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RNA (as the first
phenotype)

e Transcription to RNA and subsequent
processing is the first step in the unfolding of
the intructions encoded in the DNA.

e There is a one-to-one correspondence
between the RNA content of the cell and the

cellular phenotype (which is obviolusly not
true for the DNA)

e The phenotypic effects of the variations in the
DNA are ultimately mediated by variations in
the RNA content of cell.
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cDNA cloning and sequencing

MULTIPLY MANY TIMES

PLASMID INSIDE BAGTERIAL HOST

L

m_—

READ A SEGMENT
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=EST
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IBM Systems Journal, Inman et al (2001) , Deep Computing for life Sciences
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high dynamic range
in RNA abundance

e RNA species vary greatly in abundance. Typically
(Carninci et al., 2000)

— 5-10 highly expressed species. thousands of copies
~ 20% of the mRNA mass

— 500-2000 intermediate species. hundreds of copies
40%-60% of the mRNA mass

— 10,000-20,000 rare messages. a few copies
<20%-40% of the mRNA mass

e Random clone selection is ineffective in recovering low
abundance transcripts.

e Normalization strategies are required, but the destroy

transript abundances
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DNA microarrays

different features
(e.g. bind different genes)

Fully complementary Partially complementary
strands bind strongly strands bind weakly
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Alternative splicing

microarray probe

:[
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Next generation
seguencing
technologies.

e They MAY provide enough sequence depth, so
that the (unbiased) sequencing of the RNA
complement of the cell MAY become feasible.

January 18, 2011 Workshop on Comparative Genomics, Cesky

Krumlov January 2011



Further Evolution of Large-scale
Genome Sequencing

« 2000: Human genome working drafts

« Data unit of approximately 10x coverage of human
— 10 years and cost about $3 billion

® 2008: Major genome centers can sequence
the same number of base pairs every 4 days
1000 Genomes

¢ 1000 Genome prOJeCt IaunChed A Deep Catalog of Human GeneticVariation:,:‘;{ & " :
® World-wide capacity dramatically increasing -

® 2009: Every 4 hours ($25,000)

¢ 2010: Every 14 minutes ($5,000)

® TIllumina HiSeq2000 machine produces 200
gigabases per 8 day run (BGI have 128)

Workshop on Comparative Genomics, Cesky
Krumlov January 2011
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Many diverse technologies

o Jllumina

e 454 Life Sciences

o ABI Solid

e Helicos Biosciences
e Pacific Biosciences
e Knome

o Etc.
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RNASeq experiment

e RNA population of interest

e Copied to cDNA

e Fragment cDNA sequences

e Select Fragment size (insert length)

e Sequence one end (single-end) or both
ends (paired-end) of the fragment

e Length of Sequences short (< 100bp)
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RNASeqg experiment

e RNA population of interest

e Copied to cDNA

e Fragment cDNA sequences

e Select Fragment size (insert length)

e Sequence one end (single-end) or both
ends (paired-end) of the fragment

e Length of Sequences short (< 100bp)
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UNTING OF READS

C

RNASeq
experimen
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RNASeq: long polyA+ RNA from the
nucleous of K562 cells
(Gingeras Lab. ENCODE project)

e Three lanes

o 234,227,244 reads
e 2X/5bp reads

e 20 Gb of sequence
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RNASeq steps

e Analysis of read quality
e Mapping of reads

e Transcript quantitation
e Transcript discovery
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FASTAQ File

@Homo sapiens 1 2 1125 702|pl
CAGACTTAAAAGGCCATTCCCTACTTCAAAGTTACATTCAACACCACTATGATCCCCTTCCGTTATTAGCAACTTT
+Homo sapiens 1 2 1125 702|pl

abaabbbabbaa” aa bbaaaaababbaa ]abababaaaaaabababaaaaaa” aaa "\ aaaa\F[""
@Homo sapiens 1 2 1125 961|pl
GCNCGTTTGAGTTTTGATCTTAAAGGACTTGTACCTTCCTCATCCGTGACTCAATGTCAGCACGACGATTCGGCAT
+Homo sapiens 1 2 1125 961|pl

