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be able to learn the grammar of the genome. Each person’s genome tells 
slightly different stories, and fascination comes with the discovery of the 
differences in those stories. To cite from the original papers: “The sequence 
is only the fi rst level of understanding of the genome” and “Finally, it 
is has not escaped our notice that the more we learn about the human 
genome, the more there is to explore.”

Personal Genomes: For One and for All
Jun Wang

Executive Director, Beijing Genome Institute

Thanks to immense technological improvements in the 10 years since 
the draft of the fi rst human reference genome was published, we are 
now seeing the dawning of the personal genomics era. Breakthroughs 

in medical genomics and genomics-guided medicine allow 
ever deeper interpretation and application of 

the information contained in a personal 
genome. The accumulation of individ-

ual genomes with clearly documented 
phenotypes that are available for 
research signifi cantly facilitates such 
breakthroughs and discoveries. This 
virtuous circle is likely to spin faster 
in the coming years.

Although the benefits of a per-
sonal genome for the owner are clear, 

profi ling everyone’s DNA is mutually ben-
efi cial, acting with a strong network effect. 

Human populations are largely phylogeneti-
cally related as a result of recent population explosion. 

Considering that any two of us have common ancestry back to a certain 
point, people nearly always share a signifi cant fraction of genetic variation 
sites and allele types. Therefore, the health profi le and personal genetic 
information of one individual will, to a certain extent, provide clues to bet-
ter understand other’s genomes and their medical implications. In this 
sense, a personal genome is not only for one, but also for all humanity.

The Landscape of Human Evolution
Pardis Sabeti

Organismic and Evolutionary Biology, Harvard University, 

Cambridge, MA, USA 

In the pregenomic era, evolutionary genetics was a painstaking process. 
From observations of the natural world, scientists hypothesized instances 
of selection and sought confi rmation on a case-by-case basis. As of 2000, 

only a handful of such cases had been identifi ed. Technological and ana-
lytical advances in the past decade, however, have enabled us to prog-
ress from hypothesis-testing to hypothesis-generating science. Rather 
than examining single-candidate genes, we can scan the entire genome 
to identify variants under natural selection. In the initial phase of the 
postgenomic era, we have confi rmed earlier hypotheses of evolution for 
malaria resistance, skin pigmentation, and lactose tolerance, and we 
have identifi ed new adaptations for the formation of hair, resistance to 
trypanasomes, and response to high altitude. The challenge now is to 
uncover how hundreds of newly discovered candidate loci have shaped 
our evolution. In my laboratory’s own recent scans, we identifi ed more 
than 200 loci with strong evidence of selection. Of these, roughly half 
point to genes, and the other half point to large, intervening, noncod-
ing RNAs (lincRNAs), other regulatory elements, and many yet-unknown 
regions. It is intriguing that whole new adaptive pathways are coming into 
view, such as those regulating sensory perception and thermoregulation 
in Asia, and metabolism and infectious disease in all populations. In the 
next decade, scientists can look forward to investigating these pathways 
and many other new hypotheses being generated through genome scans 
to uncover the vast landscape of human evolution. 

My Genome, My Identity, My Health
Charmaine D. M. Royal

Associate Research Professor, Institute for Genome Sciences & Policy and 

Department of African and African American Studies, Duke University, 

Durham, NC, USA. 
As a genetic counselor and human geneticist, I am in awe of the human 
genome—the nucleus of our fi eld. Its potential to enlighten us about 
ourselves, our relationship to one another, and our place in the scheme 
of life makes it a distinctive reservoir for ground-breaking science and 
personal refl ection. 

Advances in genomics have taught us much about the biological 
underpinnings of disease. Nevertheless, the research itself is confi rming 
that genome sequence does not tell the full story about human health and 
illness. Indeed, individual and group differences are the result of many 
variables. What is my socioeconomic status? Where do I live? Do I have 
supportive social networks? Access to health care? How do others perceive 
and treat me? Humans are so much more than a genome! If we truly want 
to decipher disease mechanisms and practice personalized medicine to 
achieve optimal health, we must adopt a more holistic approach. 

Genomic research has also prompted new, and resurrected old, con-
versations about “race,” ancestry, ethnicity, and identity. The fi ndings 
that human genetic variation is primarily continuous and that living 
humans have not subdivided into biological races (subspecies) mean that C
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Differential expression analysis 
 Alternative exon usage

Wolfgang Huber  
EMBL 

31 October 2013 - Recife



European Molecular Biology Laboratory 
(EMBL)

European Intergovernmental Research 
Organisation  

n 20 Member States 

n Founded in 1974 

n Sites in Heidelberg (D), Cambridge (GB), 
Roma (I), Grenoble (F), Hamburg (D) 

n ca. 1400 staff  (⊃1100 scientists) 
representing more than 60 nationalities 



n Basic research 

n Development of new technologies and instruments 

n Technology transfer 

n Services to the member states 

n Advanced training

EMBL’s five missions



5

Biology
Chemistry
Physics 
Mathematics
Informatics

What can you do at EMBL? 

www.embl.org/phdprogramme 
www.embl.org/postdocs 
www.embl.org/jobs

Engineering

http://www.embl.org/phdprogramme
http://www.embl.org/postdocs
http://www.embl.org.jobs/


Progress in science is driven by technology

Sequencing - DNA-Seq, RNA-
Seq, ChiP-Seq, HiC 
Microscopy & remote 
sensing- molecular 
interactions and life-cycles in 
single, live cells 
Large scale perturbation 
libraries - RNAi, drugs 

!
We work on the methods in 
statistical computing, 
integrative bioinformatics and 
mathematical modelling to turn 
these data into biology.



