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2007 -now iMathematical and Statistical
methods in genetics and proteomicso CNR-
Bioinformatics Interdepartmental project

2008-2010: Bayesian methods for variable
selection with applications in genomicso ,
CNR-RSTL projects

2011 T now: COST Action BM1006 : Next
Generation Sequencing Data Analysis Network

Our Research Activities:
Statistical and Computational methods for
V Microarray data analysis (since 2007)

V NGS data analysis (since 2010)
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Microarray data analysis at IAC
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ﬁNe-gEneration(‘) seque

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.

ATodayo generation sequencers such as 454, lllumina,

SOLID can sequence a whole human genome in less that e e e e

one week at a cost of less than 50.000%. Costs are In January 2008 Nature

decreasing at each new relase, speed, accuracy and Methods declared that:

2007 was iThe year of

resolution improves, BUT the amount of data sequencingd

explodes!!

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

sequences in a single run
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The main idea of the NGS sequencing consists of producing hundreds of

millions of i s h agadso or sequences with their quality values (althougth each platform
uses different chemistry and experimental protocols and, hence, has different different features)

Genome

uoljejuawbely

== —=mmr. ==="_oI= = Shortreads (sequences)
= production and sequencing

wopuey
pue saldoo a|dnn
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What would you do if you could sequencing everithing?

We are manly focusing our
attention in RNA-Seq and in
ChlIP-Seq studies (and possibly
also in their connection)

Temporal
changes
v ('
Mutation

discovery
& profiling

Protein-DNA i i Copy number

interactions ' variaion It is true for all NGS applications

Tissue types Q\\ Environmental
N ,? b

7 !/\_ /
RNA-Seq [...] is expected
- R, to revolutionize the

Lo IIIIIDIJT!EL:;!?JL;!!ISIII manner in which eukaryotic
/ .
\‘ H}fﬁﬂ'{lﬁﬁﬂl transcriptomes are analysed.
' Wang et al, Nature Genetics 2009
nd
libraries
SENA microRNA o ,ﬁ.:,cp
expressaon expression :6' *X’_
& discovery & discovery &b 10 OQL
4 Alternative N o o

% splicing AR
& allele-specific e
expression

I3 - .:“ = I

Figure and title from Nature Biotechnology 2008
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Biological Background (1)

Exon Exon Exon Exon

Gene [ B »
o
—
mRNA 0B = 3] B o
—_
Alternative Splicing 3
/ @
wa NS = B
Protein A Protein B

B introns

B Exons
[l Stop codon

H utr
DNA (positive strand)
>

DNA (positive strand)
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Biological Background (2)

Alternative splicing Current annotations is contained in databases

such as RefSeq, UCSC, Ensembl, é
A UCSC Genome Browser

D & ¢ N
s SCcale =111 kb
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\ / \ / \ / Humar mEHAS £ GenBank
v \ J Human mRbAs H o I—H—HHHRE HHHHHHH 1 i EH W 1 1 H H IHI T ——1
Fepeat if ” s ket

Different isoforms can produce different proteins:

e e . ote that there can be ambiquities
Not e t HCentral Dogreao in i s V|ola{\|ec} J

due to geneds ove

partial annotations
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Transcriptome Analysis: Key Research Questions

Using quantitative genome-wide experiments we want to:

Characterizean o r g a n i fgllnménsplement of genes
A Find new (possibly also non-coding) genes
A Compare genes among organisms

What is encoded on the

_ o genome and how is+
Characterize transcript isoforms

A Find new alternative splice forms or transcript
boundaries

processedp

Monitor transcriptome changes between tissues or in response to
environmental changes (e.g. stress)
A Identify significant expression changes between conditions

The aim is try to understand: ‘
V Differences of active components between conditions/organisms
V What changes when perturbing the biological system

V How the active components are regulated
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Hybridization-based technologies:
ABackground and cross-hybridization
Issues

AOnly transcripts included in the array
design

ASpecific studies requires specific array
types

ALimited dynamic range

ANowadays much easier to analyze
(several software available)

ALow computational complexity
ANowadays much cheaper and easy to
handle A fi | a rsagnel® production

How to obtain high-
throughput quantitative

RNA-Seq versus Microarray

measures of the
transcriptome?

v\

RNA-Seq:

ALowfibackgsiogmal o
Aldentification of novel transcribed regions;
Aldentification, characterization and
guantification of new splice isoforms;
ADetermination of correct gene
annotations 5636UTRs;

ANo upper limit for gene quantification
AMuch more computationally demanding
Af L i miarhoard @f software available
AStill  expensive either for sample
preparation and sequencing A Al i m
sample production
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RNA-Seq experiments