VbBb aabJXJ[bba[ ]b bbb SNWaaaaaaab a]lb  "b bba a] aa a ]'a Q"W J ] "aaaIU\NU

PN

Illumina Quality scores range from 104 to 64

January 18, 2011 Workshop on Comparative Genomics, Cesky
Krumlov January 2011
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Read Quality: ambigous
bases

K562Bi01N1.2
U bi
~ Ambiguous
K5625i°1N3_1_ B Unique

10,000,000 20,000,000 30,000,000 40,000,000
Number of Reads

Total unambiguos reads: 228,028,503

Lane Id
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Read Quality: Quality
score per position

B K562Bio1N1.1
B K562Bio1N1.2
| K562Bio1N2.1

B K562Bio1N2.2
B K562Bio1N3.1
B K562Bio1N3.2
90 AR DR AR D PR PRI ERDFE DDA
Position
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MAPPING OF READS
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mapping the reads to the

genome & transcriptome
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Short read sequence
alignment programs

e More succesful approaches use a data
structure known as suffix array

— Invented by Manber and Myers, 1991

e GEM (Paolo Ribeca,
http://gemlibrary.sourceforge.net)

e Need for a new generation of mapping
tools

January 18, 2011 Workshop on Comparative Genomics, Cesky

Krumlov January 2011



Read mapping

Homo sapiens 1 2 1125 702|pl
CAGACTTAAAAGGCCATTCCCTACTTCAAAGTTACATTCAACACCACTATGATCCCCTTCCGTTATTAGCAACTTT
abaabbbabbaa” aa bbaaaaababbaa ]abababaaaaaabababaaaaaa” aaa™ \ _aaaa\F["" "~~~
1:0:0chr9:F114983623@0/0

Homo sapiens 1 2 1125 961|pl
GCCCGTTTGAGTTTTGATCTTAAAGGACTTGTACCTTCCTCATCCGTGACTCAATGTCAGCACGACGATTCGGCAT
Vbab aabJdXJ[bba[ ]b b bb SNWaaaaaaab alb "b bba a] aa a ] a Q"W J ] "aaaIU\NU
1:0:0chrX:R1720981@0/0

BILLIEHOLIDAY 0008:1:11:13870:15798#0/1
AAAACTAATAACTTAAAACTGCCACACNCAAAAAAGAAAACCAAAGTGGTCCACAAAACATTCTCCTTTCCTTCTG
hhhhhhgghhhhhhdhhhhhhhhhhffBfffffffhhhhhhhghhhdhhhhhhfhhhhhhhfhehhhhhhhhhggh
0:4:4:3
chr6:F74227323G28@2/1,chr7:F22550021G28@2/1,chr9:R135896396G28@2/1,chr13:R96271784A

28@2/1,chr5:F14651837T27G28@40/2,chrl12:F8233706G28<+2>43@2/1,chr12:F19608973G26G
28@40/2,chr10:R129322971T27G28@40/2

January 18, 2011 Workshop on Comparative Genomics, Cesky 24
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Read mapping

K562Bi01N 1.2 —
|
Mapped Read
.~ Unique Reads
K562Bio1N3.1 I m1:0:0 Reads
|
K562Bi01N3.2 -'

0 5,000,000 10,000,000 15,000,000 20,000,000 25,000,000 30,000,000 35,000,000 40,000,000

Lane Id

MAPPING SUMMARY

Total Percent
Uniquely Mapped Reads 154,185,171 76.0%
Multi-Mapped Reads 33,227,498 16.4%

Unmapped Reads 15,589,960 7.7%



Mapping of RNAseq reads is not trivia

UCSC Genome Browser on Human Mar. 2006 Assembly

move | <<< | << | < | > | >> | >>> |zoomin| 1.5x | 3x | 10x | base |zoom out| 1.5x | 3x | 10x |

