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Biomedical Data Sciences Group
Facts

Cost of collecting data drops, amounts increase exponentially.
We have more data than accurate algorithms.

Group’s research

Data Science Algorithms, Models & Tools
 Machine Learning,
 Bioinformatics.

Biology & Medicine Problem Setting & Goals
 RNA processing regulation,
 Clinical data analysis.
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Learning About the Central Dogma

Goal: Learn to predict what these processes accomplish:

Given the DNA, . . . , predict all gene products

f (DNA, ) = RNA g(RNA, ) = protein

Estimating f , g amounts to cracking the codes of
transcription, epigenetics, splicing, . . .
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RNA-seq based Transcriptome Characterization
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c© Gunnar Rätsch (cBio@MSKCC) Tools for RNA-seq and Isoform Characterization @ ABRF Annual Meeting 2015, St. Louis 3

Memorial Sloan-Kettering Cancer Center 

http://cbio.mskcc.org
http://www.mskcc.org


RNA-seq based Transcriptome Characterization
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RNA-seq based Transcriptome Characterization

oqtans.org

cloud.oqtans.org
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Transcript Quantitation and Dependence on Alignments
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False alignments, multi-mappers etc. lead to weaker results

Simulated human reads from transcripts of known abundance (Fluxsimulator, [Sammeth, 2009]), 3% error rate, alignment w/
PALMapper [Jean et al., 2010], quantification w/ rQuant [Bohnert et al., 2009], Person correlation over considered transcripts.
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bioRxiv dx.doi.org/10.1101/017103

Efficient BAM file postprocessor for RNA- & DNA-seq

100M alignments in 20 minutes (10 threads)

Suitable for large-scale projects

Improved accuracy for transcript quantification and prediction

Open Source bioweb.me/mmr (C++)
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Multiple Mapper Resolution

Principle (Iterated over all reads, N times)

Use the change of local coverage around read mapping ...

... and use its smoothness to identify “better” mapping location

location 1 location 2

Coverage
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Multiple Mapper Resolution

Principle (Iterated over all reads, N times)

Use the change of local coverage around read mapping ...

... and use its smoothness to identify “better” mapping location

Read not mapped to location 1 ... ... but mapped to location 2

Read pairCoverage
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Multiple Mapper Resolution

Principle (Iterated over all reads, N times)

Use the change of local coverage around read mapping ...

... and use its smoothness to identify “better” mapping location

+

Read not mapped to location 1 ... ... but mapped to location 2

Read pair Variance measure Evaluation windowCoverage Average coverage
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Multiple Mapper Resolution

Principle (Iterated over all reads, N times)

Use the change of local coverage around read mapping ...

... and use its smoothness to identify “better” mapping location

+

+
Read pair Variance measure Evaluation windowCoverage Average coverage

Read not mapped to location 1 ... ... but mapped to location 2

Read mapped to location 1 ... ... and not mapped to location 2
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Multiple Mapper Resolution

Results for simulated DNA-seq

Smooths coverage as expected on an artificial dataset

Simulated reads from tiling a part of A. thaliana genome, alignment w/ PALMapper [Jean et al., 2010] (with -a option), visual-
ization with IGV [Robinson et al., 2011].

c© Gunnar Rätsch (cBio@MSKCC) Tools for RNA-seq and Isoform Characterization @ ABRF Annual Meeting 2015, St. Louis 7

Memorial Sloan-Kettering Cancer Center 

http://cbio.mskcc.org
http://www.mskcc.org


Multiple Mapper Resolution

Results for simulated DNA-seq

Smooths coverage as expected on an artificial dataset

≥ ≥

Simulated reads from tiling a part of A. thaliana genome, alignment w/ PALMapper [Jean et al., 2010] (with -a option), visual-
ization with IGV [Robinson et al., 2011].
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Multiple Mapper Resolution

Results for simulated RNA-seq

Improves performance of transcript quantification
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Simulated reads (75nt) from subset of human annotated transcripts with Fluxsimulator [Sammeth, 2009], PALMapper alignments
[Jean et al., 2010], rQuant quantitation Bohnert et al. [2009], Pearson correlation over all considered transcripts.
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LARGE-SCALE BIOLOGY ARTICLE