~ RNA isolation S‘_JI
| | S
I =,
rRNA depletion Poly(A) RNA — °
- O
\ /
| |
RNA fragmentation - ™ e -
| |
o) ] - ™ - - ] ] (0p)
o Ligation to adaptors - wm™ e m e ™ S
@ m - - - - - - . %
= Retro-transcription - "™ -em g
[ o
| \ z
Size selection and PCR amplification
The output of a RNA-Seq experiment
Emulsion PCR consists of hundred millions of short
V reads St
Beads enrichment and deposition e : P,F
) P ‘t """" 1 = g
l : l File reads D NALYSIS
| | —
{oequencing ; = il qualif T
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Computational pipeline

VData analysis is carried out using

pipelines that involve several computational

steps and combine several software
nmens  [pACKAQES.

Reference Junction
genome library >

l l VThe amount of data involved in each
m experiments is of the order of several GB
./o’na;,;}@ /MD i D
V Computational processes require High
l Performance Computing and specific
& @) ) @y resources
_l_, VV Many software packages are continuously
| ah coming out at a speed that is difficult to take
== —— o trace of the changes.
" L /ﬂQ V Most of the tlm_e IS spent in m_stalllng and
e e ' testing them or in formatting input/output
' and inspecting the differences
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n]To align or to assemby? That is only the first question

It represents a compromise between fidelity of the
alignment and amount of data aligned

C Alignment can be used if a
reference genome IS
available, otherwise one
need to de-novo assembly
the freadso

C Reference genomes are
not the sequenced genome,
difference  can be due
introduced due to individual
variability (i.e., SNPs, Indels,
rearrangement)

C Genomes are usually
highly repetitive

C Observed freadsoare short
(50-100bp) and can be
affected by noise

C Genomes of eukaryotes
are huge (human about
3*1079 bp)
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Alignment to a reference genome (1)

V Owing to the large number of produced short reads, the use of conventional
alignment algorithms is not feasible A A new generation of aligners has been
developed, and more are expected soon.

V It represents the most computational demanding step.While several algorithms exist
for alignment, assembly is still an open area of research expecially for complex
organisms.

V Data Input/output format and compatibility is often a serius issue

V The type of DNA library should be taken into account (Fragment vs. Paired-end)
V Every aligner is a balance between accuracy, speed, memory and flexibility, and no
aligner can be best suited for all applications

RNA-seq alignment

IS particularly

V' Not all aligners are suited for RNA-seq mapping challenging due to

- - - - - A5
—— T -===
W mniimmeseeeczeem” TH, Exon-exon splice
’ junction
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Alignment to a reference genome (2)

N Re adaedfi s h om@ndocan be affected by sequencing error,
ANbi ol o@r ¢ alba., ISNRsy iadels, structural variations and

rearrangement etc, reference genomes are often incomplete and

usually very repetitive

Three types of results can be distinguished
A Uniquely assigned reads

A Multiple Matching reads

A Unmatched reads

/

RNA-seq alignment Model based junction detection

strategies Data driven junction detection
to a reference genome

\_
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What are the nbasico biological questions?

1. ldentification and quantification of transcriptional regions

V iKnownoregions (i.e, already annotated regions in classical database such
as RefSeq, UCSC, Ensemblée )
V Correct boundary annotations (exon boundary, splicing sites, UT R0 s )

V Novelotranscribed regions A gene model

novel exon/gene?
Within
Compute number + >
— S — sample/condition
of reads that W analysis

cover base | known exons

— IGenome Browser (UCSC)

— b f Read sm: :
___;/Num er of Reads ‘ LR ,___

— ——F= aligned per base

— we <t
— I E— . [ —
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Expressed or not expressed? What is the value?

Annot at

/

it can contains
ambiguities or

be not precise

Searching for a
needle in a haystack

DS sample

Euploid sample

220261

el

Etended § UTR

da da

nnnnnnnnnnn

Quantification on

known regions

Detection of correct
boundaries in the

annotation

Identification of novel

trancribed regions
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From nalignedoreads to

novel exon/gene? V What ist h eexpfessiono ?
— — L V At what resolution level ?
'Qﬁi - Gene level
known exons n
g - Isoform level
]
- Sample 1 Sample 2 § - Exon/transcribed regioné
e -Novel transcribed regions
Feature 2 S21 S22
é .
Feature N SN1 SN2
(Expressionc‘)is often measured as S _i: Number of Reads mapped on features i )

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

5 10° . N Total number of mapped reads
—10
\ N L L. Length (bp) of features i y
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The statistical prospective and hidden challenges

V The first step of any i S edgta a n a | yissthesalignment or the assembly of the
reads ‘ The observations arefit reead s o
V All subsequent results and inference are based on the aligned reads.

