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IAC
IGB

Tigem

2007 -nowñMathematical and Statistical 

methods in genetics and proteomicsòCNR-

Bioinformatics Interdepartmental project

2008-2010: ñBayesian methods for variable 

selection with applications in genomicsò, 

CNR-RSTL projects

IBP

2011ïnow: COST Action BM1006 : Next

Generation Sequencing Data Analysis Network

Naples ñCNR AREAò

Our Research Activities: 

Statistical and Computational methods for

VMicroarray data analysis (since 2007)

VNGS data analysis (since 2010)

http://www.iac.rm.cnr.it/
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ñNext-generationò sequencing is ñTodayò

In January 2008 Nature

Methods declared that:

2007 was ñThe year of

sequencingò

The Human whole genome project started in 1995 and

finished in 2003. It required the collabotation of hundreds

of researchers form 20 istitutions in 6 countries. The

estimated cost is about 270.000.000$. It tooks about 8

years to arrive at the first draft of the human genome.

ñTodayògeneration sequencers such as 454, Illumina,

SOLiD can sequence a whole human genome in less that

one week at a cost of less than 50.000$. Costs are

decreasing at each new relase, speed, accuracy and

resolution improves, BUT the amount of data

explodes!!

NGS platforms are capable of producing hundreds of millions of DNA/RNA short

sequences in a single run

http://www.iac.rm.cnr.it/
http://www.nature.com/nmeth/journal/v5/n1/index.html
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The ñNext-generationò sequencing idea

The main idea of the NGS sequencing consists of producing hundreds of

millions of ñshortreadsòor sequences with their quality values (althougth each platform

uses different chemistry and experimental protocols and, hence, has different different features)
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http://www.iac.rm.cnr.it/
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What would you do if you could sequencing everithing?

Figure and title from Nature Biotechnology 2008

We are manly focusing our

attention in RNA-Seq and in

ChIP-Seq studies (and possibly

also in their connection)

Wang et al, Nature Genetics 2009

It is true for all NGS applications

http://www.iac.rm.cnr.it/
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DNA (positive strand)

DNA (positive strand)

ñGeneò

Chromosome

Biological Background (1)
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Exons
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Biological Background (2)

Alternative splicing

UCSC Genome Browser

Note that there can be ambiguities 

due to geneôs overlap, uncorrect or 

partial annotations

Different isoforms can produce different proteins: 

Note that the ñCentral Dogmaò is violated

is
o

fo
rm

s

Current annotations is contained in databases

such as RefSeq, UCSC, Ensembl,é

http://www.iac.rm.cnr.it/
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Transcriptome Analysis: Key Research Questions

Characterize an organismôsfull complement of genes

Ą Find new (possibly also non-coding) genes

Ą Compare genes among organisms

Characterize transcript isoforms

Ą Find new alternative splice forms or transcript

boundaries

Monitor transcriptome changes between tissues or in response to

environmental changes (e.g. stress)

Ą Identify significant expression changes between conditions

What is encoded on the 

genome and how is it 

processed?

The aim is try to understand:

VDifferences of active components between conditions/organisms

VWhat changes when perturbing the biological system

VHow the active components are regulated

Using quantitative genome-wide experiments we want to:

http://www.iac.rm.cnr.it/


BioinfoGRID Symposium 2007 Thursday 13 December 2007, Milan    10Louvain-la-Neuve - March 1st , 2011 10CESAME seminar

Hybridization-based technologies:

ÅBackground and cross-hybridization

issues

ÅOnly transcripts included in the array

design

ÅSpecific studies requires specific array

types

ÅLimited dynamic range

ÅNowadays much easier to analyze

(several software available)

ÅLow computational complexity

ÅNowadays much cheaper and easy to

handleĄñlargeòsample production

RNA-Seq versus Microarray

RNA-Seq:

ÅLow ñbackgroundsignalò;

ÅIdentification of novel transcribed regions;

ÅIdentification, characterization and

quantification of new splice isoforms;

ÅDetermination of correct gene

annotations 5ô/3ô-UTRs;

ÅNo upper limit for gene quantification

ÅMuch more computationally demanding

ÅñLimitedòamount of software available

ÅStill expensive either for sample

preparation and sequencing Ą ñlimitedò

sample production

How to obtain high-

throughput quantitative 

measures of the 

transcriptome?

http://www.iac.rm.cnr.it/
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RNA isolation

Poly(A) RNA

Beads enrichment and deposition

rRNA  depletion

RNA fragmentation

Ligation to adaptors

Retro-transcription

Size selection and PCR amplification  

Emulsion PCR

Sequencing

RNA-Seq experiments

The output of a RNA-Seq experiment

consists of hundred millions of short

reads

DATA ANALYSIS
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Computational pipeline

Alignment

Reference

genome

Junction

library
VData analysis is carried out using

pipelines that involve several computational

steps and combine several software

packages.

