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e Transcriptome — definition
I

- coding for proteins (or functioning as such)
- not only existence, but copy number matters!

- RNA content of a cell
(or a cell fraction, or a tissue)

genome - DNA content of a cell
- genetic information storage
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Molecular levels of life

FUNCTION
ribosome
tRNASs

6\0,@6 spliceosome
x?®
transcriptome
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o Molecular levels of life
|

MRNA levels are regulated in
- time (development, environment, age)
- space (tissue-specific)

s DNA



o Molecular levels of life
|

MRNA levels are regulated in
- time (development, environment, age)
- space (tissue-specific)

| /

DNA




Transcriptome — what to learn from it?

1. Eukaryote gene structure

- exon/intron structure
- 5" end => promoter
- 3'end

- iIsoforms : alternative gene structures

2. MRNA expression levels
- RNA-seq, tag counting

3. mMRNA processing steps /
regulatory mechanisms

- identify/quantify binding factors:
splicing regulators, surveillance factors

- A-to-1 editing

4. protein translation



e Elucidation of eukaryote gene structure
I
Classical genetics

- identify functional mutant in a model system, e.g. in yeast

- identify/clone the gene through ...

- rescue experiments => rescue clone
- tracking the insertion mutation site => tracked locus

Identify human homolog : Era | (80ies to early 90ies)

- screen human phage library via hybridization
and sequence positives

=> a human gene (CDS) with attributed function

=> a human gene resolved in the genome



fli

Reverse transcriptase - cDNA

A-A-A-A-3'mRNA
3’ T-T-T-T 5’ Oligo(dT) primer

5!

@ Incubate with reverse transcriptase
to synthesize cDNA strand.

mRNA
m cDNA
€ When cDNA strand is completed,
hydrolyze RNA strand.

(”I“““““““““” cDNA
3!’

€© Incubate with DNA polymerase to
synthesize second DNA strand.

S1 nuclease
cuts loop

~ QIIIITITITINT. ona™ ="
DNA

@ Incubate with terminal transferase
to add single-stranded tails.

T =
c-C-C-C

Double-stranded cDNA
ready for insertion into
appropriate cloning vector

© 2012 Pearson Education, Inc.



fli

Reverse transcriptase priming

A) Oligo (dT) primer

MRNA

5 . AAAAAAAAAAAAAAAS

< 3-TITIITI1- 5
B) Anchored oligo (dT) primer

mRNA

S . AAAAAAAAAAAAAAAS

< F-NVTITTITIT- 5

C) Random hexamer primers

(m)RNA

s AAAAAAAAAAAAAAAS

<— 3’-NNNNNN- 5" <—— 3’-NNNNNN- 5’

D) Gene-specific primer

(m)RNA
5 s GUGCGCGA meeeesssss AAAAAAAAAAAAAAAS

<— 3'-CACGCGCT-5

N = any base
V=ACorG
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cDNA strand-oriented | = SMART protocol

RNA
AAAA
First strand cDNA synthesis 3'-primer
TTTT
AAAA
o TTTT —
Mint RT
AAAA
dﬂcc TTTT
PlugOligo Incorporation PlugOligo -
I GGGG”
oy
P 2 [IP-solution
B G606 .
i GGG TTTT —
>l l
B GGGG
oW W W W W a W Wa .11
I CCCC TTTT
ds cDNA preparation by PCR PCR primer M1
—
I GGG6 AAAA
I CCCC TTTT

Amplified cDNA

Evrogen Inc.: Mint
Takara Inc.. SMART

10



:._. CDNA strand-oriented Il — dUTP protocol

fli
| cDNA synthesis |
| First-strand synthesis I —— - —— | —— | —— | ———
-A-A—A? —Aﬂ
examer oligo-dT
l dUTP, dATP, dCTP, dGTP
z : - ] — | — ] —
[ Second-strand synthesis | i A Y
| Library preparation |
- - —— — e ——
A-ta"lng A = A — [, e— A e ——
| Adaptor Iigation | | - ) —— | e— - m— | ﬁ-/
fﬂ-.ﬁ.-ﬂ—ﬂ— fﬁ—A )
| UDGase treatment | ) A A X
Martin et al | PCRamplification |