‘ The alignment is an inferential process, uncertainty should be taken
into account
V i R e a die ot have the same quality, the mapping can produce uniquely aligned

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

Poisson and Negative
Binomial model do not
naturally account for such
uncertainity

I/L\ - Probabilistic model for RNA-Seqo
z@“ﬁ (as well as for other 1 Seq
RNA-Seq reads protocols) are still needed
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nSignal + Noiliseo fur

DS sample

L JRPY TIPS A.I‘l L | Ll JI..‘AL&.L. i il L]

Segmentation and estimation of Poisson contaminated process

ﬁI:nE_I_E-E- E:].,"':L',

L= genome length

(Our Work in progress)

Tl] Number of reads that cover baseA Poisson process with intensity )\[
EI Random error (due to the alignment process) A correlated (approx band-matrix);
We assume: independence among reads, large coverage (N>>1),

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

|:> We set-up a ibi ol ognes pldinpubhtor aimed to evaluate the

performance of any computational approach
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What arethen basi ¢ 0 baueskiang? (2) ¢

2. ldentification and quantification of isoforms.

V ldentification and quantification of i k n o sofooms

V Detection of i n o visefbrras and their quantification

Within
sample/condition
Exon Exon Exon Exon an a|ysiS

Gene | - - . -:|
- - . RAMA-Seq reads
mRNA = = == T e e /. =
Alternative Splicing = f— ':':I:':l: — :.IZI S'IZ'Z:E :I:,:I:.
mRNA ISR EEETE -
Protein A Protein B — = A D%:, ':lzll':ID—:'n :I:I:':'IIZ%:':
Many types of splicing events can occurr, Genome
] Asselrl'nb!de trl'.an scripts
. rom spliced alignments
moreover one gene can be constituted of
[T e | pMore abundant
several nAdAblockso (i . e ....and can

expressed in several isoforms
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Isoforms detection

RAMA-Seq reads

= a2 = ViGuilty by evidenceo A Presence of
 — |

0 = = . . .. ~ :
= T = o= S o 5 = multiple isoforms is inferred by i mu | t |

l donor /acceptorojunctions.
»”~

—  — | e S oy 1 ) S S i |

e e === V Isoform quantification as a
Genome ~ . <
l | fdeconvolutionoproblem
— 1 More abundant V (Novel) isoform detection and

[(E— =] | Less abundant . i .
| | estimation as flocalo -do¥o assembly
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AGuilty by evidenceo falternative splicing

gene jump || clear | size 5.001 bp. | configure
T [ E==] | —

= kel

es47oeel  se47sool 1

CWTAK_N2] SiM matches to S6mer informative junctions

chriz_se4s75e_ce45550_+ bd Chri2_6647161_6647267_+ b=

| - | I M — mui t doporee

[MTAK_N2] positiv:

CAPDH m———— s st e o >

nnnnnnnnnn

V' Almost an empirical approach [I I —> Mu | t Boedpterd

V Thresholds have to be set to
di stinguished Atrue
(due to the mapping)

| DS-specific junction |

DO

=t

= #
L4 it
V Q u al Ity Of th e m ap ped J u n Ctl O n S Or th e 7] Candidate state-specific splice junctions (>5 mapped reads)
. [l Discarded state-specific splice junctions (<5 mapped reads) 5 = -

exon usage have to be considered e

_] b 48341088 <searseel LLsld | | Tt see4sseo] sss43esl 48844000l sessses] prevese] 48845590 seed6e0]

fosrmis smsmmn Kisctizotona

_lessonz szessons - ]

1849515 _480659%6 -
iu 9515_4804¢930_~

V It allows to detect presence of isoforms L = "
but not to quantify their abundance . =
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Isoform quantification a s daconvolutiono pr o b |

ORIGINAL PAPER . sssnstomucsnoris

Gene expression — — o _
— N .
Statistical inferences for isoform expression in RNA-Seq exon1 exon2  exon3 exon4  exon5

Hui Jiang and Wing Hung Wong?* Dlﬂ:ere nt algOrlthl ns abundance
TInstitute for Computational and Mathematical Engineering and 2Department of Statistics, Stanford Universit, Isoform 1 _/\_/\-/\- ?