;\ | jump | clear |size 4,050 bp. | configure |

Ichrl (p13.2)
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A i 4 I _ =
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[N [ o |
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A more complex mapping strategy

Genome mapping Junction mapping
K562Bi01N1.1 —_ K562Bio1N1.1 ——

K562Bio1N1.2 I ———
——

K562Bio1N1.2 —
-

Cos2ion 1 —

Lane Id

K562Bio1N2.1 —

Lane Id

K562Bio1N2.2 —

K562Bio1N3. 1 I —
—

K562Bio1N3.1 —
-

56281015 2 ==

K562Bio1N3.2 —
10,000,000 15,000,000 20,000,000 25,000,000 30,000,000 35,000,000 40,000,0 0 10,000,000
Number of Reads

Transcriptome mapping

20,000,000 30,000,000 40,000,(
Number of Reads

Split mapping

K562Bio1N1.1 —

I

K562Bio1N1.2 —
]

Lane Id

K562Bio1N2.1 F
K562BI01N2.2 #

Lane Id

K562Bio1N2.2 —

I

K562Bio1N3.1 —
]

K562Bio1N3.2 —
0 10,000,000 20,000,000 30,000,000 40,000, 0 1,000,000 2,000,000 3,000,000 4,000,(
Number of Reads Number of Reads

January 18, 2011

Workshop on Comparative Genomics, Cesky

Krumlov January 2011



Mapping of RNASeq reads is not trivial

Simulation

@ Extract 32nt reads from
genome.

@ Apply x% error rate.

@ Record number of reads

without mismatches and
exactly mapped reads.

@ 5-15% of exactly mapping
locations are incorrect

=l . - - (based on this
0.4 004 208 008 010 SIMULATION).

a5 Eooe Rats

Lo Manirg ues
b

Timo Lassman, Riken



Mapping issues

100

10

RPKUM

0.1

; 0.1 1 10 100
Paolo Ribeca RPKM




Read distribution along
transcripts

Distribution 100 - 999 1000 -2999  3000-5999  6000-8999 9000 -
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mapping the reads to the

genome & transcriptome

= =
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TRANSCRIPT
QUANTITATION

January 18, 2011

Workshop on Comparative Genomics, Cesky
Krumlov January 2011
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Reconstructing transcript abundances from
short sequence reads

1000 TN
SE
Reconstruction
sequencing ) ":a; = Cjaé
‘W 10
mapping I:| 15
— W 15
M 10 |
15 Micha Sammet
Vincent Lacroix
Paolo Ribeca
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the problem can be posed as a system of
linear equations

A B C ﬂ
10 C
BC
10 00 T Xasc IRTE
SET 1 X W15,
B 10 C.
15
— B
CBC _ XABC

Cag = Xapc T Xap
Ca = Xagc T Xap
Ce = Xagc

Cs = Xagc + Xpp

V. Lacroix, M. Sammeth, R. Guigo, A. Bergeron.
Exact transcriptome reconstruction from short sequence

reads. WABI (2008)
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The system of equations is often
underdetermined: different transcriptomes result
in exactly the same set of sequenced reads

10 BN N sl TN
SHl | 7

B 5 [ TN
2] o [ ]
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The Flux Capacitor.

Micha Sammeth, http://flux.sammeth.net

FNM_ozszéo @)
'NM_138272 (b)
lNM 138273 (c)

N 138274 (d)
NV 138275 (o)

I hNM 138277 (f)




The Flux Capacitor

fa + fb +ff+ df =X

.....