Gene expression 
• Statistics - differential expression; alternative exon usage 
• 3D structure of DNA (HiC & Co.) 
• Single-cell transcriptomics and noise 
Simon Anders, Aleksandra Pekoswka, Alejandro Reyes, Jan Swedlow; Tibor 
Pakozdi 
collaborations with L. Steinmetz, P. Bertone, E. Furlong, T. Hiiragi  

Cancer Genomics & Precision Oncology 
• Somatic mutation detection (incl subclonal)  
• Phylogeny inference  
Julian Gehring, Paul Pyl 
collaborations with C.v.Kalle/M.Schmid, H. Glimm (NCT); J. Korbel 

Genetic Interactions, pharmacogenetics (reverse genetics) 
• Large-scale combinatorial RNAi & automated microscopy phenotyping 
• Cancer mutations & drugs 
Joseph Barry, Bernd Fischer, Felix Klein, Malgorzata Oles  
collaborations with M.Boutros (DKFZ), T.Zenz (NCT), M. Knop (Uni) 

Basics of statistics 
• Tools & infrastructure for software ‘publication’ 
• Teaching  
Bernd Klaus, Andrzej Oles 
collaborations M.Morgan (FHCRC), R.Gentleman (Genentech)

Research areas



Two applications of  RNA-Seq

• Discovery 
• find new transcripts 
• find transcript boundaries 
• find splice junctions 

!

• Comparison 
Given samples from different experimental 
conditions, find effects of the treatment on 
• gene expression strengths 
• isoform abundance ratios, splice patterns, 

transcript boundaries



Count data in HTS
Gene       GliNS1  G144    G166    G179    CB541   CB660 

13CDNA73   4       0       6       1       0       5 

A2BP1      19      18      20      7       1       8 

A2M        2724    2209    13      49      193     548 

A4GALT     0       0       48      0       0       0 

AAAS       57      29      224     49      202     92 

AACS       1904    1294    5073    5365    3737    3511 

AADACL1    3       13      239     683     158     40 

[...] 
!
• RNA-Seq 

• ChIP-Seq 

• HiC 

• Barcode-Seq 

• Peptides in mass spec 

• ...
Simon Anders



Counting rules

• Count reads, not bases 
• Discard a read if 
• it cannot be uniquely mapped 
• its alignment overlaps with 

several genes 
• the alignment quality score is 

bad 
• (for paired-end reads) the 

mates do not map to the same 
gene
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The Poisson distribution is used for 
counting processes
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Analysis method: ANOVA

Noise part

µij     expected count of region i in sample j 
sj       library size factor 
xkj     design matrix 
βik    (differential) effect for region i
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For Poisson-distributed data, the variance is equal to the 
mean.  

No need to estimate the variance. This is convenient. 

E.g. Wang et al. (2010), Bloom et al. (2009), Kasowski et al. 
(2010), Bullard et al. (2010), ... 

mean

va
ria
nc
e

10^−4

10^−2

10^0

10^2

10^4

10^6

10^8

10^0 10^1 10^2 10^3 10^4

Poisson: v ~ μ1

NB: v ~ μ2

Data: Nagalakshmi et al. 
Science 2008



So we need a better way

data are discrete, positive, skewed  
➡ no (log-)normal model 
!
small numbers of replicates  
➡ no rank based or permutation methods 
➡ want to use parametric stochastic model to infer tail 
behaviour (approximately) from low-order moments (mean, 
variance) 
!
large dynamic range (0 ... 105) 
➡ heteroskedasticity matters 



The negative-binomial distribution

Genetic Interactions

dij = ⇧ µi µj

(m̂, m̂0, ŵ) = argmin
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The NB distribution models a Poisson process 
whose rate is itself randomly varying

Biological sample to sample 
variability Γ

Poisson counting statistics Λ

Overall distribution NB

NB(µ, σ2 + µ)  =  Λ(Γ( µ, σ2)) 

⇓
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Two component noise model

Large counts 
!
Biological noise 
dominant 
!
Improve power: 
more biol. 
replicates

var   =    μ   +   c μ2 

  

shot noise (Poisson)       biological noise 

Small counts 
!
Sampling noise 
dominant 
!
Improve power: 
deeper coverage 



Noise part

Systematic 
part

µij     expected count of gene i in sample j 
sj       library size effect 
xkj     design matrix 
βik    (differential) expression effects for gene i

Generalised linear model of the  
negative binomial family

GLM
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log µij = sj +
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What is a generalized linear model?
!

Y ~ D( m, s) 
!
A GLM consists of three elements: 

1. A probability distribution D (from the exponential 
family), with mean E[Y] = m and dispersion s 

2. A linear predictor η = X β 

3. A link function g such that g(m) = η. 

Ordinary linear model: g = identity, D = Normal 
DESeq(2), edgeR, ...: g = log, D = Negative Binomial 



design with a blocking factor

Sample treated sex
S1 no male
S2 no male
S3 no male
S4 no female
S5 no female
S6 yes male
S7 yes male
S8 yes female
S9 yes female
S10 yes female



GLM with blocking factor

full model for gene i:

reduced model for gene i:

i: genes 
j: samples



GLMs: Interaction

full model for gene i:

reduced model for gene i:



GLMs: paired designs

•   Often, samples are paired (e.g., a tumour and  
    a healthy-tissue sample from the same patient) 

!
•   Then, using pair identity as blocking factor improves 
power.

full model:

reduced model:



Generalized linear models

Simple design: 
Two groups, e.g. control and treatment 
!
Common complex designs: 
• Designs with blocking factors 
• Factorial designs 
• Designs with interactions 
• Paired designs



GLMs: Dual-assay designs (e.g.: CLIP-Seq + RNA-Seq)

How does affinity of an RNA-binding protein to  
mRNA change under a (drug, RNAi) treatment? 

For each sample, we are interested in the  
ratio of CLIP-Seq to RNA-Seq reads. How is it affected by 
treatment? 
full model: 
   count ~ assayType + treatment + assayType : treatment 

reduced model: 
   count ~ assayType + treatment

Zarnack et al., Cell 2013
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Eine gute Körperhaltung, ein elasti-
scher Brustkorb, bewegliche Rippen 
und ein frei schwingendes Zwerchfell 
geben den Lungen ausreichend Platz, 
sich beim Einatem auszudehnen und 
gut belüftet zu werden. Bei einem funk-
tionellen und ökonomischen Atem wölbt 
sich im Einatem die Bauchdecke nach 
vor, die Rippenbögen heben sich leicht 
und der Brustkorb weitet sich. 

Ausreichend Bewegung ist die Voraus-
setzung für eine gute Körperhaltung 
und einen beweglichen Brustkorb. 
Gezielte Übungen unterstützen dies und 
ermöglichen, wieder genug Elastizität 
im Körper zu erlangen. 

