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Methods for Analysis of
RNA-Seq data.



RNA-Seq protocol (no strand

information)
N

extraction of poly-A RNAs

—Y Y Y V.V.Y\
AAAA
conversion into ds-cDNA
and shearing
AAAAAA
- TTTTT TITTIT
— AAAAA T
AA AAA
TT TTT

amplification and
adapter ligation

——T= _AAAAAA—
I ~TTTTIT —
L e—— . TI'I'IT — [

sequencing l ’

single end (SET) paired-end (PET)

=" T M. sehuze U MC

1AA( PARISUNIVERSITAS
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“bag of transcript positions”

TG
GGA
AAG

Variability of the counts (sampling)
influenced by:

__region length

__copy number

UPMC
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Mapping the reads

72526k, 72527k 72525k, 72R20K, 72530k, 72531k 72532k 72533k 7253k 72535k, 72536k, 72537k 72535k 72530k 72540k,

EnsEHBL47
CUBL? ENSGOOOO01E5629)

T L™
-l i EtR R i
Ubhiguitin-like protein 7 (Ubigquitin-like protein SB132) (Bone martow stromal cell ubiguitin-like protein? CBMSC-UbP), [Source:UniprotSWISSPROT ;ACC 0965521

bEk_read

Sultan*, Schulz*, Richard* et al. Science 2008

Aggregate counts on eXOnS/geneS Mortazavi*, Williams* et al. Nat Methods 2008
Wang*, Sandberg* et al. Nature 2008

Normalize by number of pOSSible hits (RPKM) Cloonan*, Forest*, Kolle* et al. Nat Methods 2008

UPMC

IAAf PARIS
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Outline

Estimating depth of sequencing.

Do we see all the transcriptional units ?

Infering new events:
Detection of new transcriptional units.
Detection of Alternative Splicing Events.

RGASP competition:

Transcriptome assembly with Oases
(Schulz/Zerbino)

Reads remapbnina with RazerS (Weese)

IIIIIIIII




Transcriptome vs genome assembly

1
RNA-Seq reads are distributed according to transcript expression
levels.
B Transcriptome
S _ B Genome
# of
non observed & -
genes ?

0.20
|

Relative frequency
0.15
|

I|hlu.]‘” LLLLLLL

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Coverage U P m C

IAAf PARIS




What is current coverage ?

(Fisher & Corbett 43)

Total number of transcripts :

Count of a transcriptional unit -

Xi ~ P(N)
Unspecified counts: o0 \e
fleg) = / exp " — dg(})
If we estimate g, then: °
i <#{0bserved} >

Expected number of new discoveries with more

2
(v »
Qe
MAX-PLANCK-GESELLSCHAFT
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Estimating count frequency law

2 lanes OMNon observed: 1781

FIeyuctivy
. 1500
Frequency
-

0 I
N

L
.

®
e
P e o serec e e

0 5 10 15 20
Counts in transcriptional unit

Penalized Non Parametric Maximum Likelihood method (Wang & Lindsay 05)

UPMC
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Dynamic range
S

16000

14000
K g

Number of transcriptional units

o
(=]
(=]
ol
o
(=]
(=]
=]
+ observed value for individual lane
L] observed value for merged lane
o extrapolated curve
o
(=)
(=]
(]
T T T T T T T
0e+00 1e+06 2e+06 3e+06 4e+06 5e+06 6e+06

Number of mapped reads ~ 4 Mio reads/replicate



Outline

Estimating depth of sequencing.
do we see all the genes ?

Infering new events:

Detection of new transcriptional units.

Alternative Splicing events detection.