- ~
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Read density bias along transcripts

Lo N o OO
| | | Simulation B Simulation
| ‘ B Experiment “mmmm“i B Experiment
¢ .
A AAE D A flow, + flow,
MLHMIJJJJ |IIIIII\H|H‘”N B

~ flow,
O

B Simulation R
HExperiment
/ flow,:= expected number of reads

sampled from A
between »and [
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Flux Simulator SE S

Annotation Simulator
S e q [human_hgls_RefSquenes_fromUCSC070716.glf |

rExpression Simulator

- forms [%6] mass [%6]
SI I I l u a to r expressed 20310 8.07% 12858 (100.00%)
high [500,..] 30 0.14% 4224 32.85%
medium [15,500[ 280 4.33% 4295 33.40%
- . . low [1,15] 19400 95.51% 4339 33.74%
First, given a transcript

annotation, and a |

model of transcript 00 01 12 23 34 45 56 67 78
abundance | Tay || Refresh Hbins\'" < ][50 = ]||x L=l = l||y£ — |[11se] [~ || & fix count

T T T T
8-9  9-10 10-11 11-1p values

rRT Simulator

Then’ the SI mu Iator 0| SUTR sigma ‘[TOUOA\ PGUTR loss) {rojjj, 2nd min E 2nd max rlj; + /- ratio if;zs]

p(coding) i@ SUTR mean 556:0

produces a L]
transcriptome (a set Luoa |
of transcripts with
abundances attached) | LT
Second, it simulates the Too b0 00 b0 oo b0 oo oo oo oo oo
[_vaty_ ][ Rerresn_]|ins [ 56l [ || x [ 0 ] || v e faa [

different steps of the
sequencing
experiment (RT,

Nebulizing Simulator (ssssshhh)

lower [150]  upper (200 frac[0.0] &) M)

. . count \M
nebulization, etc) pause
2099 Sflve.f j
To produce a set of . e |
sequence reads as
ql t bl 0o-o 0-0  0-0 00 0-0 0-0 0-0 0-0 0-0 0-0 o-o ales
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RNAseq simulator; simulating the
transcriptome
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RPKM (Mortazavi et al.)

e Reads Per Kilobase per Milion mapped reads.

e Example
— Experiment generated 3,000,000 mapped reads
— 200 reads map in a region (exon) 500 bp long

— The RPKM of the region (exon) is
e (200 x 2 = 400 reads per kilobase) / 3 = 133.33
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Quantitative assessment

[[] predictions using flow networks
[ predictions by counting exon coverages

* A
g E i 8 |
m 1 ”
9 1 ° relative error =
§ : o : 0 :
&1 7 7 : : g ' | pred_cov - ref_cov |
. Voo 6 :
g 8- i i e | ref_cov
Q | | ! 8 |
é § B[ { . : - : resp. 100% for false positives
T . | (i.e., ref_cov=0).
& L : : :
= ! ' :
§ = : pred_cov = predicted coverage
F | : : ref_cov = reference coverage
S e e —-— de b e ke "
T i T o T rpkm = reads per kilobase per
st mkm mkm  mkm  tokm et million mapped reads
(size) (7,500) (3,297) (1,882) (1,571) (20,210) (coverage measure)
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RGASP -The RNAseq Genome OD
Annotation Assessment Project AT
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RIGASP

Introduction

Foliowing the successful format of the EGASP workshop in 2005, the RNAseq genome annotation assessment project is being launched to
assess the current progress of automatic gene building using RNAseq as its primary dataset.

The main aim of the workshop is to assess the status of computational methods to map human RNAseq data, assemble them into
transcripts and quantify the abundance of that transcript in particular datasets.

Transcript predictions will be evaluated against the GENCODE annotation produced as part of the ENCODE project. Special
attention/assessment will be given to newly manually annotated chromosomes not previously publicly reieased before the workshop release.
Promising transcript predictions not covered by Gencode annotation will be validated by experimental methods

The project is open to all researchers, but piaces are limited.

We will also include modEncode drosophila data and would like to encourage participants working on mode! organisms to participate.
More details will be posted on this website.