Öfters mal aufstehen und dehnen
Haben Sie eine sitzende Tätigkeit? Bei 
der heutigen vorwiegend einseitigen 
Belastung muss das Spannen und Lösen 
der Muskulatur immer wieder „trai-
niert“ werden, denn eine wohlgespannte 
Muskulatur ist die Voraussetzung für 
eine funktionelle Atmung. Chronisch 
gewordene Verspannung führen zu 
Schmerzen oder Haltungsbeschwerden 
und können das Atmen behindern. 
Stehen Sie während des Tages öfters auf 
und dehnen Sie einfach abwechselnd die 
Arme langsam nach oben. „Beobachten“ 
Sie, wie der Atem darauf reagiert. 
Gönnen Sie sich diese kurze Erholung. 
Ihr Körper wird es Ihnen danken. Ver-
spannungen lösen sich und können 
nicht chronisch werden. 

Gähnen genießen
Das Gähnen ist eine natürliche Vollat-
mung, aktiviert stark das Zwerchfell. 
Der tiefe Atemzug weitet den ganzen 
Rumpf und Brustraum und hebt die 
Schultern. Herzhaftes und zugelassenes 
Gähnen löst Verspannungen, liefert 
neue Energie, lockert den ganzen Körper 
und erfrischt den Geist. 

Pausen gönnen und Stress vermeiden
Ein gestresstes und überbelastetes Ner-
vensystem führt zu einer Verengung der 
Bronchien, zu einer Anspannung der 

Muskulatur und zu einer fl achen, 
schnellen und eingeschränkten Atmung. 
Gönnen Sie sich Pausen und entspan-
nen Sie bewusst durch Übungen. Nur so 
kann sich auch Ihr Atem wieder beruhi-
gen und in einem natürlichen Rhythmus 
kommen. 

Rauch- und staubfrei 
Wer raucht oder sich häufi g in staubbe-
lasteter Umgebung aufhält, reizt unnötig 
die Atemwege. Aufgrund dieser Belas-
tungen können sich Atemwege leichter 
entzünden. Die Entzündung als Folge 
verengt die Atemwege, behindert die 
Belüftung der Lungen und erhöht die 
Atemarbeit.  

Unnötige Atemarbeit vermeiden
Atmen bedeutet Arbeit für die Atem-
muskulatur und verbraucht Energie. 
Um leichter zu atmen und dadurch leis-
tungsfähiger zu sein, vermeiden Sie 
Übergewicht, einengende Kleidung, 
schlechte Körperhaltung. Auch den 
Bauch fl ach halten und einziehen erhöht 
die Atemarbeit.

Übersäuern des Körpers vermeiden
Wenig bekannt ist, dass die Atmung 
eine wichtige Aufgabe bei der Aufrecht-
erhaltung des Basen-Säuren-Haushaltes 
hat. Übersäuern Sie Ihren Körper bei-
spielsweise durch viel Zucker, Fleisch, 
Kaffee, Alkohol, Ärger oder Stress, 
beschleunigt sich Ihre Atmung, um 
Säure abzuatmen.

Wie man sieht, kann richtiges Atmen 
nicht ausschließlich als reine Lungentä-
tigkeit gesehen werden. Wer auf einen 
gesunden Atem Wert legt, legt auch 
Wert auf eine ausgeglichene Lebens-
weise mit gesunder Ernährung, viel 
Bewegung, regelmäßig Ausdauertrai-
ning und täglichen Situationen, die uns 
Freude bereiten. So ist Lachen eine 
Massage für unser Zwerchfell. 

Atmen passiert automatisch, darüber 
muss man nicht nachdenken. 
Aber richtiges Atmen ist weit mehr 

als nur Luft holen und wieder abgeben. 
Atmen schließt Körper und Geist mit ein. 

Ein gesundes und funktionierendes 
Atemsystem ist die Voraussetzung für 
Leistungsfähigkeit. Beeinfl usst wird der 
Atem stark durch unsere Lebensweise 
und Einstellungen. Gerade in unserer 
schnelllebigen Zeit treten Atemein-
schränkungen auf, ohne dass eine Ate-
merkrankung vorliegt. Dies kann schon 
bei Kindern beginnen, die in ihrer freien 
Bewegung und in ihrem Gefühlsaus-
druck eingeschränkt werden. Mit zuneh-
mendem Alter kommt immer mehr 
Leistungsdruck hinzu. Einseitige Bewe-
gungsabläufe, schlechte Körperhaltung, 
zu wenig Bewegung, Übergewicht, Ver-
letzungen und Krankheiten, unbewäl-
tigte Konfl ikte, zurückgehaltene Gefühle, 
Ängste und Stress wirken sich negativ 
auf das Atemgeschehen aus. Vielen 
Menschen fällt dies erst auf, wenn sie 
Einschränkungen in ihrer Leistungsfä-
higkeit feststellen. Sie bemerken, dass 
Sie z. B. die Treppen nicht mehr so rasch 
steigen oder beim Wandern nicht mehr 
Schritt halten können. 

Richtiges Atmen – jeder kann was tun 
Zuerst geht es darum, dass wir unserem 
Körper und unserem Atem Aufmerk-
samkeit schenken. Spüren Sie doch 
einmal in sich hinein, was Ihnen gut tut 
und was Sie lieber lassen wollen. Allzu 
oft schränken wir uns selber ein. Sie 
können selbst schon viel beachten, um 
Ihrem Atem wieder frei fl ießen zu 
lassen. Vieles können Sie ohne großen 
Aufwand selbst tun, um Ihre Atemor-
gane gesund zu erhalten und um 
mühelos zu atmen.

Oft gestellte Frage: Nasenatmung oder 
Mundatmung 
Ohne Belastung soll die Luft über die 
Nase ein- und ausströmen. Die Nase 
erfüllt dabei wichtige Funktionen: Die 
Luft wird befeuchtet, vorgereinigt und 
erwärmt. Auch der Geruch der Atemluft 
wird über die Nase wahrgenommen. 
Zusätzlich stärkt die Nasenatmung die 
Atemmuskulatur. Wer selbst bei Ruhe 
über den Mund atmet, nutzt diese wich-
tigen Funktionen der Nase beim Atem-
vorgang nicht. Zusätzlich kommt das 
Zwerchfell im wahrsten Sinne des 
Wortes nicht zum Zug, da die Atemluft 
über den Mund einen geringeren Wie-

derstand zu überwinden hat als über die 
Nase. Wer ständig über den Mund atmet, 
leistet weniger Atemarbeit. Es kommt 
zu einem Verlust an Grundspannung im 
ganzen Organismus. Das Zwerchfell 
wird weniger gefordert und ist weniger 
aktiv.

