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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 analysis of count data

Wolfgang Huber 
EMBL

23 September 2013 - Tübingen



Count data
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

• ...
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“2nd generation” sequencing

Haas & 
Zody, Nat. 
Biotech 2010



“2nd generation” sequencing

Applications

Genomes of  new species
Individual genomes
Metagenomes
Cancer genomes

Transcriptome sequencing 
(RNA-Seq)

Protein-DNA binding 
(ChIP-Seq)

Protein-RNA binding 
(CLIP-Seq, RIP-Seq)

3D-structure of  the nuclear 
DNA (Hi-C & Co.)

On the horizon: much longer reads
ability to assign reads to individual chromosomes, cells

Solexa HiSeq 2500
1 run (11 days): 
ca. 3x109 reads @ 2x100nt 
   (⩯ 6 human genomes 30x) 
ca. 5 k€ (marginal cost)
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The Poisson distribution is used for 
counting processes
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0
m̂

0
j

DESeq

Nij ⇠ Pois(µij)

Nij ⇠ NB(µij,↵(µij))

log µij = sj +

X

k

�ikxkj

µij = sj ⇥
⇢

ai if j 2 group A

bi if j 2 group B

1

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), ...
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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
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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

Nij ⇠ Poisson(µij)

Nij ⇠ NB(µij,↵ij)

log µij = sj +
X

k

�ikxkj

µij = sj ⇥
⇢

ai if j 2 group A

bi if j 2 group B

Kijl ⇠ NB(sjµijl,↵il)

log µijl = �0
i + �E

ilx
E
l + �T

ijx
T
j + �ET

ijl x
E
l x

T
j

CV etc.

✓
�

µ

◆2

� =

p
�

�

µ
⌘ c.v. =

1p
�

� =

p
�

�

µ
⌘ c.v. =

1p
�

Bayes

P (M |D) =

P (D|M)P (M)

P (D)

3



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



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?



Differential exon usage

msn - mishappen



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 +
X

k

⇥ikxkj

µij = sj �
⇢

ai if j ⌅ group A
bi if j ⌅ group B

Kijl ⇤ NB(sjµijl,�il)

log µijl = ⇥0
i + ⇥E

ilx
E
l + ⇥T

ijx
T
j + ⇥ET

ijl x
E
l x

T
j

CV etc.

✓
⇧

µ

◆2

⇧ =
⌃
⇤

⇧

µ
⇥ c.v. =

1⌃
⇤

⇧ =
⌃
⇤

⇧

µ
⇥ c.v. =

1⌃
⇤

Bayes

P (M |D) =
P (D|M)P (M)

P (D)

2

GLM

Nij ⇤ Poisson(µij)

Nij ⇤ NB(µij,�(µij))

log µij = sj +
X

k

⇥ikxkj

µij = sj �
⇢

ai if j ⌅ group A
bi if j ⌅ group B

Kijl ⇤ NB(sjµijl,�il)

log µijl = ⇥0
i + ⇥E

ilx
E
l + ⇥T

ijx
T
j + ⇥ET

ijl x
E
l x

T
j

CV etc.

✓
⇧

µ

◆2

⇧ =
⌃
⇤

⇧

µ
⇥ c.v. =

1⌃
⇤

⇧ =
⌃
⇤

⇧

µ
⇥ c.v. =

1⌃
⇤

Bayes

P (M |D) =
P (D|M)P (M)

P (D)

2



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



Differential exon usage - example
PFC
CB

long form: 
PKC-zeta

N-term. 
truncated:
PKM-zeta



Drift and conservation of di↵erential exon usage
across tissues in primate species
Alejandro Reyes⇤ †, Simon Anders⇤ † , Robert J. Weatheritt ‡, Toby Gibson ‡ , Lars M. Steinmetz † § and Wolfgang Huber †

†Genome Biology Unit,‡Structural and Computational Biology Unit, European Molecular Biology Laboratory, Meyerhofstrasse 1, 69117 Heidelberg, Germany, and §Stanford

Genome Technology Center, Stanford University, 855 California Ave, Palo Alto, CA 94304, USA

Submitted to Proceedings of the National Academy of Sciences of the United States of America

Alternative usage of exons provides genomes with plasticity to pro-
duce di↵erent transcripts from the same gene, modulating function,
localisation and life cycle of gene products. It a↵ects 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 of alternative isoform
usage across tissues is non-conserved, 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 di↵erential
usage of exons has two major modes: First, most of the exons show
only weak di↵erences, which are dominated by inter-species vari-
ability and may reflect neutral drift and noisy splicing. These cases
dominate the genome-wide view and therefore explain why conserva-
tion appears to be so limited. Second, however, a sizeable minority
of exons show strong di↵erences between tissues, which are mostly
conserved. We identified a core set of 3800 exons from 1643 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 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 | regulation conservation | comparative transcrip-

tomics

Abbreviations: TDU, tissue-dependent exon usage; CTDU, conserved tissue-

dependent exon usage; REUC, relative exon usage coe�cient; UTR, untranslated

region.

