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Outline

Monday
Before lunch:
= Transcriptomics (lectures/practical)

Sequencing technologies
Transcriptome assembly
Gene expression

After lunch:

» Basic R/RStudio (lecture)

» [nstalling/setting up R/RStudio
» Basic R (practical)

Tuesday
Before lunch:
= Transcriptomics (lectures/practical)

Experimental design
Quality assessement
Differential gene expression

After lunch:
= Bioconductor (lecture)

= Transcriptomics/DE-test
(lecture/practical)
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Moving away from model organisms

https://biology.uiowa.edu/model-organisms
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Transcription — all the RNAs

RNA World
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Obtaining the transcriptome (not many years ago)

cDNA library

sangel’ CDNA |ibl’al’y sequencing mRNAA-H: lmversstranscripﬂon
e mRNA converted to the more ’ O Q

cD!
stable cDNA 1ra;es\é$:r:‘:aa : A O,_,veclors

* cDNA cleaved and ligated into C.eavmml etiorril

restriction anzymes

vectors Q
* Vectors amplified (cloned) in E. coli W\/ A °‘°af"
« DNA isolated = cDNA library b """"""O
* Sequenced on Sanger OO - =
* Low throughput nserton ntosm/
* High accuracy | O- : iszi.‘(?on % g
“b'arlé"ol‘,’f.iffg‘ﬁgc,;f‘a‘”"” proeiiabicetin iy

© 2012 Encyclopadia Britannica, Inc.
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Obtaining the transcriptome (not many years ago)

Quantitative RT-PCR
e RT-PCR requires knowledge

2000+

of gene sequence 1500
e Hard manual work 2 1000,
* Low throughput

500+

 Expression level relative to
control (house-keeping gene)
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Obtaining the transcriptome (not many years ago)

Microarray - expression determination

 Requires gene sequences for
probe design

* High throughput compared to
gRT-PCR

* Possibility of outsourcing

 Expression results relative to all
probes
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A word of caution...

We tend to think...

bicoid mRNA

* Transcriptome = mRNA
* mRNA = Protein
* Protein = Biological relevance

Bicoid protein

* Things are seldom as simple
as clear cut...
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Uses of RNA-seq
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Genome annotation — better gene prediction
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Isoforms — alternative splicing

a Splice-align reads to the genome

1 76.1800 kb : 1 76,8102 kb : 1 76.8(04 kb ) 1 76.8106 kb 1 176.8108 kb
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Differential gene expression - functional studies

34
° | ‘
S
§ + significant
(=% | { ¢ no
B,
5 27 e yes
g i
|
.
.
‘
._! .. '
| i
I .
0= -

logz(fold change)



UiO ¢ Department of Biosciences
University of Oslo

Phylogenomics

C YR 05 Ghucocé

Katab yanidiophytos

Fb'!dnophyhs
Trebouxiophyloes
Chiorophyceans
Ulvophytes
Prasinophyles

Porilera
Bilateria
Coelenterata
Placozoa
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Comparative gene expression (between tissues
or between species — or both)

A
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Meta-transcriptomics
4 - photosystem
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“Next generation” transcriptomics
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. . . pre-mRNA
» Transcriptome and expression in

one go

* No need for prior gene/genome
sequence information

* High throughput

« Can be outsourced

e Can be COStly Short read is split by
intron when alighing

to reference Genome Wikipedia
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Choose your sequencing technology

Model
_ i species -
Differential
: Isoforms
expression

Read = & . \
a5tk 175 Paired-end

@/
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G » |
enome Nibhey
resource
Novel
transcripts
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Next generation sequencing (NGS/HTS)
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lHHlumina

* Short read paired-end
technology

e 2 flowcells — 8 lanes each
* ~|50 bp PE reads

* Reasonable reconstruction of
isoforms

* Reasonable detection of novel
transcripts

* Expression analysis

* Makes decent reference
transcriptomes

lllumina HiSeq 4000
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PacBio - single-molecule sequencing

* Long read sequencing
technology

|6 SMRT Cells

* Sequences entire RNAs up to
10 kb

* Reconstruction of isoforms
* Detection of novel transcripts
* Expression analysis

* Great for reference
transcriptomes

Prof. Kjetill Jakobsen in fron t of the NSC’ PacBio
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PacBio - single-molecule sequencing