Nonsense-Mediated Decay of Alternative Precursor mRNA
Splicing Variants Is a Major Determinant of the Arabidopsis
Steady State TranscriptomeC W

Gabriele Drechsel,a,1 André Kahles,b,1 Anil K. Kesarwani,a Eva Stauffer,a,2 Jonas Behr,b Philipp Drewe,b

Gunnar Rätsch,b and Andreas Wachtera,3
a Center for Plant Molecular Biology, University of Tübingen, 72076 Tuebingen, Germany
bComputational Biology Center, Sloan-Kettering Institute, New York, New York 10065

ORCID IDs: 0000-0002-3411-0692 (A.K.); 0000-0001-5486-8532 (G.R.); 0000-0002-3132-5161 (A.W.).

The nonsense-mediated decay (NMD) surveillance pathway can recognize erroneous transcripts and physiological mRNAs,
such as precursor mRNA alternative splicing (AS) variants. Currently, information on the global extent of coupled AS and NMD
remains scarce and even absent for any plant species. To address this, we conducted transcriptome-wide splicing studies
using Arabidopsis thaliana mutants in the NMD factor homologs UP FRAMESHIFT1 (UPF1) and UPF3 as well as wild-type
samples treated with the translation inhibitor cycloheximide. Our analyses revealed that at least 17.4% of all multi-exon,
protein-coding genes produce splicing variants that are targeted by NMD. Moreover, we provide evidence that UPF1 and
UPF3 act in a translation-independent mRNA decay pathway. Importantly, 92.3% of the NMD-responsive mRNAs exhibit
classical NMD-eliciting features, supporting their authenticity as direct targets. Genes generating NMD-sensitive AS variants
function in diverse biological processes, including signaling and protein modification, for which NaCl stress–modulated
AS-NMD was found. Besides mRNAs, numerous noncoding RNAs and transcripts derived from intergenic regions were
shown to be NMD responsive. In summary, we provide evidence for a major function of AS-coupled NMD in shaping the
Arabidopsis transcriptome, having fundamental implications in gene regulation and quality control of transcript processing.

INTRODUCTION

The steady state transcriptome is the output of concurrent
transcriptional activity and RNA degradation, both of which are
modulated via complex regulatory networks integrating internal
and external cues. The accuracy of gene expression is assured
by surveillance mechanisms, such as the eukaryotic nonsense-
mediated decay (NMD) pathway, which can recognize aberrant
transcripts and target them for degradation (Chang et al., 2007;
Isken and Maquat, 2008; Nicholson et al., 2010). It was first
assumed that NMD functions primarily in the clearance of er-
roneous transcripts originating, for example, from gene muta-
tions and mistakes during transcription or posttranscriptional
processing, but it is now becoming evident that NMD plays
a more fundamental role in gene regulation. On the one hand,

NMD alters the transcriptome by targeting transcripts derived
from pseudogenes (Mitrovich and Anderson, 2005) and ancient
transposons (Mendell et al., 2004) as well as mRNA-like non-
coding RNAs (ncRNAs; Kurihara et al., 2009). On the other hand,
NMD can trigger the degradation of physiological transcript
variants, such as products of alternative splicing (AS), thereby
providing enormous gene regulatory potential (Lareau et al.,
2007a).
The core NMD machinery includes the UP FRAMESHIFT

(UPF) proteins UPF1, UPF2, and UPF3 in all eukaryotes in-
vestigated so far, but other factors, such as the SUPPRESSOR
OF MORPHOLOGICAL DEFECTS ON GENITALIA (SMG) pro-
teins, have not been found in all NMD-containing species (Isken
and Maquat, 2008; Nicholson et al., 2010). Evidence for alter-
native routes of NMD linked to distinct sets of factors exists, but
NMD generally requires the RNA helicase UPF1 (Isken and
Maquat, 2008; Nicholson et al., 2010). Several NMD factors
function not only in NMD but also contribute to other RNA and
DNA surveillance processes, including histone mRNA degra-
dation, Staufen-mediated mRNA decay, DNA repair, genome
stability control, and telomere maintenance (Lew et al., 1998;
Reichenbach et al., 2003; Brumbaugh et al., 2004; Kaygun and
Marzluff, 2005; Kim et al., 2005; Azzalin and Lingner, 2006).
Previous studies have established the molecular mechanisms
underlying NMD as well as the features of target transcripts
(Isken and Maquat, 2008; Nicholson et al., 2010). One major
class of targets includes mRNAs with premature termination