Pfl egen Sie Ihre Nase
Je freier die Nase ist, desto müheloser 
kann der Atem ein- und ausströmen. 
Jeder sollte auf eine gute Durchlässig-
keit der Atemwege über die Nase achten. 
Sei es witterungs- oder krankheitsbe-
dingt, gerade in der Herbstzeit „geht 
uns oft die Nase zu“. Übungen aus der 
Atempädagogik helfen, die Nase zu 
öffnen und die Nasenatmung anzure-
gen. 

Gute Körperhaltung und Bewegung 
fördert das Atmen
Hätten Sie gedacht, dass Brustkorb und 
Rippen für die Atmung wichtig sind 
oder auch die Körperhaltung die Atmung 
beeinfl usst? Probieren Sie es einfach 
selbst aus! Setzen Sie sich zusammenge-
kauert hin und versuchen Sie, tief durch 
zu atmen. Dann probieren Sie es in auf-
rechter Haltung. Unterschied bemerkt?
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Norbert Faller: 
Atmen und Bewegung. 
Theorie und 111 Übungen. 
Springer Verlag.

Einfache Atemübungen aus der Atempädagogik helfen, den Atem frei fl ießen zu lassen. 

Die Atempädagoginnen Anita Buhrandt, Petra Krainer 
und Angelika Töfferl bieten Atemkurse und 
Firmenseminare. 

INFOS
AtempädagogInnen bieten österreichweit 
Atemkurse, Atemworkshops und 
Firmenseminare an. Nähere Informationen 
unter:
www.atemschule-kaernten.at
www.atemaustria.at

Übung: Nase dehnen
Aufrechte Sitzhaltung oder paralleler hüft- 
breiter Stand. Augen schließen. Ein paar Mal 
über die Nase von der Nasenwurzel 
hinunter zur Nasenspitze streichen. 

Beide Zeigefi nger direkt unter die Nasen-
löcher legen. Mit den Zeigefi ngern den 
Nasenboden nach unten dehnen. Dehnung 
langsam lösen. Mehrmals wiederholen. 
Finger wegnehmen und nachspüren.

Nun Zeigefi nger seitlich der Nasenfl ügel 
geben. Mit den Fingern zur Seite ziehen und 
die Nase in die Breite dehnen. Dehnung 
langsam lösen. Mehrmals wiederholen. 
Finger wegnehmen und nachspüren.

Abschließend den Zeigefi nger von unten auf 
die Nasenspitze legen und nach oben dehnen. 
Dehnung langsam lösen. Mehrmals wieder- 
holen. Finger wegnehmen und nachspüren. 

Übung: Nasenfl ügel dehnen

Aufrechte Sitzhaltung oder paralleler 
hüftbreiter Stand. Augen schließen. Daumen 
von unten an die Nasenfl ügel legen und 
diese anheben. Wahrnehmen, wie der 
Einatem spontan einströmt. Beim Ausatem 
loslassen. Mehrmals wiederholen. 
Variation – ohne Hilfe der Daumen 
Nasenfl ügel anheben. 
Variation – Duft und Hauch: Einatem 
kommen lassen und sich vorstellen, an 
einer wohlduftenden Blume zu riechen. 
Ausatem über den Mund hauchen. 
Mehrmals wiederholen. 

Wirkung beider Übungen: 
Nase öffnet sich und wird weiter, durchläs-
siger und freier. Dehnungen regt Zwerchfell-
tätigkeit an. Bei Schnupfen, engen Nasen-
gängen und chronisch entzündeten 
Nebenhöhlen tritt Erleichterung ein. 

Atempädagogik

Richtiges Atmen 
fördert die Gesundheit 
Petra Krainer

wirtschaft wirtschaft



Why we discard non-unique alignments

gene A gene B

control condition

treatment condition



Modelling Variance

To assess the variability in the data from one gene, we have 
•the observed standard deviation for that gene 
•that of all the other genes 
⇒ridge (Tikhonov) regularisation, empirical Bayes



Dispersion estimation:   shrinkage

LRT

Wald FALSE TRUE Sum

FALSE 10143 5 10148

TRUE 11 1230 1241

Sum 10154 1235 11389

E Dispersion plot and fitting alternatives

Plotting the dispersion estimates is a useful diagnostic. The dispersion plot in Figure 10
is typical, with the final estimates shrunk from the gene-wise estimates towards the fitted
estimates. Some gene-wise estimates are flagged as outliers and not shrunk towards the
fitted value, (this outlier detection is described in the man page for estimateDisper-

sionsMAP). The amount of shrinkage can be more or less than seen here, depending
on the sample size, the number of coe�cients, the row mean and the variability of the
gene-wise estimates.

plotDispEsts(dds)

Figure 10: The dispersion estimate plot shows the gene-wise estimates (black), the fitted
values (red), and the final maximum a posteriori estimates used in testing (blue).

E.1 Local dispersion fit

The local dispersion fit is available in case the parametric fit fails to converge. A warning
will be printed that one should use plotDispEsts to check the quality of the fit, whether
the curve is pulled dramatically by a few outlier points. In this case the two fit types
appear to produce similar curves (Figure 11).

dispersion outliers:  
log(𝛼gene-est) - log(𝛼fit)  > 2 σrob



Beta (estimated effects):   shrinkage

mean of  normalized counts
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The mechanics: empirical Bayes shrinkage of gene-wise 
dispersion estimates and of (non-intercept) βs

“naive” GLM likelihood 
!
!
!