3000
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Reads
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HaIf of data in reads: >20 kb
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Read Lengths > 20 kb

Data per SMRT Cell:
500 Mb - 1Gb

N\
\

Top 5% of reads: >40 kb

‘ Longestreads >60 kb

www.pacb.com
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Briefly about sample preparation

* Depending on focus you may perform:
— rRNA depletion
— mRNA selection
— Abundant transcript removal
— smallRNA conservation
— Skip library amplification
— Strand specific library preparation
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Briefly about sample preparation

Library preparation — mRNA lllumina

AAAAAAAAA 1) PolyA+ RNA captured
TITITITTITTT®)

~1 = “= 2)RNA fragmented and primed

=== 3) First strand cDNA synthesized

e 4) Second strand cDNA synthesized

P

| — 5) 3’ ends adenylated and 5’ ends repaired

p

1
/ Barcode

Rdl

/ 6) DNA sequencing adapters ligated

N

l
3
l
l
l

7) Ligated fragments PCR amplified

Rd2  Index
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lllumina paired-end
sequencing

* You get two reads from
the same RNA fragment

« Can be long gap in between

 Easier to assemble.
Detect novel splice variants.

=

— \L' )/
Genomic DNA

lFragment(ZOO-SOObp)
2=\

‘LigateAdaptors

SP2 A2
lGenerate Clusters

/ FLOWCELL

lSequence First End

.
AZ‘E

Regenerate Clusters and
SP2 Sequence Paired End

AL e A1 ﬁ‘

Figure 1-2-1 Pipeline of paired-end sequencing (www.illumina.com)
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Fastq format (.fastq)

@ iTerm2 Shell Edit View Profiles Toolbelt Window Help
@ © 3. ssh
-bash-4.1%$ zcat oral-1_R1.fastq.gz | head -12
@NS500336:69 :HSKLLAFXX:1:11108:26575:16821 1:N:0:TCCGGAGA+GCCTCTAT
GGGTTGTTCAGTCCGAGTGTGGTTTTCCCTGATTCACTGTTGTATGTTATCGAGGTGATCAGGAACTCCTCGTTCT
+
A/GAAEEEEEEEEEEEEEEEEAEEEEEAEEEEEEEEAEEEEAEEEAEEEEEAEAEEEAE /EAEEEEEEGEEAEEEE
@NS500336:69 :HSKLLAFXX:1:11202:21270:6487 1:N:0:TCCGGAGA+GCCTCTAT
CCTAGTGCATTACAGATAACACTTGGTCCGACTTTGGAGGCCAGAGTGGCAATTGCCTGTTTTCCATAGTCCATAA
+
AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
@NS500336:69:HSKLLAFXX:1:11205:20051:11124 1:N:0:TCCGGAGA+GCCTCTAT
GACATGGGGGAGAAGTTGTCCAGGAACACCGACTCGGTGCCCTGGACGTAGGGGTCGAGGGGCGAGAGTTTCAGCT

+
AAAAAEEEAEEEEEEEEEEEEEEEEEAEEEEEEEAEEEEEAEEEEEEAEEEEEEEAEAEEEEEEEEEEEEEEEE/E
-bash-4.1$ ||
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When paired-end
Pair mate has ‘2’ here

Fastq format (fastq) One read (each read cover 4 lines)

EaCI l I ead Stal tS , 2 Shell d fil odlbel ndow f Ielp
WI . iTerm e | ew rories |

O {. ssh

-bash-4.1% zcat oral-1_R1l.fastq.gz | head -12

@NS500336:69: HSKLLAFXX: 1:11108:26575: 16821 1:N:0:TCCGGAGA+GCCTCTAT
GGGTTGTTCAGTCCGAGTGTGGTTTTCCCTGATTCACTGTTGTATGTTATCGAGGTGATCAGGAACTCCTCGTTCT Sequence
.