1 These authors contributed equally to this work.
2 Current address: Centre for Organismal Studies, University Heidelberg,
Im Neuenheimer Feld 230, 69120 Heidelberg, Germany.
3 Address correspondence to awachter@zmbp.uni-tuebingen.de.
The authors responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy described
in the Instructions for Authors (www.plantcell.org) are: Gunnar Rätsch
(raetsch@cbio.mskcc.org) and Andreas Wachter (awachter@zmbp.uni-
tuebingen.de).
C Some figures in this article are displayed in color online but in black and
white in the print edition.
W Online version contains Web-only data.
www.plantcell.org/cgi/doi/10.1105/tpc.113.115485

The Plant Cell, Vol. 25: 3726–3742, October 2013, www.plantcell.org ã 2013 American Society of Plant Biologists. All rights reserved.
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bioRxiv dx.doi.org/10.1101/017095

Analysis of alternative isoforms with RNA-seq data

Analyses known and identifies novel splicing events
Quantifies & visualizes splicing-related data

Suitable for large-scale projects (1000’s of samples)

Improved accuracy for transcript quantification and prediction

Open Source bioweb.me/spladder (python)
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SplAdder Ideas

Major Problems in Transcriptome Analysis

1 Gene annotations are incomplete and often inaccurate

2 Whole transcript isoforms are difficult to predict/quantify
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SplAdder Ideas

Major Problems in Transcriptome Analysis

1 Gene annotations are incomplete and often inaccurate

2 Whole transcript isoforms are difficult to predict/quantify

Solution

Augment annotation with RNA-Seq evidence

Use single splicing events instead of full transcripts
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SplAdder Ideas

Major Problems in Transcriptome Analysis

1 Gene annotations are incomplete and often inaccurate

2 Whole transcript isoforms are difficult to predict/quantify

Solution

Augment annotation with RNA-Seq evidence

Use single splicing events instead of full transcripts

Annotation

Alignment
Data

Augmented
Splicing

Graph

Detected
Splice
Events

Quanti�ed
Splice
Events

Di�erential
Analysis/

sQTL Tests

Kahles et al., bioRxiv, 2015
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SplAdder Graph Augmentation

Principle

Collapse annotated transcripts into graph representation

Use RNA-Seq evidence to add new nodes and edges

T1E1 T1E2 T1E3 T1E4

T2E1 T2E2 T2E3

T3E1 T3E2 T3E3

T4E1 T4E2
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SplAdder Graph Augmentation

Principle

Collapse annotated transcripts into graph representation

Use RNA-Seq evidence to add new nodes and edges

coverage

split alignments

New cassette exon
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SplAdder Graph Augmentation

Principle

Collapse annotated transcripts into graph representation

Use RNA-Seq evidence to add new nodes and edges

coverage

split alignments

New cassette exon

coverage

New retained intron
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SplAdder Graph Augmentation

coverage

split alignments

A  New cassette exon

coverage

B  New retained intron

split alignments

C  New intron

split alignments

D  Alternative splice sites on both intron ends

split alignments

E  New start-terminal node / New end-terminal node

split alignments

F  Alternative 3’ splice site / New end-terminal node

split alignments

G  Alternative 5’ splice site / New start terminal node

split alignments

H  New exon skip
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SplAdder Event Extraction

E1 E3 E4 E6

E2 E5
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SplAdder Event Extraction

E1 E3 E4 E6

E2 E5
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SplAdder Event Extraction

E1 E3 E4 E6

E2 E5

E1 E3 E4 E6

E2 E5

E1 E3 E4 E6

E2 E5

E1 E3 E4 E6

E2 E5

E1 E3 E4 E6

E2 E5

Exon Skip

Multiple Exon Skip

Alternative 5’ Splice Site

Intron Retention

Alternative 3’ Splice Site
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SplAdder Event Quantification and Visualization