Front Plant Sci 4:66 (2013)

| Sequencing | 11
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Elucidation of eukaryote gene structure

Identify human homolog : Era Il (mid-90ies to now)

- human genome resource

- cDNA library resources,
sequenced at random

- identified gene loci by autom. mapping of cDNA sequence to genome
- refined gene loci using CDS prediction programs
=> ~all human genes at high resolution

http://]genome-euro.ucsc.edu

research task to find target protein:
(eventually, via sequence tag)

- explore sequence similarity between genomes



... Elucidation of eukaryote gene structure

Mapping/alignment of cDNA sequence to genome
program EXALIN, Zhang & Gish, Bioinformatics 22:13 (2006)

T: GCGCCCGCTGGCGGCGTTGCTTCCGCTAACACAGACGAAGCTGCAGACGCCGAGAGCGGG 540

LELLLEEEREEEEEEE e e eeee e e e e e ee e e errinn
G: GCGCCCGCTGGCGGCGTTGCTTCCGCTAACACAGACGAAGCTGCAGACGCCGAGAGCGGG 1587

T: ATCCGCAGTCGGCAGTTGCAGCAGCTCATCTCTTTTTCCATGGTTTGGGCTAACCATGTC 600

[EELLTEEREEEEEE R e e e e e e e e eeee e el
G: ATCCGCAGTCGGCAGTTGCAGCAGCTCATCTCTTTTTCCATGGTTTGGGCTAACCATGTC 1647

T: TTCCTTGGGTGCCG............... GTACTCTCAAAAAGTTATGGATAAAATTCTT 645

LEEEEEETTEETT1>>>>>> 0o SSSSSS L EEEEEEEEE et rritl
G: TTCCTTGGGTGCCGGTGAGT. .. TTTTAGGTACTCTCAAAAAGTTATGGATAAAATTCTT 2170

T: AGTATGGCTGAAGGCATCAAAGTGACAGATGCTCCAATCCATACAACAAGAGACGAACTG 705

FEEEEEEEEEEEEEEE e e e e et e er e e et e e e e e e et e e et e e ettt et e ettty
G: AGTATGGCTGAAGGCATCAAAGTGACAGATGCTCCAATCCATACAACAAGAGACGAACTG 2230

T: GCCAAGGTGAAGAAAAGAGGGATATCGAGTAGCAATG. . ..o v vt AAGGG 750
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII>>>>>> >>>>>>| | || |

G: GCCAAGGTGAAGAAAAGAGGGATATCGAGTAGCAATGGTTAGC. . . TTTTAGAAGGG 2670

T: GTAGAAGAGCCATCCAAAAAACGAATTGTAGAAGGAAAAAACAATTCTGCAGTTGAGCGA 810

LEELEEEEEEEEEEEE e e e ee e e e e e e e e e e
G: GTAGAAGAGCCATCCAAAAAACGAATTGTAGAAGGAAAAAACAATTCTGCAGTTGAGCGA 2730

G: genome
T: transcript

13



:5;;:.ﬂ. Elucidation of eukaryote gene structure
Ef

Example: human growth differentiation factor 5 (GDF5) locus

Seale 2 ki | | hy3s
chr20: 35,433,000 35,433,500 35,434,000 35,434,500 35,435,000 35,435,500 35,435,000 35,436,500 35,437,000 35,437,500 35,438,000 35 438,500]
Human ESTs Including Unspliced
eUzsE415 [ ersca219 [N
euzsa722 [ gzl 00 ]
gussasts I gus41556 || IIHE
eussEsaz [ crizz74:
pusss72s I costad13 [
4536037 NG B eG7e3736 I HE
gEc74407 N  ccrco04c IR - EESEE |
eres4ess NG Ui -:cz: [ I
ea445157 [ I
el = =0 020 0 [ECDGHEGHE L
puszszz4 [N crzat7s I
crizea1 s NG gi0e4zss NG H
et 00 0 EEcEeseedy 0 | earss200 [N
snazac [ o040 ei91z469 HETTTEEEEEEEEE -
me1s I eG7s0s11 N ]
gtaz1zae I sanrasa4
ai7s1260 [ ING pases3a2 [N
ereasons I
gios4aa0 [
coz4ssz4 G
srezzezz [
Al [ [0 T[]
sr1g4a41 N
EkE=y ] 000 000 |
Hepseeseli 1 1 ([ [ | 1
FetSeq Genes
Gors m—— R ——
Gors e— - — i
GEMCODE w22 Comprebensive Transcript Set {only Basic displayed by default)
GOFE0S -
Gors m— I —
Gors m—— T e -+~
Genscan Gene Predictions
chrad 520 L] ]
Augustus gene predictions «35.1
10477 11— s - -+ <+~ -
Hurnan mFMAs from GenBank
Human mFil4s L L] I ——