A/6AAEEEEEEEEEEEEEEEEAEEEEEAEEEEEEEEAEEEEAEEEAEEEEEAEAEEEAE /EAEEEEEEGEEAEEEE
@NS500356:69:HSKLLAFXX: 1:11202: 212706487 1:N:0:TCCGGAGA+GCCTCTAT
Separator CCTAGTACATTACAGATAACACTTGGTCCGACTTTGGAGGCCAGAGTGGCAATTGCCTGTTTTCCATAGTCCATAA
+

AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

aNS500336:69 :HSKLLAFXX:1: 05:20051: 4 1:N:0: AGA+ A
GALATGGGGGAGAAGTTGTCCAGGAACACCGACTCGGTGCCCTGGACGTAGGGGTCGAGGGGCGAGAGTTTCAGCT Another read
+

AAAAAEEEAEEEEEEEEEEEEEEEEEAEEEEEEEAEEEEEAEEEEEEAEEEEEEEAEAEEEEEEEEEEEEEEEE/E
Sequence quality [/|Eaeissel

Scores
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A general RNA-seq pipeline
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Reference Software
genome setup

Sequence quality
checks Steps 1 and 2

v

Collect metadata for
experiment

v

Mapping reads,
organize files,
Transcript inspect mapping

annotation
Feature counting Step 13

Steps 3-6

Steps 7-12

Data structures, Step 14

normalization,
fitness checks edgeR -
2-group differential GLM-based differential
comparison comparisons
Inspect and save
results

v

Additional sanity

checks Slop 15

PROTOCOL |

Count-based differential expression analysis of RNA
sequencing data using R and Bioconductor

Simon Anders!, Davis ] McCarthy?3, Yunshun Chen%3, Michal Okoniewski®, Gordon K Smyth%7,
Wolfgang Huber! & Mark D Robinson8?®

IGenome Biology Unit, European Molecular Biology Laboratory, Heidelberg, Germany. 2Department of Statistics, University of Oxford, Oxford, UK. 3Wellcome Trust
Centre for Human Genetics, University of Oxford, Oxford, UK. 4Bioinformatics Division, Walter and Eliza Hall Institute, Parkville, Victoria, Australia. SDepartment of
Medical Biology, University of Melbourne, Melbourne, Victoria, Australia. ®Functional Genomics Center UNI ETH, Zurich, Switzerland. 7Department of Mathematics and
Statistics, University of Melbourne, Melbourne, Victoria, Australia. $Institute of Molecular Life Sciences, University of Zurich, Zurich, Switzerland. 9SIB Swiss Institute of
Bioinformatics, University of Zurich, Zurich, Switzerland. Correspondence should be add: d to M.D.R. (mark.robinson@imls.uzh.ch) or W.H. (whuber@embl.de).

Published online 22 August 2013; doi:10.1038/nprot.2013.099

RNA sequencing (RNA-seq) has been rapidly adopted for the profiling of transcriptomes in many areas of biology, including
studies into gene regulation, development and disease. Of particular interest is the discovery of differentially expressed genes
across different conditions (e.g., tissues, perturbations) while optionally adjusting for other systematic factors that affect the
data-collection process. There are a number of subtle yet crucial aspects of these analyses, such as read counting, appropriate
treatment of biological variability, quality control checks and appropriate setup of statistical modeling. Several variations have
been presented in the literature, and there is a need for guidance on current best practices. This protocol presents a state-of-
the-art computational and statistical RNA-seq differential expression analysis workflow largely based on the free open-source
R language and Bioconductor software and, in particular, on two widely used tools, DESeq and edgeR. Hands-on time for typical
small experiments (e.g., 4-10 samples) can be <1 h, with computation time <1 d using a standard desktop PC.
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Reference Sequence Software -
eeeeee equence quality
1 L
{ [ teps 1 and 2

Raw read trimming

« Adapter trim: based on sequence similarity
« - adapter/sequencing primer removal
« Hard trim: set number of bases
« Certain primers (tags)
 Known bias
« Soft trim: set quality threshold
* Quality trimming
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Sequence quality
checks

Reference Sequence Software
genome data setup

Quality scores across all bases (Sanger / lllumina 1.9 encoding)

Sequence quality

Steps 1 and 2

FastQC

(H/m|m|

L

III

S _IIHII

N
41
h
A TN S8
N
= -

I

123456789 14-15 22-23 30-31 38-39 46-47 54-55 62-63 70-71 78-79 86-87 94-95
Position in read (bp)