Dates

Registration deadline: 03.07.2009

Submission of predictions: 21.08.2008 (Extended)
Workshop days: 10. & 11.11.2008

Workshop on Comparative Genomics, Cesky

Krumlov January 2011



Overall correlation of transcript-level
human RNA-seq quantitation with

nanostring
Ali Mortazavi, RGASP
All probes (141)

R? with nanostring Gerstein | Raetsch | Pachter Guigo Solyvyev
HepG2 0.49 0.55 0.47 0.66 0.29
GM12878 0.51 0.57 0.48 0.51 -
K562 0.59 0.65 0.55 0.44 -

Only within design T, probes (105)
sample Gerstein | Raetsch | Pachter Guigo Solyvyev
HepG2 (R? pearson) 0.65 0.65 0.63 0.78 0.31
GM12878 (R? 0.56 0.63 0.55 0.55 -
pearson)
K562 (R? pearson) 0.88 0.73 0.81 0.59 -
K562 (rho spearman) 0.87 0.85 0.86 0.86




Overall correlation of transcript-level
human RNA-seq quantitation with
nanostring

Fig7 K562 RPKM values plotted against nanostring results
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Overall correlation of transcript-level
worm L3 RNA-seq quantitation with

nanostring
All probes (157)

R? with nanostring Raetsch Stanke Guigo Solyvyev
Caltech L3 0.49 0.55 0.59 0.27
Only within design T, probes (145)

Caltech C.e. L3 Raetsch Stanke Guigo Solyvyev
Pearson R? 0.49 0.55 0.59 0.27
Spearman rho 0.65 0.69 0.65 0.77

January 18, 2011
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Gene expression

Gonold  Langth (A Lo | pi.  fiaserpis | ValieTotsl  Vaolanei | Vaiuelane? | VahiLanes
ENSG00000210082 1,558 + M 1 1 50,059 16,931 16,174 16,954
ENSG00000198804 1,642 + M 1 1 30,479 10,973 8,618 10,988
ENSG00000188712 684 + M 1 1 15,130 5,268 4,593 5,269
ENSG00000239846 366 - 1 1 1 10,808 3,607 3,596 3,605
ENSG00000244516 402 - 8 1 1 10,098 3,340 3,274 3,484
ENSG00000198886 1,378 + M 1 1 8,384 2,816 2,724 2,844
ENSG00000188938 781 + M 1 1 7,865 2,773 2,304 2,788
ENSGO00000199916 264 - 9 1 1 7,741 2,558 2,628 2,555
ENSG00000222855 616 + 21 1 1 7,713 2,629 2,591 2,493
ENSG00000240831 165 + 12 1 1 7,532 2,544 2,528 2,460
ENSG00000211459 954 + M 1 1 5,801 2,020 1,753 2,028
ENSG00000212907 297 + M 1 1 5,582 1,811 1,817 1,854
ENSG00000202198 331 + 6 1 1 5,170 1,899 1,179 1,992
ENSG00000239907 510 + X 1 1 4,572 1,479 1,555 1,538
ENSG00000232673 135 + 1 1 1 4,237 1,402 1,432 1,403
ENSG00000198727 1,135 + M 1 1 3,916 1,307 1,303 1,306
ENSG00000223073 777 + M 1 1 3,044 1,004 1,018 1,022
ENSGO00000198786 1,812 + M 1 1 2,583 856 848 879
ENSG00000226958 432 - X 1 1 2,275 720 783 772
ENSG00000243172 293 + 1 1 1 2,274 736 774 764
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Gene expression
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Differential gene expression

RPKM all geses
] I as

Condition 2

Angelika Merkel Condition 1



RNASeqg vs microarrays
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Transcript expression