VThe amount of data involved in each

experiments is of the order of several GB

VComputational processes require High

Performance Computing and specific

resources

VMany software packages are continuously

coming out at a speed that is difficult to take

trace of the changes.

VMost of the time is spent in installing and

testing them or in formatting input/output

and inspecting the differences

http://www.iac.rm.cnr.it/
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To align or to assemby? That is only the first question 

ÇAlignment can be used if a

reference genome is

available, otherwise one

need to de-novo assembly

the ñreadsò

ÇReference genomes are

not the sequenced genome,

difference can be due

introduced due to individual

variability (i.e., SNPs, Indels,

rearrangement)

ÇGenomes are usually

highly repetitive

ÇObserved ñreadsòare short

(50-100bp) and can be

affected by noise

ÇGenomes of eukaryotes

are huge (human about

3*10^9 bp)

It represents a compromise between fidelity of the 

alignment and amount of data aligned

http://www.iac.rm.cnr.it/
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VOwing to the large number of produced short reads, the use of conventional

alignment algorithms is not feasible Ą A new generation of aligners has been

developed, and more are expected soon.

VIt represents the most computational demanding step.While several algorithms exist

for alignment, assembly is still an open area of research expecially for complex

organisms.

VData Input/output format and compatibility is often a serius issue

VThe type of DNA library should be taken into account (Fragment vs. Paired-end)

VEvery aligner is a balance between accuracy, speed, memory and flexibility, and no

aligner can be best suited for all applications

VNot all aligners are suited for RNA-seq mapping

Alignment to a reference genome (1)

Exon-exon splice

junction

RNA-seq alignment

is particularly

challenging due to

the splicing!

http://www.iac.rm.cnr.it/
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Alignment to a reference genome (2)

Three types of results can be distinguished

Ą Uniquely assigned reads

Ą Multiple Matching reads

Ą Unmatched reads

RNA-seq alignment 

strategies

to a reference genome

Model based junction detection

Data driven junction detection

ñDe-novoò transcript assembly

ñReadsòare ñshortòand can be affected by sequencing error,

ñbiologicalvariabilityòi.e., SNPs, indels, structural variations and

rearrangement etc, reference genomes are often incomplete and

usually very repetitive

http://www.iac.rm.cnr.it/
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What are the ñbasicò biological questions? 

1. Identification and quantification of transcriptional regions

V ñKnownòregions (i.e, already annotated regions in classical database such

as RefSeq, UCSC, Ensemblé)

V Correct boundary annotations (exon boundary, splicing sites, UTRôs)

V ñNovelòtranscribed regionsĄ gene model

Within

sample/condition

analysis

Number of Reads

aligned per base

Genome Browser (UCSC)

Compute number

of reads that

cover base l

http://www.iac.rm.cnr.it/
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Expressed or not expressed? What is the value?

Quantification on 

known regions

Detection of correct

boundaries in the 

annotation

Identification of novel

trancribed regions
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From ñalignedòreads to quantitative measures

VWhat is the ñexpressionò?

VAt what resolution level ?

- Gene level

- Isoform level

- Exon/transcribed regioné

-Novel transcribed regionsò

Sample 1 Sample 2

Feature 1 S11 S12

Feature 2 S21 S22

é.

Feature N SN1 SN2

ñExpressionòis often measured as S_i:

Or as Reads Per Kilobase of transcript per Million mapped reads (RPKM)

Number of Reads mapped on features i

Total number of mapped reads

Length (bp) of features i
F

e
a
tu

re
s

http://www.iac.rm.cnr.it/
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VThe first step of any ñSeq-data analysisòis the alignment or the assembly of the

reads The observations are ñthereadsò

VAll subsequent results and inference are based on the aligned reads.

The alignment is an inferential process, uncertainty should be taken

into account

V ñReadsòdo not have the same quality, the mapping can produce uniquely aligned

reads, multiple matching and unmatched reads How to account for?