Phred Quality Score 30 = 99.9% accuray (20 = 99%)
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Reference Sequence Software
genome data setup
Sequence quality \
checks Steps 1and 2

Quality scores across all bases (Sanger / lllumina 1.9 encoding)

O O M III

TTTITTo0H HHII

Sequence quality

FastQC

40
38
36

Ll L tJ

34

i
F
7A

30

24
\l 22

20
18

14
12

I

Quality scores across all bases (Sanger / lllumina 1.9 encading)
[E=N

il II

=T

,_|

/

123456789 14-15 22-23 30-31 38-39 46-47 54-55 62-63 70-71 78-79
Position in read (bp)

o N A2 O @

86-87 94-95 1 2 3

8 9 15-19 25-29 35-39 45-49 55-59 65-69 75-79 85-89 95-99

Position in read (bp)

Phred Quality Score 30 = 99.9% accuray (20 = 99%)
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Exercise 1 — Quality assessment
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Reference Software

genome

Sequence quality
checks Steps 1and 2

v

A

Collect metadata for
experiment

Steps 3-6

Mapping reads,
organize files,
inspect mapping /|

———

Feature counting

Steps 7-12
Transcript P
annotation

Step 13

Step 14

edgon DESEY

Data structures,
normalization,
fitness checks

2-group differential
comparison
Inspect and save
results

v

Additional sanity
checks

GLM-based differential
comparisons

Step 15

Mapping / de novo assembly
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annotation

—__ = Mapping / de novo assembly

I

(@) Genome (b) Transcriptome (c) Reference-free
mapping mapping assembly

Gapped mapper | TopHat, Ungapped mapper | Bowtie De Bruijn graphs | Trinity
STAR
v v v
Mapping to Mapping to Assembly into
genome transcriptome transcripts
Cufflinks Ungapped mapper | Bowtie
RSEM, v
Kallist
with ciV V:hout GFF e | Map reads back |
\ 4
; z Htseq-count,
Transcript Transcript Transcript QiFazed RSSI\?I
identificgtion & discovery & identification & VL
counting counting counting Counting |
Homology based | Blast2GO Homology based | Blast2GO

v v
Functional annotation l Functional annotation |
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A inspect mapping
annotation

— ! e Reference genome

I

TopHat2 — part of the “Tuxedo pipeline”

PROTOCOL

Bowtie Differential gene and transcript expression analysis
Extremely fast, general purpose short read aligner UHENSSseq Papeimen ity atanhu s

Cole Trapnell'?, Adam Roberts’, Loyal Goff'**, Geo Pertea*®, Dachwan Kim*’, David R Kelley'?, Harold Pimentel’,
Steven L Salzberg™, John L Rinn'? & Lior Pachter***

Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USA. “Department of Stem Cell and Regenerative Biology

Harvard University, Cambridge,

Massachusetts, USA. "Department of Cor
Department of Electrical Enginceriny
McKusick-Nathans Institute of Geneti
University, Baltimore, Maryland, USA. ‘G
Mathematics, University of California, Be
Correspondence should be addressed to C.T.

¢ and Artificial Intelligence Lab,

USA.'E of Medicine,
ryland, USA. ‘Department of Biostatistics, Johns Hopkins
ryland, College Park, Maryland, USA. "Department of
oy, University of California, Berkeley, California, USA.

miversity of California, Berkeley, California, USA. ‘Comput
of i

c@broadinstitute.org).

Published online 1 March 2012; corrected after print 7 August 2014; doi:10.1038/nprot.2012.016

HISAT — replaces TopHat2?

TopHat
Aligns RNA-Seq reads to the genome using Bowtie T

: : : Transcript-level expression analysis of RNA-seq
CisconeiaSplisaislias experiments with HISAT, StringTie and Ballgown

Mihacla Pertea!:2, Dachwan Kim!, Geo M Pertea!, Jeffrey T Leek? & Steven L Salzberg!

Published online 11 August 2016; doi:10.1038/nprot. 2016.095
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TopHat2

Exon-first approach

1. aligns reads to the
transcriptome using bowtie

2. Unmapped reads are
mapped to the genome
(discovery of novel

transcripts)
—— 3. Remaining reads are split
2N up and mapped to find
— splice junctions

W:l
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Exercise 2 — Mapping