Gene Id Length S(:r;nd Lééiie Exot ! Expre::ti;n Value Expr:::i:;l Value Expr:::i:nz\ Value Expr:ass“ieo; Value
ENST00000387347 1,558 + M 1 740,572 245,922 246,997 247 653
ENST00000361624 1,542 + M 1 581,997 193,103 194,930 193,964
ENST00000410923 616 + 21 1 251,187 82,466 85,545 83,176
ENST00000361739 684 + M 1 240,665 79,991 80,209 80,465
ENST00000495862 861 - X 2 204,293 0 117,916 86,377
ENST00000491213 510 + X 1 178,827 57,194 60,738 60,895
ENST00000414273 1,543 + 1 1 170,239 56,171 57,224 56,844
ENST00000493956 402 - 8 1 167,007 52,934 56,579 57,494
ENST00000363046 264 - 9 1 168,774 52,384 53,999 52,391
ENSTO00000365328 331 + 6 1 145,766 47 484 49,269 49,013
ENST00000362079 781 + M 1 137,151 45215 46,014 45,922
ENSTO00000389680 954 + M 1 130,699 43,246 43,891 43,562
ENST00000361381 1,378 + M 1 123,634 40,770 41,517 41,347
ENSTO00000363673 317 + 16 1 107,694 34,655 36,537 36,502
ENSTO00000339647 3,384 - 12 2 102,525 33,825 34,221 34,479
ENST00000463737 332 + 11 1 96,302 30,476 32,947 32,879
ENST00000419932 432 - X 1 93,870 29,423 32,167 32,280
ENSTO00000436459 1,744 + 9 1 78,337 27,699 25,311 25,327
ENST00000427426 682 + 1 1 70,127 22,695 23,733 23,699
ENST00000361335 297 + M 1 69,381 23,142 23,047 23,192
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TRANSCRIPT DISCOVERY
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Evidence for additional
transcription

Human Feb. 2009 (GRCh37/hg19) chr17:7,560,001-7,610,000 (50,000 bp)

chr17: 7565000 7570000 7575000 7580000 7585000 7590000 7595000 7600000 7605000
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NextGeneld,
Tyler Alioto
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RGASP

Intron and exon accuracy of
RNASeq based gene modelers againts GENCODE
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Summary

RNASeq is a powerful tool for transcriptome
characterization
— It may become standard within the near future

Still, many issues need to be addressed at the
level of experimental protocols and
bioinformatic/quantitative analysis

Technologies are in flux, and they may
become soon obsolete.

For large-scale expression analysis,
microarrays may still be a cost-effective
alternatives.
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Maik Roder
David Gonzalez

ENCODE Project

* Projects * ENCODE

Ging001N

Overview Read Summary Mapping Summary Expression Summary Splicing Summary

ABOUT Species: Homo sapiens
Long RNA poly-A+ RNAseq data from K562 Nucleus. K562 is an immortalized cell line produced

from a female patient with chronic myelogenous leukemia (CML). It is a widely used model for cell

biology, biochemistry, and erythropoiesis, it grows well, is transfectable, and represents the

mesoderm linage. Cells will be obtained from the America Type Culture Collection (ATCC)

[atec.org] (ATCC Number CCL-243). This is the first of Two Biological replicates the second being

GingQO2ZN. It contains Trhess lanes of paired end data

READ SUMMARY MAPPING SUMMARY

Ovenview of iha reads that wers mapped in this expenment Ovendew of the resuits afler mappmg.
o Ungus reads srows the number of unigue sequences in the set, reflacting o Unicusly mapped reads are ose reacs for which we can find a unigue
ke reduncancy of the data. alignmean! that is bettar (with @ lower number of mismaichas | ihan gny of the
o Unambiguous raads ené thosa reacs for which every bsse was resclved by other possihle sigrmeants
the sequancer o Mulll mapped reads shaws the number of reads Toe wivich we lind 2 of moee
o Ambiguous reacs are those reads for which al least one 1t was not resoved equaly goad possibie alignménts,
by the sequancar (assigned an N) o Unmapped reads are thasa reads for which we were unable 1o find an
alignmeant wilkin the pardmelees used in the mappang
Total Percent
: Total Percent
Unique Reads 158,210,524 67.5%
’ 1 g 3
Unambiguous Reads 228 026,503 97.4% Uniquely Mapped Reads 54,185.171 76.0%
| eacs 227, 16.4
Ambiguous Reads 6,108,741 2.6% Mult-Mapped R 33.227.488 6.4%

Unmapped Reads
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