Cox-Reid bias term 
!
!

bias-corrected likelhood 
!
!
!

prior on α by ‘information 
sharing’ across genes 

!
!

penalized 
likelihood 



Outlier robustness
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2 pasilla

## Loading required package: DESeq

##

## Attaching package: ’DESeq’

## The following objects are masked from ’package:DESeq2’:

##

## estimateSizeFactorsForMatrix, getVarianceStabilizedData,

## plotDispEsts, plotMA, plotPCA,

## varianceStabilizingTransformation

## Error: missing value where TRUE/FALSE needed

## estimating size factors

## estimating dispersions

## gene-wise dispersion estimates

## mean-dispersion relationship

## final dispersion estimates

## fitting generalized linear model

3

Cook’s distance:  
Change in fitted 
coefficients if  
the sample were 
removed

Gene A - counts

Gene B - counts

Gene A - Cook’s dist.

Gene B - Cook’s dist.



regularized log-transformation: 
visualization, clustering, PCA

Parathyroid data,  
Haglung et al. 2012

Di↵erential analysis of count data – the DESeq2 package 14

Figure 4: Heatmaps showing the expression data of the 30 most highly expressed genes. The data is of
raw counts (left), from regularized log transformation (center) and from variance stabilizing transfor-
mation (right).

Figure 5: Sample-to-sample distances. Heatmap showing the Euclidean distances between the
samples as calculated from the regularized log transformation.



GSEA with shrunken log fold changes

Fly cell culture, knock-down of pasilla versus control  (Brooks et al., 2011) 
turquoise circles:  
    Reactome Path “APC/C-mediated degradation of cell cycle proteins” 
    56 genes, avg LFC: -0.15,  p value: 4‧10-11 (t test)



Genes and transcripts

So far, we looked at read counts per gene. 

!

A gene’s read count may increase 

because the gene produces more transcripts 

because the gene produces longer transcripts 

!

How to look at gene sub-structure?



Alternative isoform 
regulation

Data: Brooks, ..., Graveley, Genome Res., 2010

Alejandro 
Reyes



Count table for a gene
number of reads mapped to each exon in a gene 
!
    treated_1 treated_2  control_1  control_2 
E01       398       556        561        456 
E02       112       180        153        137 
E03       238       306        298        226 
E04       162       171        183        146 
E05       192       272        234        199 
E06       314       464        419        331 
E07       373       525        481        404 
E08       323       427        475        373 
E09       194       213        273        176 
E10        90        90        530        398    <--- ! 
E11       172       207        283        227 
E12       290       397        606        368    <--- ? 
E13        33        48         33         33 
E14         0        33          2         37 
E15       248       314        468        287 
E16       554       841       1024        680 
[...]



Differential exon usage

msn - mishappen
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DEXSeq

counts in gene i, 
sample j, exon l

dispersionsize 
factor

expression 
strength in 
control

fraction of  
reads falling 
onto exon l in 
control

change to 
fraction of  reads 
for exon l due to 
treatment

change in 
expression due to 
treatment

GLM

Nij ⇤ Poisson(µij)

Nij ⇤ NB(µij,�(µij))

log µij = sj +
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k

⇥ikxkj
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DEXSeq

test for changes in the (relative) usage of exons:

number of reads mapping to the exon 
!

number of reads mapping to the other exons 
of the same gene



PKC ζ - PKM ζ
PFC
CB

long form: 
PKC-zeta

!
N-term. 
truncated:

PKM-zeta



Differential usage of  
exons or of isoforms?

A

B

C

D



Group 1 Group 2 DEXSeq 1.1.5 cu�di� 1.3.0

proper comparison, PFC vs CB:
PFC 1 – PFC 6 CB 1, CB 2 650 114
PFC 1, PFC 2 CB 1, CB 2 56 230
PFC 1, PFC 3 CB 1, CB 2 18 361
PFC 1, PFC 4 CB 1, CB 2 26 370
PFC 1, PFC 5 CB 1, CB 2 32 215
PFC 1, PFC 6 CB 1, CB 2 27 380

mock comparisons, PFC vs PFC :
PFC 1, PFC 3 PFC 2, PFC 4 3 405
PFC 1, PFC 2 PFC 3, PFC 4 0 399
PFC 1, PFC 4 PFC 2, PFC 3 244 590
PFC 1, PFC 3 PFC 2, PFC 5 2 628
PFC 1, PFC 2 PFC 3, PFC 5 1 499
PFC 1, PFC 5 PFC 2, PFC 3 2 555
PFC 1, PFC 4 PFC 2, PFC 5 2 460
PFC 1, PFC 2 PFC 4, PFC 5 2 504
PFC 1, PFC 5 PFC 2, PFC 4 2 308
PFC 1, PFC 4 PFC 3, PFC 5 10 497
PFC 1, PFC 3 PFC 4, PFC 5 5 554
PFC 1, PFC 5 PFC 3, PFC 4 0 353
PFC 2, PFC 4 PFC 3, PFC 5 1 476
PFC 2, PFC 3 PFC 4, PFC 5 10 823
PFC 2, PFC 5 PFC 3, PFC 4 0 526

Table S2: Results of the comparison for the Brawand et al. data.

25

➪
More genes 
with less 
replicates

➪
More genes 
with  
same-same 
comparison



Splicing 
Graphs

Heber, Steffen ... Pevzner, Pavel A. Splicing 
graphs and EST assembly problem  

Bioinformatics, 18, S181-S188, 2002.

SplicingGraphs package on Bioconductor
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Figure 1: Splicing graph representation of the four transcript variants of gene CIB3
(Entrez ID 117286). Left: transcript representation. Right: splicing graph repre-
sentation. Orange arrows are edges corresponding to exons.

3



splice junctions where one end is an annotated splice site and
the other is more than 50 bases away from an annotated splice
site.

Annotated splice sites show a striking pattern of sequence
conservation–the splice sites themselves are highly conserved, as are
the regions exonic of the splice sites (Figure 3A). In contrast, the
conservation scores around unannotated splice sites show little, if
any, signal of evolutionary constraint (Figure 3B). This same pattern
holds in an independent sample of LCLs and in primary human

liver samples (Figures S2 and S3). To exclude the possibility that our
analysis overlooked splice sites that are conserved in only a subset of
placental mammals, we repeated this analysis using phyloP scores
calculated using only primates, and saw the same pattern (Figure
S4). Further, humans have reduced polymorphism in the annotated
splice sites, but no such reduction in the unannotated splice sites
(Figure S5). The most parsimonious explanation of these observa-
tions is that the majority of rarely-used, unannotated splice sites are
simply due to mis-spliced transcripts.