Sirnple Mucleotice Polyrmarphisms (diSNP 144 Found in = 1% of Samples
Commnon SHPs(144) | [ | | | | |

20 mammals {17 primates) Basewise Conservation bz FhylaP

20 mammals (17 primates ) conservation by PhastCons

R . b, MBS i IS k) I AR N s b LR SRR

14



e Elucidation of eukaryote gene structure
|

Identify human homolog : Era Il (mid-90ies to now)

- human genome resource

- cDNA library resources,
sequenced at random

- identified gene loci by autom. mapping of cDNA sequence to genome
- refined gene loci using CDS prediction programs
=> ~all human genes at high resolution

http://genome-euro.ucsc.edu

result for target protein:

=> human gene at high resolution:
- exon/intron structure (possibly alternative)
- promoter (possibly alternative)



i Elucidation of eukaryote gene structure
i

gene (DNA) :h B 2 0

TRANSCRIPTION

pre-mRNA m’Gppp- .
intron

SPLICING

messenger RNA (MRNA) m7Gppp- [ ] AAAAAAAAA

Genes are fragmented in eukaryote genomes

16



fli

Elucidation of eukaryote gene structure

GU-AG rule
Breathnach & Chambon, PNAS (1978); Crick, Science (1979)

, Intron |

Exon 1 GU A (Y),AG| Exon 2

splice donor splice acceptor

5=/

17



i Elucidation of eukaryote gene structure
i

gene (DNA) :h B 2 0

TRANSCRIPTION
Pol I

intron

SPLICING

AAAAAAAAA
intron

messenger RNA (MRNA) m7Gppp- [ ] AAAAAAAAA

Characteristic modifications of mMRNA molecules

18



5 Splicing — alternative splicing
gene (DNA) :h ] [ HEEN
TRANSCRIPTION
Pol I
intron intron
SPLICING

e B e ——TT YTV
m7Gppp- [ T AAAAAAAAA

alternative mRNA

19



5% i Splicing — alternative splicing
|

gene (DNA) :h I 2 0

TRANSCRIPTION
Pol I

pre-mRNA m?Gppp- _
intron

3'ss  3'ss

intron

SPLICING

m7Gppp- T | AAAAAAAAA
m7Gppp- T ] AAAAAAAAA

alternative mRNA

Hiller et al. 2004, Nat Genet 36:1255

20



e Splicing - alternative splicing
|

Cassette exon .
regulatory splicing factors

o0

intron

exon

intronic splicing inhibitor (I1SI
exonic splicing enhancer (ESE

exon

21



Splicing — alternative splicing

Cassette exon .
regulatory splicing factors

= Y o

exon exon

Tandem alternative
splice sites (TASS) ?

- intron

exon AG AG exon

distance A
|

22



e Splicing - alternative splicing
|

Do small differences actually have an effect?

Random codon deletion in B-lactamase (TEM-1)
Jones, NAR 33:e80 (2005)

E177A-R178D

T114A -DI115N
& T114A

R83A ® catalytic center
*C G196A

® deletion mutants
with functional effect

P62A -E63Q) AZIT7A

=> Effect on catalytic activity in 14 of 22 mutants (64%)

23



o Transcriptome — what to learn from it?
]

