Genome-Based and Genome-Free Transcript
Reconstruction and Analysis
Using RNA-Seq Data
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Workshop Overview

Genome-based and genome-free transcript
reconstruction from RNA-Seq

Running the Tuxedo and Trinity software and
visualizing the results.

Principles of transcript abundance estimation
Principles of differential expression analysis

Analysis frameworks included in Tuxedo and Trinity



Overview of RNA-Seq
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From: http://www2.fml.tuebingen.mpg.de/raetsch/members/research/transcriptomics.html

Common Data Formats for RNA-Seq

FASTA format:

>61DFRAAXX100204:1:100:10494:3070/1
AAACAACAGGGCACATTGTCACTCTTGTATTTGAAAAACACTTTCCGGCCAT

FASTQ format:

@61DFRAAXX100204:1:100:10494:3070/1
AAACAACAGGGCACATTGTCACTCTTGTATTTGAAAAACACTTTCCGGCCAT | Read
+

ACCCCCceeeecccccccceccceccccccceBcrcecccccccc@@cAaccecca Quality values

AsciiEncodedQual(x) = -10 * log10(Pwrong(x)) + 33 T
AsciiEncodedQual (‘C’) = 64
So, Pwrong(‘C’) = 10( (64-33/ (-10) ) = 107-3.4 = 0.0004



Paired-end Sequences

D o

Two FastQ files, read name indicates
left (/1) or right (/2) read of paired-end

@61DFRAAXX100204:1:100:10494:3070/1
AAACAACAGGGCACATTGTCACTCTTGTATTTGAAAAACACTTTCCGGCCAT
+
ACCCCCCCCCCCCCCCCCCCCCCCCCCCCCBC?CCCCCCCCC@ @ CACCCCCA

@61DFRAAXX100204:1:100:10494:3070/2
CTCAAATGGTTAATTCTCAGGCTGCAAATATTCGTTCAGGATGGAAGAACA
+
C<CCCCCCCACCCCLeccccccceccccccccccccccceccceccccececescccec

Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Advancing RNA-Seq analysis

Brian J Haas & Michael C Zody Nature Biotech, 2010

New methods for analyzing RNA-Seq data enable de novo reconstruction of the transcriptome.



Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads
RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads

RNA-Seq reads
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Transcript Reconstruction from RNA-Seq Reads
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Overview of the Tuxedo Software Suite

Bowtie (fast short-read alignment)

TopHat (spliced short-read alignment) s

|

Cufflinks (transcript reconstruction from alignments) N

l

Cuffdiff (differential expression analysis)

|

CummeRbund (visualization & analysis)

Slide courtesy of Cole Trapnell

Tuxedo development team

v
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The TopHat Pipeline

Map reads to whole
genome with Bowtie

N

Collect initially
unmappable reads
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T Generate possible
—_— splices between
gt ag ag neighboring

exons Y

Build seed table
index from
unmappable reads

Map reads to possible
gt ag ag splices via seed-and-
extend

From Trapnell, Pachter, & Salzberg. Bioinformatics. 2009

Alignments are reported in a compact representation: SAM format

0 61G9EAAXX100520:5:100:10095:16477

1 83

2 chril

3 51986

4 38

5 46M

6 =

7 51789

8 -264

9 CCCAAACAAGCCGAACTAGCTGATTTGGCTCGTAAAGACCCGGAAA
10 ###CB?=ADDBCBCDEEFFDEFFFDEFFGDBEFGEDGCFGFGGGGG
11 MD:Z:67

12 NH:i:1

13 HI:i:1

14 NM:i:0

15 SM:1:38

16 XQ:1:40

17 X2:1:0

SAM format specification: http://samtools.sourceforge.net/SAM1.pdf



Alignments are reported in a compact representation: SAM format
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61G9EAAXX100520:5:100:10095:16477 (read name)
83 (FLAGS stored as bit fields; 83 =00001010011 )

chrl (alignment target)

51986 (position alignment starts)

38

46M (Compact description of the alignment in CIGAR format)