Figure 2. An example of splice junctions identified in a gene. In the top panel, we plot the average expression level at each base in a region
surrounding HERPUD1. In blue are bases annotated as exonic, and in black are those annotated as not exonic. In the middle panel, we plot the
positions of all splice junctions in the region identified in our data. In black are splice junctions that are present in gene databases; in red are those
that are not. The number of sequencing reads supporting each junction is written to the right of each junction, and junctions are ordered from top to
bottom of the plot according to their coverage. In the bottom panel, we show the gene models in the region from Ensembl. The blue boxes show the
positions of exons, and the black lines the positions of introns.
doi:10.1371/journal.pgen.1001236.g002

Noisy Splicing in Humans

PLoS Genetics | www.plosgenetics.org 4 December 2010 | Volume 6 | Issue 12 | e1001236

“... we extrapolate that the majority of 
different mRNA isoforms present in a cell 
are not functionally relevant, though most 

copies of a pre-mRNA produce truly 
functional isoforms.”

Noisy Splicing Drives mRNA Isoform Diversity in Human
Cells
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Abstract

While the majority of multiexonic human genes show some evidence of alternative splicing, it is unclear what fraction of
observed splice forms is functionally relevant. In this study, we examine the extent of alternative splicing in human cells
using deep RNA sequencing and de novo identification of splice junctions. We demonstrate the existence of a large class of
low abundance isoforms, encompassing approximately 150,000 previously unannotated splice junctions in our data. Newly-
identified splice sites show little evidence of evolutionary conservation, suggesting that the majority are due to erroneous
splice site choice. We show that sequence motifs involved in the recognition of exons are enriched in the vicinity of
unconserved splice sites. We estimate that the average intron has a splicing error rate of approximately 0.7% and show that
introns in highly expressed genes are spliced more accurately, likely due to their shorter length. These results implicate
noisy splicing as an important property of genome evolution.
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Introduction

Most mammalian mRNAs are processed from much longer
precursors in a series of splicing reactions. Regulation of these
splicing reactions can lead to alternatively spliced forms of mRNA
from the same pre-mRNA [1], and there is considerable interest in
cataloguing the functionally important transcripts of all mamma-
lian genes. Towards this end, transcript diversity has been
examined using data from full mRNA sequences, expressed
sequence tags (ESTs), or high-throughput sequencing of cDNA
libraries (RNA-Seq) [2–6]. In particular, recent RNA-Seq studies
have established that nearly all multiexonic human genes have
multiple detectable isoforms [2,5].

The observation of extensive alternative splicing could indicate
that most genes have many functionally-relevant isoforms;
alternatively, many transcripts could be nonfunctional ‘‘noise’’
[7–10]. The latter explanation is supported by a few pieces of
evidence from analyses of EST databases. In particular, a large
fraction of exon-skipping events in human genes is not observed in
mice (ie. is not conserved) [11–13], and the number of observed
isoforms of a gene correlates with the number of exons it has (and
thus the theoretical number of potential transcripts it could
produce) [8]. Additionally, it is hypothesized that short introns in
humans (as well as in other eukaryotes) have evolved to
preferentially trigger degradation via nonsense-mediated decay
(NMD) mechanisms when the spliceosome fails to remove them,
suggesting that such errors are common enough to exert a
detectable selective pressure [14].

There are also theoretical reasons to expect splicing to be error-
prone. First, the binding sites for proteins important in exon re-
cognition comprise a large mutational target; it has been estimated

that approximately 30 bases are necessary for fully efficient splicing
of an intron [15]. The potential for mutational disruption of these
binding sites has been referred to as part of the ‘‘intrinsic cost of
introns’’ [16]. Further, the large size of introns relative to exons gives
ample opportunity for the mutational creation of new (weak) binding
sites. Although mutations which create or disrupt binding sites may
be slightly deleterious, the large number of possible such mutations
makes it inevitable that some will reach fixation in a population. This
is particularly relevant in species, such as humans, with relatively
small long-term effective population sizes. It is plausible, then, that
the human genome carries a substantial load of suboptimal se-
quences which cause the generation of aberrant transcript isoforms.
In this study, we present direct evidence that this is indeed the case.

Results

We have performed deep sequencing of cDNA libraries generated
from mRNA from 75 lymphoblastoid cell lines derived from
Nigerian individuals as part of the International HapMap Project
(69 from Pickrell et al. [17] and 6 additional ones). In total, we
generated 1.4 billion sequencing reads of either 35 or 46 base pairs.
1.2 billion of these sequencing reads mapped to the genome. We
used the remainder to identify splice junctions (without reference to
known exons) by splitting each sequencing read into two and
mapping each end to the genome independently. In total, 48 million
additional reads mapped to the genome using this read-splitting
procedure, and we identified 392,612 putative splice junctions.

Most previous investigations of splice junctions using RNA-seq
data have considered putative splice junctions only between
previously annotated or predicted exons [2,4,5,18,19]. Since our
method makes no such restriction, one reasonable concern is that

PLoS Genetics | www.plosgenetics.org 1 December 2010 | Volume 6 | Issue 12 | e1001236
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Regulation of (alternative) exon usage

Data: multiple replicate samples each from: 
•  6 primate species (hsa, ppa, ptr, ggo, ppy, mml) X   
•  5 tissues (heart, kidney, liver, brain, cerebellum) 

Brawand et al. Nature 2011 (Kaessmann Lab, Lausanne, CH) 
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Fig. 1. c) Tissue and species dependence of relative exon usage. I. Relative usage patterns
of exons 8–13 of gene SYNPO. For each exon, the heatmap matrix shows increased or decreased
relative usage of the exon among all transcripts produced from the gene in the six species and
the five tissue types (hsa: human, ppa: bonobo, ptr: chimpanzee, ggo: gorilla, ppy: orangutan,
mml: rhesus monkey; br: brain, cb: cerebellum, ht: heart, lv: liver, kd: kidney; colors represent
logarithmic fold change (base 2) with respect to the average). Exons E010 shows vertical stripe
patterns, indicative of high relative usage in heart, kidney and liver, while it is infrequently
used among the genes’ transcripts in brain and cerebellum. The complementary behaviour
across tissues was observed in exons E012 and E013. II. The relative usage of exon E004 of
ELK4 showed a strong species e↵ect as indicated by the horizontal stripe pattern. This exon
is uniquely express in the rhesus monkey tissues. ~ Contact Aidan Budd, Clemens