- - ~ N
Starford, CA 04305, USA b t I d §
Received on October 12, 2008; revised and accepted on February 22, 2000 u S I m I ar n e a O
Advance Access publication February 25, 2000 Isoform 2 -/\_/\-/\_/\- b,

Associate Edito s
ORIGINAL PAPER i oo e oos
Isoform 3 — N o

RNA-Seq gene expression estimation with read mapping Length L, L L L, L
uncertainty

Bo Li', Victor Ruotti?, Ron M. Stewart?, James A. Thomson? and Colin N. Dewey':3*

1Deparlment of Computer Sciences, University of Wisconsin, Madison, WI 53706, 2Morgr\dge Institute for Research,
Madison, W1 53707 and 3Department of Biostatistics and Medical Informatics, University of Wisconsin, Madison,

WI 53706, USA

Received on September 10, 2009; revised on November 24, 2000; accepted on December 15, 2009

Advance Access publication December 18, 2009

Gene expression

#reads iy y ny ny ns

V Work on annotated isoforms

V Not always the software is
available or the input/output format
Identifiability of isoform deconvolution from junction .
arrays and RNA-Seq can be eaSIIy handled

David Hiller'-t, Hui Jiang-2t, Weihong Xu® and Wing Hung Wong'+4* .

"Department of Statistics, 2lnstitute for Computational and Mathematical Engineering, Stanford Genome V A tte ntl on to th e t e Of R N A - se
Technology Center and “Department of Health Research and Policy, Stanford University, Stanford, CA 94305, USA

Received on July 00, 2000; revised on September 8, 2000; accepted on September 9, 2000

o ke library that can be handles

Associate Editor: Joaguin Dopazo

DISCOVERY NOTE " 55 icinoromaconpsss

C Genes may contains up to hundreds of exons, several tens of isoforms.
C Most of the isoforms (in particular the one less abundand or condition-specific)

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

their abundance
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| soform detecti on and ensvoassamnbly on

biotechnolk o ~—~
" Software CUFFLINKS Dibaadin

Transcript assembly and quantification by RNA-Seq ':“—-'-:.E.—.':H::-": jﬂxmem

reveals unannotated transcripts and isoform switching S==osossSssse=

during cell differentiation ﬁ CUKE

e L aamaber g Barbars ) wotds Lty Pachtenss i Gordon Kant, Mariie ] van Baren® b B gy sl e
V Graph theory to locally assembly " Tt Lo
genes/transcripts _,-g: zs>._z7_ e =
V Genes are treated independently - o . v
VIt  requires  high  coverage @ .. EmT
experiments ’
V Several parameters have to be N

pare grynanually tuned

Software SCRIPTURE

Ab initio reconstruction of cell type—specific

transcriptomes in mouse reveals the conserved Th ¢ . b ted
multi-exonic structure of lincRNAs e e e

the most innovative approaches in 2010
Mitchell Guttman'%¢, Manuel Garber!®, Joshua Z Levin!, Julie Donaghey!, James Robinson!, Xian Adiconis', Lin Fan', : . . .
Magdalena ] Koziol}, Andreas Gnirke!, Chad Nusbaum!, John L Rinn!3, Eric S Lander!->* & Aviv Regev!>% by a SeIeCtlon Of 15 top Iead | ng scCle ntIStS
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What arethen basi ¢ 0 bagueskiang? (3) ¢

3. Detection of differential expressed events between two or more
experimental conditions

V Detectionofiidi f f eegpt € genésy o
V Detection of sample/condition specific isoforms
V Detectionofiidi f f ee g pt e sséfdmso
V e.

Between

samples/conditions

analysis (at different

3 Sko} i
te2: | 101870000] 101871000] 101872000] 101873000] 1018740001 101875000] 101876000] 101877000] 101878000 101879000 101880000 101881000] 101882000] 101883000 101884000] 101885000] 101888000] 101887000]
DS iunctions

resolution level

Sample 1 Junctions

Sample 2 Junctions

Sample 1 Coverage | 1 Nmple specfic
3 T | . -
junCtlon
Sample 2 Coverage | ., ., |
\ 20120 L | s > " > N
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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

Condition 1 Condition 2

V Data normalization Is

S11 S12 Sip

VDue to the costs of the

Feature 1

Feature2  S21 22 s2p NGS platforms the
6 number of samples is still
Feature n Snl Sn2 Snp Very Sma”_

TOTAL N1 N2 Np V nxp with n>>p

MAPPED
READS
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Statistical analysis: Differential Expression (2)

—

V edgeR Differ wrt to the test

_ _ V DEGseq statistics, parametric
Available in

_ —— V DeSeq model and the way in
Bioconductor

V é. which they estimate the

_V BaySeq parameters

Tends to underestimate the variability

One can obtain p-
For two conditions we have:

\ﬁ e x parameteroto

model overdispersion

mm) \3lues, compute
or

FDR and so on
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