51789

-264 A (read sequence, oriented according to the forward alignment)
CCCAAACAAGCCGAACTAGCTGATTTGGCTCGTAAAGACCCGGAAA
###CB?=ADDBCBCDEEFFDEFFFDEFFGDBEFGEDGCEFGFGGGGG

MD:Z:67 ™ (base quality values)
NH:i:1

HI:i:1

NM:1:0

SM:i:38 (Metadata)

XQ:1:40

X2:1:0

SAM format specification: http://samtools.sourceforge.net/SAM1.pdf

Alignments are reported in a compact representation: SAM format

61G9EAAXX100520:5:100:10095:16477 (read name)
83 (FLAGS stored as bit fields; 83 = 00001010011 )

16
17

XQ:1:40
X2:1:0

SAM format specification: http://samtools.sourceforge.net/SAM1.pdf



Samtools

* Tools for

— converting SAM <-> BAM

— Viewing BAM files (eg. samtools view file.bam | less)

— Sorting BAM files, and lots more:

Program: samtools (Tools for alignments in the SAM format)
Version: ©0.1.18 (r982:295)

Usage: samtools <command> [options]

Command: view
sort
mpileup
depth
faidx
tview
index
idxstats
fixmate
flagstat
calmd
merge
rmdup
reheader
cat
targetcut
phase

SAM<->BAM conversion

sort alignment file

multi-way pileup

compute the depth

index/extract FASTA

text alignment viewer

index alignment

BAM index stats (r595 or later)

fix mate information

simple stats

recalculate MD/NM tags and '=' bases
merge sorted alignments

remove PCR duplicates

replace BAM header

concatenate BAMs

cut fosmid regions (for fosmid pool only)
phase heterozygotes

Visualizing Alignments
of RNA-Seq reads



Text-based Alignment Viewer

% samtools tview alignments.bam target.fasta

911 921 EER 941 951 961 971 981 991 1001 1011 1021 1031 1041 1051 1061 1071
(GTAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
ctcctccattcaagacttaattgactctgt

cctccattcaagacttaattgactctgt]

ctgcttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttee
tgcttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtctteca
GCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAA  cctccattcaagacttaattgactctgty
GCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAA  cctccattcaagacttaattgactctgty
CTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAA ctgt
CTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAA
TTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAAT
ATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGAC
GCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTC

ATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAAC

atttcatcttctaatttagaatcttgccaatcaagecctctcgaagttggeaatatctataactcaac

atttcatcttctaatttagaatcttgccaatcaagccctctcgaagttggcaatatctataactcaac
IGTAGGTTTAAT aatcttgccaatcaagccctctcgaagttggcaatatctataactcaacctctgettctgagattcta
IGTAGGTTTAATTT tcttgccaatcaagecctctcgaagttggeaatatctataactcaacctetgettetgagattctaag
IGTAGGTTTAATTTCATCTT cttgccaatcaagccctctcgaagttggcaatatctataactcaacctctgettctgagattctaagt
IGTAGGTTTAATTTCATCTTC TGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTAC
IGTAGGTTTAATTTCATCTTCTAAT TGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTAC

gtaggtttaatttcatcttctaatttag

TGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTAC
GCCAATCAAGCCTTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACC
CAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACC
CAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTT

CATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
cattactataattggtgttatcgggtcttccaactectecattcaagacttaattgactctgt]
tgttatcgggtcttccaactcctccattcaagacttaattgactctgt,
gggtcttccaactcctccattcaagacttaattgactctgt]

gccctctegaagttggeaatatctataactcaacctctgettetgagattctaagtaccttagatgee
CCCTCTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCA
ctctcgaagttggeaatatctataactcaacctetgettetgagattctaagtaccttagatgccaag
CTCGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTA
CGAAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACA
AAGTTGGCAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATT
CAATATCTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAA
CTATAACTCAACCTCTGCTTCTGAGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTG

IGTAGGTTTAATTTCATCTTCTAATTTAGAATCT

gtaggtttaatttcatcttctaatttagaatcttgee
GTAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCA
(GTAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAA
gtaggtttaatttcatcttctaatttagaatcttgccaatcaagee

GTAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCC
gtaggtttaatttcatcttctaatttagaatcttgccaatcaagece
GTAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCC
GTAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTC
GTAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAG
GTAGGTTTAATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAG
ATTTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAAC
TTCATCTTCTAATTTAGAATCTTGCCAATCAAGCCCTCTCGAAGTTGGCAATATCTATAACTCAACCT

www.broadinstitute.org/igv/

GGTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
ggtcttccaactcctccattcaagacttaattgactctgt]
ggtcttccaactcctccattcaagacttaattgactctgt
GTCTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
gtcttccaactcctccattcaagacttaattgactctgt
cttccaactcctccattcaagacttaattgactctgt]
cttccaactcctccattcaagacttaattgactctgt
CTTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
CTCCATTCAAGACTTAATTGACTCTG
tccattcaagacttaattgactctgt]

cttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaac
cttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaac
cttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaac  tccattcaagacttaattgactctgt
ttctgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaact tccattcaagacttaattgactctgt]
tgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactee ccattcaagacttaattgactctgt
tgagattctaagtcccttagatgccaagtacattactataattggtgttatcgggtcttccaactect cattcaagacttaattgactctat]
tgagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcct  tcaagacttaattgactctgt]
gagattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttecaactecte
agattctaagtaccttagatgccaagtacattactataattggtgttatcgagtcttccaactectee
AGATTCTAAGTACCTTAGATGCCAAGTACATTACTATAATTGGTGTTATCGGGTCTTCCAACTCCTCC
gattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactecteca
gattctaagtaccttagatgccaagtacattactataattggtgttatcgggtcttecaactecteca
gattctaattaccttagatgccaagtacattactataattggtgttatcgggtcttccaactccceca
aagtaccttagatgccaagtacattactataattggtgttatcgggtcttccaactcectecattcaag
cttccaactcctccattcaagacttaattgactctgt]
TTCCAACTCCTCCATTCAAGACTTAATTGACTCTG
TCCAACTCCTCCATTCAAGACTTAATTGACTCTG
caactcctccattcaagacttaattgactctgt]
caactcctccattcaagacttaattgactctgt]
aactcctccattcaagacttaattgactctgt
aactcctccattcaagacttaattgactctgt
tccattcaagacttaattgactctgt]
ccattcaagacttaattgactctgt,
ccattcaagacttaattgactctgt,

cttaattgactctgt]
attgactctgt
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July 3,2012. Soybean (Glycine max) and Rat
(m5) genomes have been updated.

April 20,2012. IGV 2.1 has been released.
See the release notes for more details.

April 19, 2012. See our new |GV paper in Briefings in

Citing IGV
To cite your use of IGV in your publication:

James T. Robinson, Helga Thorvaldsdéttir, Wendy
Winckler, Mitchell Guttman, Eric S. Lander, Gad Getz, Jill P.

Mesirov. Integrative Genomics Viewer. Nature
Biotechnology 29, 24-26 (2011), or

Helga Thorvaldsdottir, James T. Robinson, Jill P. Mesirov.
Integrative Genomics Viewer (IGV): high-performance
genomics data visualization and exploration.




IGV: Viewing Tophat Alignments
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Transcript Reconstruction Using Cufflinks

a Splice-align reads to the genome

176,{]300 kb . 176,8]02 kb . 176,8]04 kb . 176,8I06 kb | 176,8I08 kb |
oo ooo ] O [

B e B___iies
] O O [ OCC1d i — ' i
[l - an0 —I-0-00C ] 00 00 00T L—
Ll | [ L] | - o W ]
HN me [ ] - 00— 1T 50000 00 O o= 0o
| m I O] LD g0 L1
[ S O O] L - [ |
o %:) S ¢ twrapcrit o oo = o oo
(| nalle: o o o = o5
D [ O L 00— L 0
(W] [ [ W} £ L 100 OO0 Oocr-o-0-0—:0I — 10
D O @ Mmoo o000 oo——1

From Martin & Wang. Nature Reviews in Genetics. 2011




Transcript Reconstruction Using Cufflinks

a Splice-align reads to the genome
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From Martin & Wang. Nature Reviews in Genetics. 2011