Lakner for DAS server

Footline Author PNAS Issue Date Volume Issue Number 5



Tissue and species dependence of relative exon usage

Figures

Fig. 1. Cartoon
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Fig. 2. c) Tissue and species dependence of relative exon usage. I. Relative usage patterns
of exons 8–13 of gene SYNPO. For each exon, the heatmap matrix shows increased or decreased
relative usage of the exon among all transcripts produced from the gene in the six species and
the five tissue types (hsa: human, ppa: bonobo, ptr: chimpanzee, ggo: gorilla, ppy: orangutan,
mml: rhesus monkey; br: brain, cb: cerebellum, ht: heart, lv: liver, kd: kidney; colors represent
logarithmic fold change (base 2) with respect to the average). Exons E010 shows vertical stripe
patterns, indicative of high relative usage in heart, kidney and liver, while it is infrequently
used among the genes’ transcripts in brain and cerebellum. The complementary behaviour
across tissues was observed in exons E012 and E013. II. The relative usage of exon E004 of
ELK4 showed a strong species e↵ect as indicated by the horizontal stripe pattern. This exon is
uniquely express in the rhesus monkey tissues.
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Alternative usage of exons provides genomes with plasticity to
produce different transcripts from the same gene, modulating the
function, localization, and life cycle of gene products. It affects
most human genes. For a limited number of cases, alternative
functions and tissue-specific roles are known. However, recent
high-throughput sequencing studies have suggested that much
alternative isoform usage across tissues is nonconserved, raising
the question of the extent of its functional importance. We
address this question in a genome-wide manner by analyzing
the transcriptomes of five tissues for six primate species, focusing
on exons that are 1:1 orthologous in all six species. Our results
support a model in which differential usage of exons has two major
modes: First, most of the exons show only weak differences, which
are dominated by interspecies variability and may reflect neutral
drift and noisy splicing. These cases dominate the genome-wide
view and explain why conservation appears to be so limited.
Second, however, a sizeable minority of exons show strong differ-
ences between tissues, which are mostly conserved. We identified
a core set of 3,800 exons from 1,643 genes that show conservation
of strongly tissue-dependent usage patterns from human at least to
macaque. This set is enriched for exons encoding protein-disordered
regions and untranslated regions. Our findings support the theory
that isoform regulation is an important target of evolution in
primates, and our method provides a powerful tool for discovering
potentially functional tissue-dependent isoforms.

alternative isoform regulation | comparative transcriptomics

Alternative exon usage has been observed to affect most
multiexon genes in mammals (1–3). As a result, distinct

proteins can be produced that differ in their inclusion of regu-
latory or functional features, including natively unstructured
regions (4) and linear motifs (5, 6). These differences have the
potential to affect the specificity, efficiency, localization, or life
cycle of proteins. Moreover, alternative usage of exons, in-
cluding those containing untranslated regions (UTRs), can af-
fect the stability, localization, or translation of RNAs. In the
literature, a considerable number of examples exist of functional
diversity created by the alternative usage of exons (reviewed in
ref. 7). For instance, mouse embryonic stem cells express the
FOXP1-ES splicing variant of FOXP1; this variant promotes the
expression of transcription factors that are necessary to maintain
pluripotency (8).
Alternative usage of exons is correlated with organismal com-

plexity, and it is thought that by enhancing proteome diversity, it is
essential for the ability of a single genome to generate pheno-
typically diverse tissues (9). For example, the GAS7 gene encodes
multiple tissue-specific isoforms that differ in the inclusion of
a region coding for a WW domain that mediates protein inter-
actions (10). Genome-wide, tissue-specific splicing has been found
enriched in exons coding for intrinsically disordered regions of
proteins and short linear motifs that mediate protein interactions,
suggesting a mechanism for the creation of tissue-specific in-
teraction networks (11, 12). Tissue-dependent usage (TDU) of

exons also affects noncoding parts of transcripts, such as 3′ UTRs,
which often contain binding sites for micro-RNAs and RNA-
binding proteins (13). For example, the brain tends to have tran-
scripts with much longer UTRs than other tissues (14).
Despite these observations, which point to the functional im-

portance of exon usage regulation, there is also conflicting evi-
dence: Splicing factor recognition motifs are short and degenerate,
exon usage can vary between individuals because of subtle ge-
netic variations in cis-regulatory regions (15, 16), and it has been
suggested that a stochastic model of processes in the splicing
machinery explains most splicing variation (17). In fact, a com-
parative analysis of transcriptomes associated with multiple hu-
man individuals found a high prevalence for noisy, presumably
erroneous, splicing, particularly in low-abundance isoforms (18).
Moreover, prominent differences in splicing have been reported
between species as close as human and chimpanzee (19, 20). By
analyzing transcriptomes of physiologically equivalent organs in
mammalian and other vertebrate species, it was recently shown
that the splicing variation between species, even between
equivalent tissues, exceeds the within-species variation across
tissues (21, 22). This finding is in stark contrast to what is observed
for overall gene expression levels, in which tissue-dependence
patterns show strong conservation (23).
Taken together, the following dilemma arises: alternative exon