1. Eukaryote gene structure

- exon/intron structure
- 5" end => promoter
- 3'end

- iIsoforms : alternative gene structures

2. MRNA expression levels
- RNA-seq, tag counting

3. mMRNA processing steps /
regulatory mechanisms

- identify/quantify binding factors:
splicing regulators, surveillance factors

- A-to-1 editing

4. protein translation



Ab initio gene prediction

search genome for signs; do not use homology information

gene (DNA) h ]

exon exon intron exon
(SUTR) (CDS)

TRANSCRIPTION

SPLICING

TRANSLATION

intron

exon exon
(CDS) (3UTR)

25



_:g-;:.ﬂ_ Ab initio gene prediction
ol

search genome for signs; do not use homology information

gene (DNA) o

L ] [

exon = exon intron ~ exon  intron  exon  exon

(5UTR) (CDS) (CDS) (3UTR)

TRANSCRIPTION AATAAA

SPLICING 6T AG ot AG

TRANSLATION ATG TAA
TAG
TGA

26



e Ab initio gene prediction
I

Kozak motif Harhay et al.,
(translation initiation; bovine) BMC Genomics 6:166 (2005)
2.0+
- lJ.diJ
0.3
[I.2— A ‘
g;,_.._h A= = weblogo
5 ¥ http://weblogo.berkeley.edu/
-4 -3 -2 -1 Start Codon +4
examples.html
5' splice site 3' splice site
(splice donor) (splice acceptor)
2 exon | intron intron | exon
[
a
a1 A C
QUTPUTOraAnTnON~® SR R EE R A AR L

27


http://weblogo.berkeley.edu/

Ab initio gene prediction

ATG (Kozak)

... STOP-free ....

TAA
TAG
TGA

gene (DNA) [ . L [
exon = exon intron - exon | intron exon exon
(5UTR) (CDS) | (CDS) (3UTR)
e mE [ o
~GC poor ~GC poor | .~ GC poor
oT AG T AG

28



fli

Ab initio gene prediction

SOUONCE

siate path;

parsing. &

posterior

dacoding:

CTTCATGTGAAAGCAGACGTAAGTCA
EEEEEEEEEEEEEEEEEES 1111111 JlgP

IO 41,22

-43.90
-43.45

-42.58

=== o=
e ~4.3.94

-]

8 | — |

-41.71

1%

46%
I 28% I

Heyman, The Scientist 19:26 (2005)
Eddy, Nat Biotechnol 22:1315 (2004)

29



. Transcriptome — what to learn from it?
l

1. Eukaryote gene structure

- exon/intron structure
- 5" end => promoter
- 3'end

- iIsoforms : alternative gene structures

2. MRNA expression levels
- RNA-seq, tag counting

3. mMRNA processing steps /
regulatory mechanisms

- identify/quantify binding factors:
splicing regulators, surveillance factors

- A-to-1 editing

4. protein translation



:5;;:.ﬂ. cDNA counts are proportional to mRNA levels
el

human growth differentiation factor 5 (GDF5) locus

Seale 2 ki | | hy3s
chr20: 35,433,000 35,433,500 35,434,000 35,434,500 35,435,000 35,435,500 35,435,000 35,436,500 35,437,000 35,437,500 35,438,000 35 438,500]
Human ESTs Including Unspliced
eUzsE415 [ ersca219 [N
euzsa722 [ gzl 00 ]
gussasts I gus41556 || IIHE
eussEsaz [ crizz74:
pusss72s I costad13 [
4536037 NG B eG7e3736 I HE
gEc74407 N  ccrco04c IR - EESEE |
eres4ess NG Ui -:cz: [
ea445157 [ I
el = =0 020 0 [ECDGHEGHE L
puszszz4 [N crzat7s I
crizea1 s NG gi0e4zss NG H
et 00 0 EEcEeseedy 0 | earss200 [N
snazac [ o040 ei91z469 HETTTEEEEEEEEE -
me1s I eG7s0s11 N ]
gtaz1zae I sanrasa4
ai7s1260 [ ING pases3a2 [N
ereasons I
gios4aa0 [
coz4ssz4 G
srezzezz [
Al [ [0 T[]
sr1g4a41 N
EkE=y ] 000 000 |
Hepseeseli 1 1 ([ [ | 1
FetSeq Genes
Gors m—— R ——
Gors e— - — i
GEMCODE w22 Comprebensive Transcript Set {only Basic displayed by default)
GOFE0S -
Gors m— I —
Gors m—— T e -+~
Genscan Gene Predictions
chrad 520 L] ]
Augustus gene predictions «35.1
10477 11— s - -+ <+~ -
Hurnan mFMAs from GenBank
Human mFil4s L L] I ——