RGASP competition:

Transcriptome assembly with Oases
(Schulz/Zerbino)

Mabbina with RazerS (\Weese)

IIIIIIIII



Alternative Exon Events (AEEs)

Cassette exon Mutually exclusive exons ntrar rtention
ENIEN (YY) Binds KGF ? CIC-1 expressed
1‘ Neurons T Healthy
e CIC-1
@ c-sre : lie ] FGFR-2 | o
+ MNon-neuronal cells L B e I CIC-1 not expressed
3 | Binds FGF [[ilic]]
Alternative 3’ splice site Alternative promoter/ first exon

Alternative 5" splice site

B ¢ KTS BN Mo prosein

-
h@ mLC
fra :
“Cm wir ]
] Al wet
MRS Functional protein

Alternative terminal exon

AnpARE Ladd and Cooper 2002

MLC3

Thyodf R

3 %__.H'ﬂ Calcitonin/CGRP

" g UPMC

s
AAAf1 PARISUNIVERSITAS
MAX PLANCK-GESELLSCHAFT 3 EE CGRP




Splice junctions
1

L L 1 1 1 L L 1 1 1 L L 1 1 1
740k 750k, 760k 770k 730k 730k F00k, 10k 220k B30k B0k a5k, 360k, 870k a0k
E @ EnsEMBLA?
WHKL ENSEO0O000G0237
2477 i
5a30— i

09H4A3-4 ENSTOo000340308"~+~ " If— ——4— Mt i
Serinesthreonine—protein kinase WHKL CEC 2.7.11.1) (Protein kinase with no lysine 1) (Protein kinaze, lusine-deficient 1) CKinaze deficient protein? (Erythrocute 65 kDa protei
ENSGOOOO0O209359 ENSGOOGMIZO9353
ENSTOO000336624d]

QSPLIFO_HUMAN ENSGOOGOG19657S

QIPLFO_HUMAN ENSTOOO00358322<]
EIE beell_junction_UCSC
-

% AN ¢ PR [T | M T
_<_- L
EIE hek_junction_UCSC
> €. e = - ST T AR T

Align unmatched reads to a set of artificially created junctions

Use a splice junction aligner (Tophat, QPalma, GEMM)

UPMC

AAAf PARIS
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Detecting AEE from Exons

Expression
_

RNA-Seq data

annotated
transcripts
for one gene

:
1
?5

mapping reads to exons

-

10
HEK cells _E == L Eg'_s-‘..h normalized
10 ©€Xon expression

B cells H [E = Eg._sx-' level

AS prediction | |

differential AS between AS in one cell line
two cell lines {example for HEK)
DASI CASI |
10 10
e = B B g =
( ) compare I . AS exon prediction
e :
AS exon prediction Validations on 2 datasets (HEK and B cells;
Richard*, Schulz*, Sultan* et al. NAR 2010




Within cell AS : CASI

NONO ENSGO00000147140

Shrx : , .
- 70420k ) ) ) ) ) " 70430k 1 =
L . 4 7 37 5 -5 & 5 6 -
splice junctions -N-S > e P §_¢. i A
e 3 €

read coverage

6
normalized exon I I IJ I | I [3
expression l I * 1 0

primer design Sf S2 .1.'3.1

ENST00000276079 ®#—~4— ——

ENST00000373856 —ssssssssEsEEEE .5..1. ................. EY '_>

ENSTO00000373841 i 8 i iRy iy -
i 2 3 4 5 6 7-10 11-12 13

250

61 events tested
35 validated

200

UPMC

1AA( PARISUNIVERSITAS
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Robustness (simulation)

1.0

00 02 04 0B 08

05 06 D7 08 03 1.0

Moise level: 0.2

sensitivity

Moise level: 0.2

specificity

PRERERENBNAGABAGANC

I

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Proportion of the minor isoform

1000 simulations of alternative exon events
of one gene with 6 exons and 300 reads in total

UPMC
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Robustness (bootstrap)
SN

i o e Bootstrap:
5 o T | i -
5 ' _ Randomly alter exon
=S boundaries
I § § : _ Monitor changes in prediction
£ I
£ 2 o
T T T T
5 10 15 20

% of shrinking
(500 repetitions)

UPMC
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Alternative Polyadenylation in
HIP2*

3945ﬁk

chr4

39453k 39453k 39454k 39455k 59456k 39457k 39458k T5ak
EnsEMBL Genes (Version 46)
ENSGO00000TE140
— Il N [STO0000261427
— — O S ST00000295963
— B b ENSTOQOO03BEOTS

STOOON03BE9T3

Ubiguitin-conjugating enzyme E2-25 kDa (EC 6,3.2.19) (Ubiquitin- protein ligase) (Ubiguitin carrier protein) {Hun%nrgtm- interacting protein 2)