Significance statement In higher organisms, most genes
consist of several disconnected regions (exons) which are com-
bined in various ways to produce several di↵erent gene transcripts
from the same gene. Such alternative exon usage is thought to
underlie the ability of organisms to generate di↵erent cell types
and tissues from a single genome. However, recent evidence also
suggested that much of alternative exon usage might be noise
with no particular function. We reconcile these two views by
comparing how exons are used in di↵erent tissues, and for which
exons these usage patterns across tissues change or stay similar
(are ”conserved”) in several primate species. The latter case is
an indication that the pattern is of functional importance, and
our analysis quantifies how widespread such cases are.

A lternative exon usage has been observed to a↵ect most
multi-exon genes in mammals [1–3]. As a result, distinct

proteins can be produced that di↵er in their inclusion of regu-
latory or functional features, including natively unstructured
regions [4] and linear motifs [5, 6]. These di↵erences have
the potential to a↵ect the specificity, e�ciency, localisation
or life cycle of proteins. Moreover, alternative usage of ex-
ons, including those containing untranslated regions (UTRs),
can a↵ect 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 by [7]). For instance, mouse embryonic stem cells
express the FOXP1-ES splicing variant of FOXP1 ; this vari-
ant promotes the expression of transcription factors that are
necessary to maintain pluripotency [8].

Alternative usage of exons is correlated with organismal
complexity, and by enhancing proteome diversity it is thought
to be essential for the fact that a single genome can gener-
ate phenotypically diverse tissues [9]. For example, the GAS7
gene encodes multiple tissue-specific isoforms that di↵er in the
inclusion of a region coding for a WW domain that mediates
protein interactions [10]. Genome-wide, tissue-specific splic-
ing has been found enriched in exons coding for intrinsically
disordered regions of proteins and short linear motifs that me-
diate protein interactions, suggesting a mechanism for the cre-
ation of tissue-specific interaction networks [11, 12]. Tissue-
dependent usage (TDU) of exons also a↵ects non-coding parts
of transcripts, such as 3’ untranslated regions (UTRs), which
often contain binding sites for micro-RNAs and RNA-binding
proteins [13]. For example, the brain tends to have transcripts
with much longer UTRs than other tissues [14].

Despite these observations, which point to the functional
importance of exon usage regulation, there is also conflicting
evidence. Splicing factor recognition motifs are short and de-
generate, exon usage can vary between individuals due to sub-
tle genetic variations in cis-regulatory regions [15, 16], and it
has been suggested that a stochastic model of processes in the
splicing machinery explains most of splicing variation [17]. In
fact, a comparative analysis of transcriptomes associated with
multiple human individuals found a high prevalence for noisy,
presumably erroneous splicing, in particular in low abundance
isoforms [18]. Moreover, prominent di↵erences in splicing have
been reported between species as close as human and chim-
panzee [19, 20]. By analysing transcriptomes of physiologi-
cally equivalent organs in mammalian and other vertebrate
species, it was recently shown that the splicing variation be-
tween 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 ex-
pression levels, where tissue dependence patterns show strong
conservation [23].

Taken together, the following dilemma arises: alternative
exon usage a↵ects almost all human genes, but evidence of
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Fig. 1. Types of exon usage variation accross tissues and species. (A) Two hypothetical
gene models for two species are depicted, including an example exon that is not sequence-
conserved. Shown are also the di↵erent relative exon usage patterns considered in this study.
(B) Tissue and species dependence of relative exon usage. Upper panel: relative usage patterns
of five consecutive exons of gene SYNPO. For each exon, the heatmap matrix shows observed
changes in the exon’s usage among all transcripts produced from the gene (i.e., the relative exon
usage coe�cient, REUC) for all 30 combinations of the six species the five tissue types (hsa:
human, ppa: bonobo, ptr: chimpanzee, ggo: gorilla, ppy: orangutan, mml: rhesus macaque;
br: brain, cb: cerebellum, ht: heart, lv: liver, kd: kidney; colors indicate REUC values, i.e.,
logarithmic fold change (base 2) with respect to the average). Exon E010 displays a vertical
stripe pattern that is indicative of higher relative usage in brain, cerebellum and heart, while
it is less frequently seen among the genes’ transcripts in liver and kidney. A complementary
behaviour is observed for exons E012 and E013. Lower panel: The relative usage of exon E008
of the gene EPRS showed a strong species e↵ect as indicated by the horizontal stripe pattern.
Across all tissues, this exon is used less frequently in orangutan.

6 www.pnas.org — — Footline Author

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

A significant fraction is
• high amplitude
• conserved
• often associated with UTRs (mRNA 
life-cycle & localisation, translation 
regulation) and unstructured protein 
regions (PPI) 
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Counting rules (RNA-Seq)

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

several genes
• the alignment quality is bad
• (for paired-end reads) the 

mates do not map to the same 
gene



Why we discard non-unique alignments

gene A gene B

control condition

treatment condition



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
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with less 
replicates
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More genes 
with 
same-same 
comparison



likelihood ratio vs Wald test

• LRT reported to be more powerful in many applications 
- but difficult to reconcile with the β-shrinkage. With null 
data:
Wald statistics ≈ Normal → uniform p-values
Differences in deviance: not Χ2 (pile up at zero) → non-
uniform p-values (piling up at 1) 
     (Without β-shrinkage: similar)

• Wald tests allow (easily) banded hypotheses tests 
           (|β| < c, |β| > c)


