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Central Dogma of Molecular Biology
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RNA (as the first
phenotype)

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

• 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)

• The phenotypic effects of the variations in the
DNA are ultimately mediated by variations in
the RNA content of cell.



January 18, 2011 Workshop on Comparative Genomics, Cesky

Krumlov January 2011
4

cDNA cloning and sequencing

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

• 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

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

• Normalization strategies are required, but the destroy
transript abundances



DNA microarrays
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DNA microarrays



Alternative splicing
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Next generation
sequencing

technologies.

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



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

• 1000 Genome project launched

• World-wide capacity dramatically increasing

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

• 2009: Every 4 hours ($25,000)

• 2010: Every 14 minutes ($5,000)

• Illumina HiSeq2000 machine produces 200
gigabases per 8 day run (BGI have 128)

Slide from Paul Flicek. EBI Bioinformatics Advisory Council
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Many diverse technologies

• Illumina

• 454 Life Sciences

• ABI Solid

• Helicos Biosciences

• Pacific Biosciences

• Knome

• Etc.
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RNASeq experiment

• RNA population of interest

• Copied to cDNA

• Fragment cDNA sequences

• Select Fragment size (insert length)

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

• Length of Sequences short (< 100bp)
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Transcripts in the cell

sequencing

Transcript reconstruction

RNASeq
experiment



RNASeq: long polyA+ RNA from the
nucleous of K562 cells

(Gingeras Lab. ENCODE project)

• Three lanes

• 234,227,244 reads

• 2x75bp reads

• 20 Gb of sequence
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RNASeq steps

• Analysis of read quality

• Mapping of reads

• Transcript quantitation

• Transcript discovery
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FASTAQ File

@Homo_sapiens_1_2_1125_702|p1

CAGACTTAAAAGGCCATTCCCTACTTCAAAGTTACATTCAACACCACTATGATCCCCTTCCGTTATTAGCAACTTT

+Homo_sapiens_1_2_1125_702|p1

abaabbbabbaa`aa`bbaaaaababbaa_]abababaaaaaabababaaaaaa^_aaa``\_aaaa\F[^^_```

@Homo_sapiens_1_2_1125_961|p1

GCNCGTTTGAGTTTTGATCTTAAAGGACTTGTACCTTCCTCATCCGTGACTCAATGTCAGCACGACGATTCGGCAT

+Homo_sapiens_1_2_1125_961|p1

VbBb_aabJXJ[bba[]b`b`bb`SNWaaaaaaab_a]b``b`bba_a]_aa_a_]`a_Q`W`J_]`^aaaIU\NU

Illumina Quality scores range from 104 to 64
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Read Quality: ambigous
bases
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Total unambiguos reads: 228,028,503



Read Quality: Quality
score per 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

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

– Invented by Manber and Myers, 1991

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

• Need for a new generation of mapping
tools
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Read mapping

Homo_sapiens_1_2_1125_702|p1

CAGACTTAAAAGGCCATTCCCTACTTCAAAGTTACATTCAACACCACTATGATCCCCTTCCGTTATTAGCAACTTT

abaabbbabbaa`aa`bbaaaaababbaa_]abababaaaaaabababaaaaaa^_aaa``\_aaaa\F[^^_```

1:0:0chr9:F114983623@0/0

Homo_sapiens_1_2_1125_961|p1

GCCCGTTTGAGTTTTGATCTTAAAGGACTTGTACCTTCCTCATCCGTGACTCAATGTCAGCACGACGATTCGGCAT

Vbab_aabJXJ[bba[]b`b`bb`SNWaaaaaaab_a]b``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,chr12:F8233706G28<+2>43@2/1,chr12:F19608973G26G
28@40/2,chr10:R129322971T27G28@40/2
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Read mapping
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Mapping of RNAseq reads is not trivial



A more complex mapping strategy
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Genome mapping Junction mapping

Transcriptome mapping Split mapping



Mapping of RNASeq reads is not trivial

Timo Lassman, Riken



Mapping issues

29Paolo Ribeca



Read distribution along
transcripts
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mapping the reads to the
genome & transcriptome
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TRANSCRIPT

QUANTITATION
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Reconstructing transcript abundances from
short sequence reads

Micha Sammet

Vincent Lacroix

Paolo Ribeca
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the problem can be posed as a system of
linear equations

A B C

CBC

CAB

CA

CC

CB

XABC

XAB

CBC = XABC

CAB = XABC + XAB

CA  = XABC + XAB 
CC  = XABC

CB  = XABC + XAB 
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
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The Flux Capacitor.
Micha Sammeth, http://flux.sammeth.net
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The Flux Capacitor



Read density bias along transcripts
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RNAseq
simulator

First, given a transcript
annotation, and a
model of transcript
abundance

Then, the simulator
produces a
transcriptome (a set
of transcripts with
abundances attached)

Second, it simulates the
different steps of the
sequencing
experiment (RT,
nebulization, etc)

To produce a set of
sequence reads as
realistic as possible
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RNAseq simulator; simulating the
transcriptome



RPKM (Mortazavi et al.)

• Reads Per Kilobase per Milion mapped reads.

• 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
• (200 x 2 = 400 reads per kilobase) / 3 =  133.33
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Quantitative assessment



January 18, 2011 Workshop on Comparative Genomics, Cesky

Krumlov January 2011
43



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

nanostring

R2 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 -

All probes (141)

sample Gerstein Raetsch Pachter Guigo Solyvyev

HepG2 (R2 pearson) 0.65 0.65 0.63 0.78 0.31

GM12878 (R2

pearson)
0.56 0.63 0.55 0.55 -

K562 (R2 pearson) 0.88 0.73 0.81 0.59 -

K562 (rho spearman) 0.87 0.85 0.86 0.86

Only within design Tm probes (105)

Ali  Mortazavi, RGASP



Spearman’s rho = 0.868 

Ali  Mortazavi, RGASP

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

nanostring
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Overall correlation of transcript-level
worm L3 RNA-seq quantitation with

nanostring

R2 with nanostring Raetsch Stanke Guigo Solyvyev

Caltech L3 0.49 0.55 0.59 0.27

All probes (157)

Caltech C.e. L3 Raetsch Stanke Guigo Solyvyev

Pearson R2 0.49 0.55 0.59 0.27

Spearman rho 0.65 0.69 0.65 0.77

Only within design Tm probes (145)

Ali  Mortazavi, RGASPJanuary 18, 2011 46Workshop on Comparative Genomics, Cesky
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Gene expression
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Gene expression
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Differential gene expression

Condition 1

Condition 2

Angelika Merkel



RNASeq vs microarrays

Fly wing

imaginal discs

80M reads

50x2

M Corominas

H Tilgner
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Transcript expression
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TRANSCRIPT DISCOVERY
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Evidence for additional
transcription
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NextGeneId,
Tyler Alioto
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RGASP
Intron and exon accuracy of
RNASeq based gene modelers againts GENCODE

Felix Kokocinski, Jen Harrow, Josep Abril et al., RGASPJanuary 18, 2011 55Workshop on Comparative Genomics, Cesky
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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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