability of this happening under H;?

<—__#ways of picking 2 "nulk first" and 1 "tea first" cups

< total #ways of picking 3 cups >

3

iz)m 8] =3-5( ~027
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Fisher’s exact test (9)

* The lady picks 2 cups correctly
* What is the probability of this happening under H;?

0.7

0.6+

probability

#Ccups correct

WAGENINGEN UNIVERSITY
NNNNNNNNNN



Fisher’s exact test (10)

* p-value: what is the probability of picking
at least 2 cups correctly under H,?

—

0.7

0.6+

probability
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~0.29

#Cups correct

:

Do we reject the
null hypothesis?




Fisher’s exact test (11)

* More generally:
15 balls
* g green ones
e b red ones
 draw k balls
« what is the

probability

of finding

at least m

green balls Drawn Not drawn | Total

by chance? Green . o )
Red k-m b-(k-m) b
Total k a+b-k n
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Fisher’s exact test (12)

* More generally:
* n genes
 a “pheromone production”
* b not
* find a cluster of k£ genes
« what is the

significant probe sets

probability

of ﬁnding In cluster | Not in cluster | Total
?;r::?‘gaﬁnéne Pheromone pr. m a-m a
genes” Non-pherom. pr. | k-m b-(k-m) b
by chance? Total k a+b-k n
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Fisher’s exact test (13)

s
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Pheromone
production

In cluster | Not in cluster | Total
Pheromone pr. m a-m a
Non-pherom. pr. | k-m b-(k-m) b
Total k a+b-k n




Fisher’s exact test (14)

* If you test multiple annotations,

adjust for multiple testing, e.g. using FDR or Bonferoni:
multiply each p-value by the number of statistical tests

* For example, testing 30,000 GO annotations:
significant at p <0.05/30,000 = 1.67 x 10°
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Gene set enrichment analysis

* Standard high-throughput experiment:

« Perform an experiment with two conditions,
check for significant differential expression, e.qg.:
perform a r-test for each gene, calculate p-value

 Adjust for multiple testing (Bonferoni)

 Select only genes with p,; <0.05 or p,;; <0.01
* Alternatively:

 Cluster genes using time series or set of conditions
* Problem:

« Result is often a very small set of genes

« Consequently, Fisher’s exact test
will never give significant enrichments
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Gene set enrichment analysis (2)

* Alternative: check whether ranking of genes
based on ¢-test is associated with a certain annotation
(no p-value threshold!)

Phenotype / Leading edge subset
Classas all genes, ¥

A B Genes with ordered by I |||
t-statistic \
genes

EEENNE  5nnotation
 —

Correlation with Phenotype
:.y;; —_ . .
= involved in
S pheromone
J production =~ --p------- o T P
g : ES(S .
€ cumulative ( )I Ir'f' R o
14 score, for Maximum deviation _Gene ListRank
i from zero provides the
growing enfichment soore ES(S)

subset
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Online tools

" For human and other model organisms:
e DAVID, https://david.ncifcrf.gov/
e GOrilla, http://cbl-gorilla.cs.technion.ac.il/
e GSEA, http://software.broadinstitute.org/gsea/

" For plants:
e AgriGO, http://bioinfo.cau.edu.cn/agriGO/

e PlantGSEA,
http://structuralbiology.cau.edu.cn/PlantGSEA/

e gProfiler, http://biit.cs.ut.ee/gprofiler/
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http://structuralbiology.cau.edu.cn/PlantGSEA/
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Network-based analysis

" Interpret genes and gene lists by looking at
their neighbourhood in a network of interacting genes

" “Guilt-by-association”: j(
if a gene A is linked to A 3
another gene B with a ’/
known function, it may A *z\‘! 5},‘@‘}@’ %
also have that function ‘ ¥ A DI e
K ;’"//:‘.

f ?
3 o
o—o0 L
LR R AT
» / 0 ""‘:’;}3@%& R
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Network-based analysis (2)

" Interaction type is important!
e physical (protein-protein)
e regulatory (protein-DNA)

e TF2Network

e functional (gene-gene,
often predicted)

DR
: ¢!
COLIBAT 2;?
7897

R/ .
Ay

Nerogen'sufur metabobsm Transpon fackitsson

[A A mesabolismy,

e GeneMania
(model organisms)

e STRING
® AralNet

" Functional interactions .."=. .
most informative |
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STRING

® Search
Tool for the
Retrieval of
Interacting
Genes

® Predicts
functional
Interactions
based on
COo-expression,
co-evolution,
homology,
literature etc.

Input:
[coGi17) ABC-type phosphate transport system, ATPase component
Predicted functional associations: Score:
ABC-type phosphate transport system, periplasmic component 0.997
[€OG0573] ABC-type phosphate transport system, permease component 0.997
[coGos81] ABC-type phosphate transport system, permease component 0.997
[COG0704] Phosphate uptake regulator 0.979
[COG0745] Response regulator: Che-Y-like receiver domain & DNA-binding domain 0.861
[COG0642] Signal transduction histidine kinase 0.799
» o PCBREDBPD
suvmenf NOSIOC 50 FEC 7120 * & & & & + * - -» e =
Synechocystis sp.PCC 6803 # # #® ® * * » [(mwe o omee o g »
Chlamydophila pneu.J138 -_—ees mm mm == ™ =
Chlamydophila pneu. AR39 -—eoem mm mw == @ o =
Chlamydophila pneu. CWL029 -_—eem mm mm == s [
Chlamydia trachomatis -— e mm mm == @ & =
Chlamydia muridarum e, 3 =
Lactococcus lactis subsp. lactis » - * ™ ™ @ - - » [
Streptococcus pyogenes # ® * * * = » i -» O -
Streptococcus pneu.TIGR4 = = = = = = » I s e —— -» =
Streptococcus pneu.R6 * * & = = = = C - -» =
Staphylococcus aureus Mu50 » ™ - - - * * [ -» T =
Staphylococcus aureus N315 » - * * ™ ™ ™ (e = 3 B =
Listeria monocytogenes # # # * * * » BT - T -
Listeria innocua
* ®# # * * * » e
Mycoplasma pulmonis - as o o= s == == == =
Ureaplasma parvum ® & & # # == = C - |
Mycoplasma genitalium - - » - # == = - _
Mycoplasma pneumoniae * # # # # == - - [
Phylogenetic Co-occurence Conserved Neighborhood Gene Fusions

" http://string-db.org/
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GeneMania

® Same principle, other data sources

Srow sovanosd optorn 9

Sem ¥ Ao ¥

&‘EHEMA"'A L P —— v macio PHYRELFICOP SPAL FUSRONTI HYA 0P OPRF | Ge
SN, e G s Gl

RAD51AP1
M Physical interactions [l Pathway [l Predicted [l Co-localization T
B Comoreson
[ B

http://genemania.org/ ==

M LdRdLRdcicciiiisiiics
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Take-home

" Regulatory networks can
be inferred from gene expression THE 'L ADN

data and mined for modules T ASTINGETAS
® Annotation enrichment tests:

How STATISTICS

e Fisher’s exact test: REVOLUTIONIZED SCIENCE
. .

the basic tool INTHE

TWENTIETH CENTUR)
e GSEA: needs no |
subset selection E

" Network-based tools can be
used to explore interactions
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