usage affects almost all human genes, but evidence of the functional

Significance
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Fig. 2. (a) Principal component analysis shows that gene expression (top) groups tightly
by tissue, irrespective of species, while exon usage (bottom panels) shows prominent species-
to-species variability. The interplay between species and tissue e↵ects is explored further in the
middle and right panels, which show PCA analyses of selected subsets. (b) For each exon,
the scatter plot depicts to what extent its variability across samples can be attributed to tissue
di↵erences (x axis), and to what extent to the di↵erent species origins of the samples (y axis).
Exons with significant species e↵ects are indicated by blue dots, those with significant tissue-
dependence are shown in green, those in which the pattern of tissue-dependence is conserved
are shown in red. The numbers of these di↵erent exon categories are shown (false discovery
rate: 10%). (c) The number of exons with conserved tissue-dependent regulation between the
species depicted (y axis) are plotted as a function of the observed instances of speciation in
million years (x axis). ~ add number of CTDR exons and label
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Fig. 2. Tissue and species e↵ects on exon usage. (A) Principal component analysis shows
that gene expression (top) groups tightly by tissue, irrespective of species, while exon usage
(bottom panels) shows prominent species-to-species variability. The interplay between species
and tissue e↵ects is explored further in the middle and right panels, which show PCA analyses of
selected subsets. (B) Variance in the REUCs explained by tissue and by species, respectively.
The numbers in the top right corner indicate how many exons, represented by dots, are in the four
quadrants delineated by the dashed lines. Exons with CTDU between human and macaque are
shown in magenta; exons with CTDU between all species pairs are shown in red. (C) Number
of exons whose tissue-dependent usage pattern shows significant conservation between humans
and the other primate species, plotted against the time since since phylogenetic seperation of
the species from human, in million years [26]. (D) Pearson correlation coe�cient of REUCs
across tissues between human and macaque versus tissue-dependent usage (TDU) strength in
human. Exons with conserved TDU between human and macaque are plotted in red. The plot
shows that if an exon’s usage pattern shows strong di↵erences across tissues in one species
(here: human), this pattern tends to be the same in other species (here: macaque), indicating
conservation of regulation and suggesting functional importance. However, as the histogram of
TDU strengths on top shows, these exons represent only a small fraction of all exons.
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Conservation: a core set of tissue-dependent 
exons across primates
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Fig. 5. The number of exons with conserved tissue-dependent regulation between the species
depicted (y axis) are plotted as a function of the observed instances of speciation in million
years (x axis).
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Strong patterns of tissue-dependent 
exon usage are frequently conserved 
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Fig. 2. Tissue and species e↵ects on exon usage. (A) Principal component analysis shows
that gene expression (top) groups tightly by tissue, irrespective of species, while exon usage
(bottom panels) shows prominent species-to-species variability. The interplay between species
and tissue e↵ects is explored further in the middle and right panels, which show PCA analyses of
selected subsets. (B) Variance in the REUCs explained by tissue and by species, respectively.
The numbers in the top right corner indicate how many exons, represented by dots, are in the four
quadrants delineated by the dashed lines. Exons with CTDU between human and macaque are
shown in magenta; exons with CTDU between all species pairs are shown in red. (C) Number
of exons whose tissue-dependent usage pattern shows significant conservation between humans
and the other primate species, plotted against the time since since phylogenetic seperation of
the species from human, in million years [26]. (D) Pearson correlation coe�cient of REUCs
across tissues between human and macaque versus tissue-dependent usage (TDU) strength in
human. Exons with conserved TDU between human and macaque are plotted in red. The plot
shows that if an exon’s usage pattern shows strong di↵erences across tissues in one species
(here: human), this pattern tends to be the same in other species (here: macaque), indicating
conservation of regulation and suggesting functional importance. However, as the histogram of
TDU strengths on top shows, these exons represent only a small fraction of all exons.
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Functional associations of conserved 
tissue-dependent exons
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Fig. 3. Features of CTDR exons. (A) Barplot indicating for each cathegory of exons,
their fraction overlapping with regions coding for protein disordered regions. (B) Enrichment
of CTDR exons in UTR regions. (C) Heatmap representation of CDSR exons based on the
their mean REUC accross tissues. The ordering of the rows is based on the exon classification
according their exons’ relative inclusion in the di↵erent tissues. The four largest classes are
coloured di↵erently from the rest of the classes (in gray) in the left bar of the heatmap. (D)
Biplot from a canonical correspondence analysis of the splicing factor binding motifs and the
mean REUC’s from the CTSDR exons accross tissues. Each dot corresponds to an exon, the
colours correspond to the di↵erent clusters of exons indicated in panel C.
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Tissue-dependent usage patterns are associated with splicing 
factor binding motifs and suggest a cis-regulatory code
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Fig. 3. Features and tissue patterns of strictly CTDU exons. (A) Barplot showing the
fraction of exons of the strictly CTDU and background set of exons overlapping with regions that
code for predicted natively disordered regions of proteins. (B) Barplot of the fraction of strictly
CTDU and background exons overlapping with 5’- and 3’- UTRs. (C) Heatmap representation
of the tissues means across species of the REUCs. The rows are ordered according to the
tissue-dependent patterns. (D) Splicing factor motif enrichment in four exon classes, colors
correspond to the classes indicated in the left margin of panel C. The points indicate the
mean value of the ratio to the background set of exons, the bars correspond to 95% confidence
intervals estimated by bootstrapping.
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Fig. 3. Features and tissue patterns of strictly CTDU exons. (A) Barplot showing the
fraction of exons of the strictly CTDU and background set of exons overlapping with regions that
code for predicted natively disordered regions of proteins. (B) Barplot of the fraction of strictly
CTDU and background exons overlapping with 5’- and 3’- UTRs. (C) Heatmap representation
of the tissues means across species of the REUCs. The rows are ordered according to the
tissue-dependent patterns. (D) Splicing factor motif enrichment in four exon classes, colors
correspond to the classes indicated in the left margin of panel C. The points indicate the
mean value of the ratio to the background set of exons, the bars correspond to 95% confidence
intervals estimated by bootstrapping.
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Summary tissue-dependent exon 
usage

Detection of tissue-dependent regulation and its conservation 
across species at unprecedented scale and precision. 

Most of tissue-dependent alternative exon usage in primates is  
• low amplitude 
• noise 
• little evidence for conservation 

However, a significant fraction is 
• high amplitude 
• conserved 
• associated with function in mRNA life-cycle & localisation, 
translation regulation, protein interaction & function 



Summary differential expression

• Text-book statistical concepts are (almost) sufficient for 
differential expression: ANOVA, hypothesis testing, 
generalized linear models 

• In addition: small-n large-p -  information sharing across 
genes, empirical Bayes, shrinkage 

• In practice, visualisation (“drill down”) and quality 
control (batch effects) are very important 

• Exon-level analysis
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