Transcript Reconstruction Using Cufflinks

C Traverse the graph to assemble variants
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From Martin & Wang. Nature Reviews in Genetics. 2011
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Transcript Structures in GTF Format

(tab-delimited fields per line shown transposed to a column format here)

7000000090838467
Cufflinks

transcript

101

5716

1000

+

gene_id "CUFF.1"; transcript_id "CUFF.1.1"; FPKM "378.0239937260“
7000000090838467

Cufflinks

exon

101

5716

1000
+

gene_id "CUFF.1"; transcript_id "CUFF.1.1"; exon_number "1"; FPKM "378.0239937260“

Demo: Tuxedo and IGV

* Run Tophat to align reads to the genome
* Reconstruct transcripts using cufflinks

* View genome-aligned reads and
reconstructed transcripts using IGV



De novo transcriptome assembly

No genome required

Empower studies of non-model organisms
— expressed gene content
— transcript abundance
— differential expression

The General Approach to
De novo RNA-Seq Assembly
Using De Bruijn Graphs



Sequence Assembly via De Bruijn Graphs

a Generate all substrings of length k from the reads

 k-mers (k=5)

From Martin & Wang, Nat. Rev. Genet. 2011

b Generate the De Bruijn graph

Sequencing error or SNP

Deletion or intron

CTGET }>(TCETG >( GETGG )>(CTGET )»( TCCTC ) >(GCTET )»( GTETC > TETCT

¢ Collapse the De Bruijn graph

From Martin & Wang, Nat. Rev. Genet. 2011



e aeae_—

e Assembled isoforms ————
--- ACCGCCCACAGCGCTTCCT-------- CTTGTTGGTCGTAG

From Martin & Wang, Nat. Rev. Genet. 2011

ACCGCCCACAGCGCTTCCTGCTGGTCTCTTGTTGGTCGTAG

ACCGCCCTCAGCGCTTCCT-------- CTTGTTGGTCGTAG

--- ACCGCCCTCAGCGCTTCCTGCTGGTCTCTTGTTGGTCGTAG

Contrasting Genome and Transcriptome Assembly

Genome Assembly

* Uniform coverage
* Single contig per locus
* Double-stranded

Transcriptome Assembly

* Exponentially distributed coverage levels
* Multiple contigs per locus (alt splicing)
* Strand-specific

» [rinity



Trinity Aggregates Isolated Transcript Graphs

Genome Assembly
Single Massive Graph

Entire chromosomes represented.
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Trinity Transcriptome Assembly
Many Thousands of Small Graphs
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Ideally, one graph per expressed gene.

Trinity — How it works:

Linear
contigs

>a121:len=584%5
— >a122:len=2560

. — >a124:lon=48
>a125.len=8876

— >a123.len=4443

>a126:len=66

-Bruii Transcripts
de-Bruijn

graphs +
Isoforms

.CTTCGCAA..TGATCGGAT...
/"-13‘ .ATTCGCAA...TCATCGGAT...

Thousands of disjoint graphs
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%==  Inchworm Algorithm

Decompose all reads into overlapping Kmers (25-mers)

Identify seed kmer as most abundant Kmer, ignoring low-complexity kmers.

Extend kmer at 3’ end, guided by coverage.
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Report contig:  ....AAGATTACAGA....

Remove assembled kmers from catalog, then repeat the entire process.

Inchworm Contigs from Alt-Spliced Transcripts

Expressed isoforms

soform 4 [ ] TR
soform s [



Inchworm Contigs from Alt-Spliced Transcripts

Expressed isoforms Expression

soform [ T (low)
soforn s [ (Mg

Graphical
representation

Inchworm Contigs from Alt-Spliced Transcripts




.| Inchworm Contigs from Alt-Spliced Transcripts
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| Inchworm Contigs from Alt-Spliced Transcripts




Chrysalis Re-groups Related Inchworm Contigs

Chrysalis uses (k-1) overlaps and read
support to link related Inchworm contigs

H |
Chrysalis cp o
Qe
>a121:len=5845
>a122:len=2560
>a123:l8n=4443
>a124:1an=48 @GeaD
>a125:16n=8876
=
=Ilene @D @D

?
Va+-

Integrate isoforms

i Build de Bruijn Graph
via k-1 overlaps uild de Bruijn Graphs  &2o
(ideally, one per gene)
k-1 kel kel k-1 kel
=) = > | PN
—pcssseseseces DA
—p ccscscscscns DA
4 — et e ssssscens P A——

overlap segs
\) using (k-PI) n?ers



..CTTCGCAA..TGATCGGAT...