The statistical prospective and hidden challenges

Poisson and Negative

Binomial model do not

naturally account for such

uncertainity

Probabilistic model for RNA-Seqò

(as well as for other ñSeqò

protocols) are still needed

http://www.iac.rm.cnr.it/
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Segmentation and estimation of Poisson contaminated process

Number of reads that cover baseĄ Poisson process with intensity

Random error (due to the alignment process) Ącorrelated (approx band-matrix);

We assume: independence among reads, large coverage (N>>1), 

Either almost identical to zero or piece-wise linear (approximately constant) 

ñSignal + Noiseò functional approach

L= genome length
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We set-up a ñbiologicallyinspiredòsimulator aimed to evaluate the

performance of any computational approach

http://www.iac.rm.cnr.it/
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2. Identification and quantification of isoforms.

V Identification and quantification of ñknownòisoforms

V Detection of ñnovelòisoforms and their quantification
Within

sample/condition

analysis

Many types of splicing events can occurr, 

moreover one gene can be constituted of 

several ñblocksò (i.e., exons), and can be 

expressed in several isoforms

What are the ñbasicò biological questions? (2)

http://www.iac.rm.cnr.it/
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Isoforms detection

VñGuilty by evidenceò Ą Presence of

multiple isoforms is inferred byñmultiple 

donor /acceptoròjunctions.

VIsoform quantification as a 

ñdeconvolutionò problem

V(Novel) isoform detection and 

estimation as ñlocalò de-novo assembly

http://www.iac.rm.cnr.it/
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ñGuilty by evidenceò for alternative splicing

Multiple ñdonorò

Multiple ñacceptoròVAlmost an empirical approach

VThresholds have to be set to 

distinguished ñtrueò junctions from noise 

(due to the mapping)

VQuality of the mapped junctions or the 

exon usage have to be considered

VIt allows to detect presence of isoforms 

but not to quantify their abundance

http://www.iac.rm.cnr.it/
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Isoform quantification as a ñdeconvolutionò problem

ÇGenes may contains up to hundreds of exons, several tens of isoforms. 

ÇMost of the isoforms (in particular the one less abundand or condition-specific) 

are not annotatedĄ but it is important to discover their presence and estimate 

their abundance

VWork on annotated isoforms

VNot always the software is

available or the input/output format

can be easily handled

VAttention to the type of RNA-seq

library that can be handles

Different algorithms

but similar ñideasò

http://www.iac.rm.cnr.it/
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Isoform detection and estimation as ñlocalò de-novo assembly

Software CUFFLINKS

VGraph theory to locally assembly

genes/transcripts

VGenes are treated independently

VIt requires high coverage

experiments

VSeveral parameters have to be

manually tuned

Software SCRIPTURE

These two methods have been voted as

the most innovative approaches in 2010

by a selection of 15 top leading scientists

http://www.iac.rm.cnr.it/
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3. Detection of differential expressed events between two or more

experimental conditions

V Detection of ñdifferentiallyexpressedògenes

V Detection of sample/condition specific isoforms

V Detection of ñdifferentiallyexpressedòisoforms

V é. Between

samples/conditions

analysis (at different

resolution level)Sample 1 Junctions

Sample 2 Junctions

Sample 1 Coverage

Sample 2 Coverage

Sample specfic

junction

What are the ñbasicò biological questions? (3)

http://www.iac.rm.cnr.it/
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Statistical analysis: Differential Expression (1)

Significant expression changes are typically identified with a Statistical Test and

results have to be corrected for multiple hypotheses testing

Unfortunately one cannot use ordinary tests developed for microarray straight

away because RNA-Seq data are count data, they are neither

homoscedastic nor can the residuals be expected to be normally

distributed

Sample 1 Sample 2 é.. éé Sample p

Feature 1 S11 S12 S1p

Feature 2 S21 S22 S2p

é

Feature n Sn1 Sn2 Snp

TOTAL 

MAPPED 

READS

N1 N2 Np

Condition 1 Condition 2
VData normalization is

still an open issue

VDue to the costs of the

NGS platforms the

number of samples is still

very small.

Vnxp with n>>p

http://www.iac.rm.cnr.it/
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For two conditions we have:

or

Tends to underestimate the variability

ñextra parameterò to

model overdispersion

Available in 

Bioconductor 

VedgeR

VDEGseq

VDeSeq

V é.

VBaySeq

Statistical analysis: Differential Expression (2)

Differ wrt to the test 

statistics, parametric 

model and the way in 

which they estimate the 

parameters

One can obtain p-

values, compute 

FDR and so on

http://www.iac.rm.cnr.it/