Exon Skip
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SplAdder Event Quantification and Visualization

Exon Skip
a

cb
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SplAdder Event Quantification and Visualization

Exon Skip
a

cb

PSI   = 
b + c

2 · a + b + c
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SplAdder Event Quantification and Visualization

Alternative 5’ Site
a

b

Exon Skip
a

cb

PSI   = 
b + c

2 · a + b + c

PSI   = 
b

a + b
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SplAdder Event Quantification and Visualization
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SplAdder Event Quantification and Visualization

Summary

SplAdder effectively augments the annotation

Enables quantitative analysis of events instead of transcripts
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Splicing Analysis Across Multiple Cancer Types

Goals
1 Identify cancer-specific splicing patterns

2 Identify variants regulating splicing in same gene (cis)

3 Identify variants regulating splicing in other cancer genes (trans)

TCGA provides RNA-seq and matching exome data

RNA-seq  Find & quantify splicing events

Exome  Identify variants in exons & flanking intronic regions
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Splicing Variation Across 4,700 Samples

Event Statistics Exon Skip Event Statistics Exon Skip (Tumor/Normal Subset)
A B

Analysis of a total of 4,700 RNA-seq samples from TCGA normal (tn), TCGA tumors (tc), Encode (ec) and Geuvadis (gv). Align-
ment w/ STAR [Dobin et al., 2013], analysis w/ SplAdder (SplA) and Gencode annotation (Anno). Figure from [Kahles, 2014].
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Uniform analysis of Large-Scale RNA-seq Data

Large-scale Compute

4,700 RNA-seq libraries (≈100 TB)

⇒ STAR ≈ 6 CPU years

⇒ SplAdder ≈ 0.5 CPU years

[Kahles et al.]

Unified community resources

Docker with ICGC RNA-seq alignment SOP

bioweb.me/ICGC-RNA-SOP

Syncronize with Encode, gTex, TCGA, . . .

[ICGC PCAWG-3 WG]
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bioRxiv dx.doi.org/10.1101/017095

Analysis of Ribosome profiling and RNA-seq data

Study translation efficiency
Adjusts for expression differences

Accurate method based on dispersion estimates and GLMs

Open Source bioweb.me/ribodiff (python)
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Application to Ribosome Profiling
Found a motif that was strongly in enriched in detected genes:

G-quadruplex structures 

[Wolfe, Sing, Zhong, Drewe et al., Nature, 2014]
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(Analysis based on related but different strategy [Wolfe et al., 2014].)
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Summary

MMR improves alignment choice for multi-mappers

⇒ Helps improving accuracy of tools like Cufflinks

SplAdder identifies, quantifies & visualizes alternative splicing

⇒ Finds unannotated alternative splicing, tumor/normal splicing
differences; splicing reprogramming; sQTLs

riboDiff accurately detects differential translation efficiency

⇒ Ribosome footprinting revealed RNA G-Quadruplex elements in
5’ UTR that interacts with compound via eIF4a

Tools (+ six other ones) are open source and available

⇒ ratschlab.org/tools

⇒ (more) Docker images come soon . . .
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S. Sonnenburg, G. Rätsch, A. Jagota, and K.-R. Müller. New methods for splice-site
recognition. In Proc. International Conference on Artificial Neural Networks, 2002.
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Transcription Starts in Human. Bioinformatics, 22(14):e472–480, 2006.

Cole Trapnell, Brian A Williams, Geo Pertea, Ali Mortazavi, Gordon Kwan, Marijke J van
Baren, Steven L Salzberg, Barbara J Wold, and Lior Pachter. Transcript assembly and
quantification by rna-seq reveals unannotated transcripts and isoform switching during cell
differentiation. Nature Biotech, advance online publication, May 2010. doi:
10.1038/nbt.1621. URL http://dx.doi.org/10.1038/nbt.1621.

A Wolfe, K Singh, Y Zhong, P Drewe, others, G Rätsch, and HG Wendel. Rna g-quadruplexes
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