Sirnple Mucleotice Polyrmarphisms (diSNP 144 Found in = 1% of Samples
Commnon SHPs(144) | [ | | | |

20 mammals (17 primates ) conservation by PhastCons

R . b, AR il IR . L L

20 mammals {17 primates) Basewise Conservation bz FhylaP

. I

31



RNA-seq - Expression Quantification

fli

lllumina Tru-Seq RNA-seq protocol

(A AAMAAAA N (¢ P) N
@ TTTITTT
B
- — - g A,
g — A
— — -\.E
'\___ Poly-A selection, fragmentation and random priming _‘_)' l\\_ End-repair, phasphonylation and A-taling >
N I =Pt
I'{& — —_— ——— D .b.‘mh'..1'l|.:|:|.'|!-I " Wﬂ/wig
— _ el 1 ¥
'_ i e
[ -' 1=
—— —— — : 18 _!l.._n 5.!_1 . Dol b o
' Fack S T
l\__ Frist and second-strand cDNA synthesis . "u._\_ Adapter ligation, PCR amplification and sequencing A

Library prep begins from 100ng-1ug of Total RNA which is poly-A selected [A) with magnetic
beads. Double-stranded cDNA (B) is phosphorylated and A-tailed (C) ready for adapter
ligation. The library is PCR amplified (D) ready for clustering and sequencing.

32



RNA-seq - Expression Quantification

i

lllumina technology : solid-phase clonal single molecule PCR
“Bridge amplification”

ture the dauble stranded

Dena
malecules

. Fragments ewome Jouble stranded -

33



fli

RNA-seq - Expression Quantification

Read mapping,

- against reference transcripts, bowtie
- against annotated genome using “spliced alignment”, e.g. RedHat, or

transcript model

genome

L
- EEE = .. —-— - -
- — — - - -_——
- - — -
-
—— I —— — - - -
- — — — -
— — . — - -—
- —— . — - — -
I — -
— - . - — —
— —-— . — —
— — — -
— — — —
— —
— — — —— — — —
— - - — | — )
— — - [ — —
— —-— - - - - —
— —-— - — — - —
— — - — — - ——
— — - —-— — —-— —
— — — ——— - - —
L] — - - . - ——
— -—— — [ - —
-—— -—— -—— - . - —
-—— - -— - . - —
- - -—— — — - —
- - - —-— - - —
- - - - . - —
— - - - -
- - - —
- - - [
] - - -
- - —-—
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fli

Counting of cDNA sequence tags
example MAQC-3 dataset (GSM475204)

GAPDH
ACTB
GFAP
RN7SL2
CKB
MT3
MBP
FTH1
TUBB4A
PTGDS
UBC
CST3
UBB
CLU
MIF
ALDOC
MTRNR2L2
TMSB4X
CALM3
MTRNR2L8
RN7SL1
RPL3
EEF2

2824.
2289.
2010.
1992.
1814.
1719.
1629.
1610.
1502.
1474.
1427 .
1407.
1391.
1300.
1242.
1233.
.551
1190.
1129.
1090.
1053.
1021.
1003.

1217

RNA-seq - Expression Quantification

293
077
641
531
053
392
907
553
924
918
698
278
971
067
009
735

765
767
615
638
194
831

definition:

RPKM :=
reads per kb transcript per million
readings

Mortazavi et al.,
Nat Methods 5:621 (2008)
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fli

Transcriptome — what to learn from it?