D
D ..ATTCGCAA..TCATCGGAT...
G

compact
graph with sequences
reads (isoforms and paralogs)

de Bruijn compact
graph graph



Butterfly Example 1:
Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

!

Butterfly’s Compacted »
Sequence Graph \
2

TATCTTTCTG...GAACCTCAGT(1752nt)

»

Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

!

Butterfly’s Compacted »
Sequence Graph \
2

TATCTTTCTG...GAACCTCAGT(1752nt)

Reconstructed Transcripts




Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

!

Butterfly’s Compacted TCCTCTGATA..GCCTGCAGTA(129n1) 2
Sequence Graph

e

Reconstructed Transcripts

»

Reconstruction of Alternatively Spliced Transcripts

AATTGAATCC.. TATTCTGAGG(3647nt)

!

Butterfly’s Compacted TCCTCTGATA..GCCTGCAGTA(129n1) 2
Sequence Graph

e

Reconstructed Transcripts

Aligned to Mouse Genome

i HH +—H+————+H—+H———H1++h
Naa25 Nalpha acteyltransferase 25 (Reference structure)

H— H— H— i H— i HH__—
H— H—




Butterfly Example 2:
Teasing Apart Transcripts of Paralogous Genes

~

ApZanl L A/?ZGZ
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1
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Teasing Apart Transcripts of Paralogous Genes
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Trinity output: A multi-fasta file

[Pcomp0._c0_seql len=5528 path=[1:0-3646 10775:3647-3775 3648:3776-5527]

>comp0_c0_seq2 len=5399 path=[1:0-3646 3648:3647-5398)

Can align Trinity transcripts to genome scaffolds to examine intron/exon structures
(Trinity transcripts aligned using GMAP)

[ XeXs) IGV
File Genomes View Tracks Regions Tools GenomeSpace Help
| genome.fa 4] | genome 4| |genome:58,325-63,631 |Go| & « » @ [0 = 2 Exome =RERRERE] RRRERAR
|
5,296 bp
59,000 bp 60,000 bp 61,000 bp 62,000 bp 63,000 bp
1 1 1 1 1 1 | | 1 |
f0-ax)
accepted_hits.bam Coverage
HE BN GEREE &N e E h GiE E B N GEE
a | - [ N B | R | BE & ]
B ane B & au » ] BB & »
a EE B B [ » | M E B BN | [ 1 ]
| | B EE B [ § » [ | TR @ s & .
- as | [ ] Bl & e B Bl M B
1 B EE@EEE PE S 1T & NS GEs Bl M {1 |
| } ] = | IS a BB B G B
accepted_hits.bam m a  au - » = ] » L | |
[} [ | - ] { | » a @ [ |
e | - B B » { X |
[N N - » & &8 BRE @&
H @GEE @ an e » e a » - B aa.
BEE GE B [ ] [ | | « B & R Ba
] HNE BB as B B au
» an = [ ] » » B & »
n & n & » a » am®
B ER am & » »n B &
0
trinity_gmap.bam Coverage
S — i — — w— — =
trinity_gmap.bam Junctions. — o —
trinty_gmap.bam
S - B B> — - - R - S |
7 tracks |lgenome:59,024 If

[[139M of 228M



Trinity Demo

* Assemble RNA-Seq using Trinity

* Examine Trinity in context of a genome:

— Align Trinity transcripts to the genome using
GMAP

— Align rna-seq reads to genome using Tophat
— Visualize all alignments using IGV

Improved reconstruction with deeper sequencing depth
and
Genome-based reconstruction is
more sensitive than de novo methods

9000
8000
7000

6000
# Genes w/ fully

reconstructed 5000
transcripts 4000 ==Cufflinks/Gsnap

==Trinity

3000
2000
1000

0
é 0 10 20 30 40 50 60

. e
Mouse data Million PE reads



Strand-specific RNA-Seq is Preferred

Computationally: fewer confounding graph structures in de novo assembly:
ex. Forward !=reverse complement
(GGAA I=TTCC)
Biologically: separate sense vs. antisense transcription