HEK read coverage

L B RNl bbb i

B-cell read coverage

20
h . w;ﬂ

HEK(293T) normalised exon expression

i 0 ir o

B-cell{Ramos) normalised exon expression

0.3
I I iﬂ.lb
0

I3-IEI({293T} s;;lice junctions

6
€3 € 3 ¢
?-cell{namusg splice junctions i
€2 € 3 &

MAX-PLANCK-GESELLSCHAFT

*Sandberg et al. Science, 2008

UPMC
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Detecting AEE from Exons

Expression
_

RNA-Seq data

annotated
transcripts

for one gene

mapping reads to exons

-

=—| E5 <— normalized

HEK cells = == =l
10 ©€Xxon expression
B cells = B = = Easx’ eve
AS prediction |
differential AS between AS in one cell line
fue.cell nes Lol gl
DASI CASI POEM
10 10 : 10 :

B /e =

d
()
i)
§.
+_“‘.I :
[
0l
|

compare I AS exon prediction

= =\ "3
B\E ==k OO e
AS exon prediction
: 0.2

5 splice form
expression ..

*

o, .
-----------------------------------------------



Isoform quantification: POEM

a7

ﬁount for each isoform\j

i k i i 4 i I 4 I (!
IPE3EY 39539k 39040k I9ed1k 39047k 39643k I9eA4k 39645k 39046k 30647k 39ad4dk 30

EnsEMBLA7

UETF EMSGOIKIOT]IDE3L 2
LUBF1_HIUMAN

PLT4E0-2

:

i T Lot L[] ||| | e e | |
4 binning within every FCoin R OFE G
exon at random : -
Gdi,j — — Ii,j = T =
S j HH- :

I...I.I‘-l--
N RLEYN L

— I IR
UBTF —m——__——.‘:‘%!.r"\-l;l‘{“mﬂ“ﬁ
Muclealar trarscription factar 1 (Upstream:binding factor 11 (UEF-1) (Sutoantigen MROR-H), [Source:

Zi ~ P(A))

Ni= M-S P
J J J'/

- == - - == - =8 —
- L.} = [ ] ] -
- . " m - -
- = - - -
- (] L =
R ] - o
T = u
= . = L
=-ea - -

"o — n
oW = -
- - L] -
- - =
- - - -
[ ] L]
- -
u -
L =
Ll -
u u
L. -
-
=
=

We observe only
the counts falling
within each subexon

il B o 0 O
20 21

UPMC

IAAf PARIS



Isoform quantification: POEM

MPI ENSGO0000178802

chrl5
72970k 72971k 72872k 72973k 72974k 72975k 72976k 72977k 72978k
14 10 12 8 14 10 6
splice junctions -{—(- 2 L € -z)—t- ] 2 -l}—¢. €
= ¢ = ¢ 3 ¢
expected junctions })3'.2‘(_ })?.2 . 1_}?.2 . 1_)?21_
POEM 186 186 18.6 14 15
I—¢ 3 3 E € 9 ¢ .
read coverage . ‘ l ' _ n n mli {l]5
primerdesion - s2 R1 8%
ENST00000379693 ¥ —@— —@—— O —
ENST00000352410 =y 84%
B il —E— i e——
ENST00000323744 b+ — —— B —l— I —— 8%
1 2 3 4 5 6 7 8
2 Comparison to:
w
58 _gqPCR (47 events)
2 T . . .
§° I Estimate from junction counts
n o -
ool _
= (267 events)
£ ]+
- grey - POEM

HEK cells

B cells

black - gPCR



Validation

Junction reads

’ s 1.0 - ’ 2 F
4 <& P o
00 X " X0 0% %3;@ P °
x ®. y i
s ,® [+]
- / % K © L. ’ o o
0-8 >( '; ®® 0_8_ // o e /_
// (o] . 4
’ +
- X - ’/ {// ® o ,,‘l‘
9 - ‘g x/ 4 // 3
-E o 0.6 - L’ i gk e, _q; i
o Q 4 S s
(=] [+ 4 o] s
| . L= o /, . o ra +
o ; 0.4 * e o5 S
W 4- % - !
{ ; ,/’ 4 f/
E '/ I
L 1h i~ o o 5
; 8. |
n Q(e Q Vg
7, + //
[o) Jf' s
0.0{ " os* 2
. II — r . I T 0.0 1 /I . // T . . r ]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