1. Eukaryote gene structure

- exon/intron structure
- 5" end => promoter
- 3'end

- iIsoforms : alternative gene structures

2. MRNA expression levels
- RNA-seq, tag counting

3. mMRNA processing steps /
regulatory mechanisms

- A-to-I editing

- identify/quantify binding factors:
splicing regulators, surveillance factors

4. protein translation

36



Analysis of A-to-I editing

A
A

Individual's
diploid
genome

A G
oG

A

e g

o

» AorG

Map DNA reads Known SNP
to reference in reference genome
genome

Pachter, Nat Biotech 30:246 (2012)

Mapping error Low
results in C coverage
instead of A results in A

instead of T
] [
C A
A A
Incorrect A—C
identification of | or G=C Sd_it}'f
RNA editing | edit? ’
T AorG G
Infer Sequencing error Systematic
genotype coincides with error coupled
SNP variant with PCR
leading to artifact results
erroneous in Ginstead of T
heterozygous

genotype call

37



Factors binding to mRNA

- splicing regulators

cause alternative gene structures
depending on tissue or environment

unproductive mRNA structures cause degradation (NMD)
=> influence on expression level

- surveillance factors
regulate stability of mRNA (+/-)

- translation factors

regulate affinity to the ribosome and
commitment to translation (elongation factors)

upstream ORFs influence the translation of mMRNA into protein



fli

CLIP method

Hafner et al.,
Cell 141:129 (2010)

... Factors binding to mRNA

/7' /;' UV, 365 nm

lysis, IP,

RNase T1 treatment,

T4 PNK, v->°P-ATP
32P—@—OH

SDS-PAGE
autoradiography

XL-RBP

electroelution
proteinase K treatment
xl

32p U——0OH
cDNA library preparation,
PCR amplification
-:g:-

i

Solexa sequencing

4-thiouridine (4SU)

o

| NH
H NKO
O

OH CH

5-iodouridine (5IU)

CH OH
6-thioguanosine (6SG)

39



Factors binding to mRNA

fli

CLIP method

Licatalosi et al., Nature 456:464 (2008)

Splicing factor Nova, driving exon inclusion or exclusion

=2
o
[
on
=

o
-
o]
(|J'1

Mormalized complexity
o
]

0125

Figure 2 | Nova-RNA interaction maps associated with Nova-dependent
splicing regulation. a, CLIP tags around all known Nova-regulated cassette
exons, with one colour per transcript. Tags were mapped onto a composite
transcript containing an alternative (dark blue/red box) and flanking
constitutive (light blue box) exons. Tags are from transcripts showing

Nova-dependent exon inclusion (top panel) or exclusion (bottom panel);
representative examples of experimentally validated target RNAs (Arpp21
and Mcf2l) are shown (insets). b, Normalized complexity map (see Methods)
of Nova-RNA interactions recapitulate predicted maps'® (insets) for Nova-
dependent exon inclusion (red) or exclusion (blue).



fli

Ribosome in action - ribosomal footprinting

Ribosomal footprinting

Ingolia et al., Science 324:218 (2009)

ribosome

P
&

nuclease
digestion

*‘i

size selection,
polyadenylation

TTTTT ———
+dT primer with linkers

reverse transcription

\j

_mTTH_\.
_T'TTITFH

_TITITFH

ssDNA ligase
circularization

L.“‘:'T
1T 1T
b [
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fli

Ribosome in action - ribosomal footprinting

Ribosomal footprinting

Ingolia et al., Science 324:218 (2009)

0.1 02 03 04

relative read coverage

0

puromycin

ribosome
A sites

mRNA
reads

|
chrXlll:

T

annotated
TIC

AUG

AUG

100

e | | ovicos

A

653941

]

™y

e H.1.a -I-i-l L -II

653982

uk

654033

dok

-IJ

|] L. ulil.

28 nt

annotated

unknown

UORF
- N-terminal
protein extension

CDS-overlapping uORF
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fli

Methods for specific aspects of the transcriptome

Poly(A) profiling
«© > {De) adenylation dynamics

CLASH
RNA/RBP binding sites

Polysome profiling
Engagement in polysomes

43



Summary

1. Eukaryote gene structure

- exon/intron structure
- 5" end => promoter
- 3'end

- iIsoforms : alternative gene structures

2. MRNA expression levels
- RNA-seq, tag counting

3. mMRNA processing steps /
regulatory mechanisms

- A-to-1 editing

- identify/quantify binding factors:
splicing regulators, surveillance factors

4. protein translation



e End
= fli

genome.leibniz-fli.de
- Lectures

karol.szafranski@...
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