NATURE METHODS | VOL.7 N0.9 | SEPTEMBER 2010 | EgBROAD

INSTITUTE

Comprehensive comparative analysis of strand-specific
RNA sequencing methods

Joshua Z Levin'6, Moran Yassour!-36, Xian Adiconis!, Chad Nusbaum!, Dawn Anne Thompson!,
Nir Friedman®*, Andreas Gnirke' & Aviv Regev'>®

Strand-specific, massively parallel cDNA sequencing (RNA-seq) Nevertheless, direct information on the originating strand can
is a powarful tool for transcript discovary, ganome sametation  substantially enhance the value of an RNA-seq experiment. For
: i
] . . . o . :

‘dUTP second strand marking’ identified as the leading protocol
,|;u WnUvITTvELwE S U TieileT we 'u:vcnrrr:\:r a \LUIIIVI‘IIEII:IVB """"" il ﬂll!t'l'IUEU'S\TKIIU'UL'UIXIEI'Tl\'lh'l‘.\'.l'\'.lltls'“L‘ﬂ:;'uclllﬂl\;dlﬁ' ‘I:XIC‘CKEACI
computational pipeline to compare library quality metrics from  boundaries of adjacent genes transcribed on opposite strands and
any RNA-seq method. Using the well-annotated Saccharomyces resolve the correct expression levels of coding or noncoding over-
cerevisiae transcriptome as a benchmark, we compared seven lapping transcripts. These tasks are particularly challenging in
library-construction protocols, including both published and small microbial genomes, prokaryotic and eukaryotic, in which

Overlapping UTRs from Opposite Strands

Schizosacharomyces pombe

(fission yeast)

_ chri: 5,329,037-5,333,190

4,137 bp -+
pssembied  EHED-NE-E> IENENENENENENENENE
sequences KKK KK K - K I

Forward (0-500)

ees AU
Reverse
—_—T
HE-EE-E1 <
Known SPAP8A3.08
annotation myasin Il light chain KT K K - K K

SPAPSA3.09c
Protein phosphatase regulatory subunit Paa1




Antisense-dominated Transcription

chr2:1,674,778-1,683,672

4 8,852 bp >
Assembled 44— COMP3099_c512_seq1;6.726 «ff
sequences >
compl453_c208_seql0;17.408 comp5369_c113_seq5;0.392

[0 - 500]

Read o - e

[0-

Reverse
Known
annotation < < <
I RN CEEEEEEEE
SPCC417.05¢ SPCC417.06¢ SPCC417.07c
chitin synthase regulatory meiosis specific protein MT organizer Mtol
factor Chr2 (predicted) kinase Mug27/Slk1

* Two paradigms for transcript reconstruction
— Rna-seq alignment assembly
* Tuxedo (tophat, cufflinks)

— genome-free de novo read assembly
* Trinity

« Often best to pursue both strategies

— Maximize sensitivity for genome-based transcript
reconstruction + capture missing or ill-represented
transcripts via de novo assembly.



Abundance Estimation
(Aka. Computing Expression Values)

Calculating expression of genes and transcripts

1 — 2 — .
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Slide courtesy of Cole Trapnell



Calculating expression of genes and transcripts

1 — 2 — .
Low High
— == SoERAE S
3 O 1 4 —{ 1]
Short transcript Long transcript
Q
= =
: o
S I 5
i g
@ o
oc o
1 2 3 4 1 2 3 4

Slide courtesy of Cole Trapnell

Normalized Expression Values

* Transcript-mapped read counts are
normalized for both length of the transcript
and total depth of sequencing.

 Reported as: Number of RNA-Seq Fragments
Per Kilobase of transcript

per total IMillion fragments mapped

FPKM



Multiply-mapped Reads Confound
Abundance Estimation

Isoform A
I . I
N N —
N N —— N

Isoform B

Blue = multiply-mapped reads
Red, Yellow = uniquely-mapped reads

Multiply-mapped Reads Confound
Abundance Estimation

I N D
Isoform A /-\
—— —— —EM/ — -
f— I I I
Isoform B

Use Expectation Maximization (EM) to find the

Blue = multiply- d read . . .
ue = mutiply-mapped reads most likely assignment of reads to transcripts.