MAX-PLANCK-GESELLSCHAFT

Junctions AS Proportion

0.65

qPCR AS proportion

0.81
UPMC
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Comparison to Exon arrays
SN

__produced 4 replicates Exon Array hybridizations for each cell line
__based on ENSEMBL 25% more exona are detected by RNA-Seq

A \ ! 1 1 L DASI MIDAS
onc FDR = 0.05 overlap FDR = 0.2
613 genes 934 genes
@3 genes D«
>
k<! |DASI| > 2 ISI| > 0.5
@ 20 -
o
5 Y
o Y
&
< 205 - 365 genes 390 genes
o 0ARR AYNNS ™ 10 genes < 512 exons
16 exons

2§ 204 202 20 202 2% uPmc

Affymetrix Exon array log Ratio AMAI PARISUNIVERSITAS



Outline

Coverage for count based problems.
do we see all the genes ?

Infering new events:
Detection of new transcriptional units.
Alternative Splicing events detection.

ROGASY competition:

Transcriptome assembly with Oases
(Schulz/Zerbino)

Mabbina with RazerS (\Weese)
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Transcripts assembly

Imagine two transcripts:
TAGTCGAG GCITT TAGAGACAG
TAGTCGAG TCCGA TAGAGACAG

AGTCGAG CTTTAGA CGATGAG CTTTAGA Assemble reads

GTCGAGG TTAGATC ATGAGGC GAGACAG into COﬂtigS
GAGGCTC GTCCGAT AGGCTTT GAGACAG -)|;

AGTCGAG TAGATCC ATGAGGC TAGAGAA
TAGTCGA CTTTAGA CCGATGA TTAGAGA
CGAGGCT AGATCCG TGAGGCT AGAGACA
TAGTCGA GCTTTAG TCCGATG GCTTTAG
TCGATTGC GATCCGA GAGGCTT AGAGACA
TAGTCGA TTAGATC GATGAGG TTTAGAG
GTCGAGG TCTAGAT ATGAGGC TAGAGAC Oases:

AGGCTTT GTCCGAT AGGCTTT GAGACAG n
AGTCGAG TTAGATA ATGAGGC AGAGACA —D € B ru IJ n g ra p h

GGCTTTA TCCGATG TTTAGAG Velvet framework
CGAGGCT TAGATCC TGAGGCT  GAGACAG —

AGTCGAG TTTAGATC ATGAGGC TTAGAGA

Schulz, Zerbino et al (in preparation)

UPMC
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De Novo transcripts assembly

Advantages:
No reference or bad quality genome
Cancer transcriptomics (genes fusion)
Micro exons

Assembly specific challenges:
sequencing errors are hard to rescue

differentiation of (post-)transcriptional modifications like alt. splicing, alt.
polyadenylation, alt. first exon or trans-splicing

judgement of assembly quality without reference
paralogous domain genes

UPMC

AAAf PARIS




Workflow for RGASP

Assemble Map Reads onto Compute
Transcripts Transcripts Coverage for

(Oases) (RazerS) Contig Tuples

Align to Genome
and Annotate
(Exonerate)

Estimate Transcript
Expression (POEM)

UPMC
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From contigs to transcripts

= weighted contig graph

reconstruction hard (Lacroix et al. WABI 2008)

O jterative maximum likelihood reconstruction method
(heuristic) (Lee 2003)

el

21

—_—
~
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From contigs to transcripts

_
= weighted contig graph

reconstruction hard (Lacroix et al. WABI 2008)

O jterative maximum likelihood reconstruction method
(heuristic) (Lee 2003)




From contigs to transcripts

_
= weighted contig graph

reconstruction hard (Lacroix et al. WABI 2008)

5 incorporation of paired-end reads (transitive reduction)

14




From contigs to transcripts

_
= weighted contig graph

reconstruction hard (Lacroix et al. WABI 2008)

5 incorporation of paired-end reads (transitive reduction)