Red, Yellow = uniquely-mapped reads

Performed by:

* Cufflinks and Cuffdiff (Tuxedo)
* RSEM

* eXpress



Differential Expression Analysis
Using RNA-Seq

Normalization Required

Otherwise, housekeeping genes look diff expressed
Subset of genes

due to sample composition differences highly expressed
f in liver
(@)= ' () |- - .
Technical K 2 ¢
2 replicates — LR e’
2 - z .. . :
8 o ; w —- x‘ . ............................
[9) ﬁ :
< .
=] :
< x o
© r T T T T 1 ‘é«i —
6 -4 -2 0 2 4 6 = B
- O . m— ..
logz(Kidney1/Nk;) - logz(Kidney2/Nyz) Z —
5] 3
(b) « : : : 3 :
o Liver - kidney = : dems
> g 1 ;
B I n - B . N & o T
o . .,
& ° = 2 5
gf o . Housekeeping genes
o i PR N © Unique to a sample
o I T T T T ] T T T
-6 -4 -2 0 2 4 6 -20 -15 -10
logy(Liver/NL) - logu(Kidney/N) A =logy({/Liver/N_ -Kidney/N)
Figure 1 Normalization is required for RNA-seq data. Data from [6] comparing log ratios of (a) technical replicates and (b) liver versus
kidney expression levels, after adjusting for the total number of reads in each sample. The green line shows the smoothed distribution of log-
fold-changes of the housekeeping genes. (¢) An M versus A plot comparing liver and kidney shows a clear offset from zero. Green points
indicate 545 housekeeping genes, while the green line signifies the median log-ratio of the housekeeping genes. The red line shows the
estlmated TMM normahmtlon factor The smear of orange points highlights the genes that were observed in only one of the liver or kidney
largely attributable for the overall bias in log-fold-changes.

Robinson and Oshlack, Genome Biology, 2010



Diff. Expression Analysis Involves

e Counting reads
* Statistical significance testing

Sample_A Sample_B Fold_Change Significant?
Gene A 1 2 2-fold No
Gene B 100 200 2-fold Yes

Observed RNA-Seq Counts Result from Random
Sampling of the Population of Reads

Technical variation in RNA-Seq counts per feature is
well modeled by the Poisson distribution

0.40
0.35} “¢
0.30}

<025

Mean # fragments

o e ©
> > >
[I
s

x020f | ee
Q. \
0.15¢ o ®
o10f /| e 7 %
L/ & Sa ]
.05 /R S “a,
0.00 2 r\-QOﬂ\_f\ 2 e cncnnaR0o |
' 0 5 10 15 20

(observed read counts)

See: http://en.wikipedia.org/wiki/Poisson_distribution



Example: One gene*not* differentially expressed

SampleA(gene) = SampleB(gene) = 4 reads

Distribution of observed counts for single gene Dist. of log,(fold change) values

(under Poisson model) / same
8 = 2 - |
o O° ¥
- / \|  SampleA(geneX) « | .
= ©  SampleB(geneX) S 2-fold diff
z | z o /
iz o | / = =
g \ S 4-fold diff
8 e}
g - N | /
N S
g - 0 ]
= | T T N E— S - ; : | | ]
2 4 6 8 10 12 4 2 0 2 4
(k) number of reads observed x = log,(SampleA/SampleB)

Beware of concluding fold change
from small numbers of counts

Poisson distributions for counts based on 2-fold expression differences

1 Read Versus 2 Reads

No confidence in 2-fold
. difference. Likely
. . A observed by chance.

10 Reads Versus 20 Reads

L s 4
- b
L aa ) 1 [ 1 L L

10 15 20 25 20 35 40 a5 ]

5
100 Reads Versus 200 Reads
T T
L L
0 a0 100 180

High confidence in 2-fold
/\ T difference. Unlikely
20 2

f(.l/
/n’
= . . ! observed by chance.
a0 30 380 410

T
N\
1
0

From: http://gkno2.tumblr.com/post/24629975632/thinking-about-rna-seq-experimental-design-for



More Counts = More Statistical Power

Example: 5000 total reads per sample.
Observed 2-fold differences in read counts.