Map Reads onto Transcripts

_
= map all reads onto assembled transcripts

= allow for mismatches, indels

= record all (multiple) matches

- RazerS - Fast Read Mapping with Sensitivity Control (Weese et al. 2009)

IIIIIIIII




Compute Coverage for Contig

Tugles
=]

= for every read match find tuples of covered contigs

5 count for every tuple the number of covering reads
= reweight multiple and paired-end matches




Perspectives

Estimating the depth of sequencing
Estimates for the total number of wanscripts

Infering new events
Automatic correction of experimental biases

Stay tuned for RGASP results
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Results on Drosophila Paired-end
reads

read length=36
k=21
fragment length=200

#52:DRSC | # loci | # transcripts | median | mapped to | Overlapping #10entified exons
[ength genome ENMSENBL

transcripts

43,836,085 32,905 53,299 214 89% 61% 72,892

human, fly, and worm predictions
submitted to RGASP competition

7 UPMC
"("" NS *fai :
< high quality reads 1881 PARISUNIVERSITAS




Statistical tests and
__ assumpiions

DASI
Context HEK vs Bcell
Genes analysed 9,242

Test Variability  Fisher Exact Test

Gene
Selection  epp_correction Benjamini-Hochberg

"E|_ ,,I—f p-value < 0.05

AEE Exon-B
: x:::!nd ased DAS]
Selection index
T DASI = |2|
- -"x} . AS Genes 365
) AS Exons 968

--------------

CASI

HEK Beell
12,140 10,417

Pearson's chi-square test

Benjamini-Hochberg

p-value < 0.05

CASI

...................

exon based index is a robust z-score estimated with median

and median absolut deviation

MAX-PLANCK-GESELLSCHAFT

UPMC
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CASI complements splice
__ lunctions

[ ] Internal

| ] 3 prime
Hs prime

|
—H

|
—

Number of exons

200 400 BOO 800 1000 1200 1400

1

CASI| Hek CAS| Beell

Position of alternative exons

0
L
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Examples
1

unannotated gene with 7 exons (locus 136) #*7===> assembled transcript

e

9.16 Kb

18,827,000 18 828,000 18,829,000 18,830,000 18,831,000 18,832,000 18,833,000

Forward strand me—

18,834,000 18,835,000 18

Chromosorme bands
Unigene EST clugter |
Contigs

BLAT/BLAST hits

FlyBase feature < 0G3RILRA

Known Erotein coding FlyBase feature
Unigene EST cluster =T .

Fly cDNA 1
Fhy gold cDMNA Y ) s O O O I |
18,827,000 18 828,000 18,829,000 18,830,000 18,831,000 18,832,000 18,833,000 18,834,000 18,835,000 18
el Revarse strand 916 Kh
transcript connecting 2 genes (locus 2589)
BLAT/BLAST hits v.. I
Contigs
Fiy B feat
lyBase feature < CGLD463-RA
Known protein coding Fly Base feature
C
= CGE10467-RA
Krnown protein coding FlyBase feature
Fly cOMA
Fhy gold cOMNA
5,084,000 5,085,000 &, 086,000 &, 087,000 ,
—wl PEverse strand 5.77 Kb
N/ =

AAAf PARIS
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Exons Arrays vs RNA-Seq

chrl

28728k 28729k 28730k 28731k 28732k 28733k 28734k 28735k 28736k 28737k 28738k

RCC1 ENS5G00000180198 - -
b

-~ -
Regulator of chromosome condensation (Chromosome condensation protein 1) (Cell cycle regulatory protein). [Source:Uniprot/SWISSPROT;Acc:P18754

B-cell read coverage
30
0
0.6
0
50
0
2
I . . [1.1
0.2

-

i

B-cell(Ramos) normalised exon expression

HEK read coverage

- -

i L

HEK(293T) normalised exon expression

B-cell Exon Array Expression Level

—

20
10
[ - 0
Hek Exon Array Expression Level
30
15
i ]
HEK(293T) splice junctions
: 33— 3 s SO A
14 €9 ° N
€« €
B-cell(Ramos) splice junctions
1
2 >—¢ 5 4 58 5 5 1
€6 — 3 €= I —€ I 3¢ > €
10 i €« 1 )

UPMC

1AA( PARISL ERSI
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