SampleA Sample B Fisher’s Exact Test
(P-value)
geneA 1 2 1.00
geneB 10 20 0.098
geneC 100 200 <0.001

Tools for DE analysis with RNA-Seq

ShrinkSeq
NoiSeq
baySeq
Vsf

Voom
SAMseq

TSPM
Bioconductor DESes

OPEN SOURCE SOFTWARE FOR BIOINFORMATICS
EBSeq

NBPSeq
edgeR

+ other (not-R)

including CuffDiff
See: http://www.biomedcentral.com/1471-2105/14/91 8



Log,, (Pvalue)
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Visualization of DE results
and Expression Profiling

Plotting Pairwise Differential Expression Data

Volcano plot MA plot

( fold change vs. significance) (abundance vs. fold change)
<
° o ~.§_
-1 ]
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- ° =
€3 1)) Q)

i b § a0 o
©
- e
(8]
_ =)
3
i et =

15 10 -5 0 5 10 9 0 5 10 15
Log, (fold change) Log, Average Expression level (M of MA)

Significantly differently expressed transcripts have FDR <= 0.001
(shown in red)



Comparing Multiple Samples

Coter oy

g_cyds

Heatmaps provide an effective tool
for navigating differential expression across
multiple samples.

Clustering can be performed across both axes:
-cluster transcripts with similar expression
patters.

-cluster samples according to similar
expression values among transcripts.

Examining Patterns of Expression Across Samples

centered log2(fpkm+1)

centered log2(fpkm+1)

4

-2 0

Can extract clusters of transcripts and examine them separately.
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RNA-Seq Analysis Frameworks

Tuxedo Framework for Transcriptome Analysis

Step 1

Step 2

Steps 34

Condition A

Condition B

= .

Mapped
reads

W

Mapped

reads

S

Assembled
transcripts

Assembled
transcripts

~

Final
transcriptome
assembly

Step 5

Steps 6-18

Mapped
reads

Mapped

reads

\V/,

Differential
expression results

CummeRbund

Expression
plots

Derived from: Nat Protoc. 2012 Mar 1;7(3):562-78. doi: 10.1038/nprot.2012.016.




Full Tuxedo Framework Demo

e See: Tuxedo workshop_activities.pdf

Trinity Framework for Transcriptome Analysis

(per sample)

Readsi i l l » Combine reads

Assembled l Normalization?
transcripts

Abundance estimation < De novo assembly
(all samples)

Assembled
transcripts

Identify differentially expressed transcripts Identify coding regions
MA plot Volcano plot
S

Expression patterns, transcript clusters

e




Full Trinity Framework Demo

» See Trinity_workshop_activities.pdf

Summary of Key Points

* RNA-Seq is a versatile method for transcriptome analysis
enabling quantification and novel transcript discovery.

* Genome-based and genome-free methods exist for transcript
reconstruction

* Expression quantification is based on sampling and counting
reads derived from transcripts

* Fold changes based on few read counts lack statistical
significance.

* Multiple analysis frameworks are available — alternative and

often complementary approaches to support biological
investigations.



Software Links

* Tuxedo
— Bowtie: http://bowtie-bio.sourceforge.net/index.shtml
— Tophat: http://tophat.cbcb.umd.edu/
— Cufflinks: http://cufflinks.cbcb.umd.edu/

* Trinity
http://trinityrnaseq.sourceforge.net/

* |GV for Visualization
http://www.broadinstitute.org/igv/

* GMAP
http://research-pub.gene.com/gmap/

* Samtools
http://samtools.sourceforge.net/

Papers of Interest

* Next generation transcriptome assembly
— http://www.nature.com/nrg/journal/v12/n10/full/nrg3068.html

* Tuxedo protocol
— http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3334321/

* Trinity
— http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3571712/
— http://www.nature.com/nprot/journal/v8/n8/full/nprot.2013.084.html




