FROM RNA WITH LOVE: EXPLORING THE
TRANSCRIPTOME




OMICS APPROACHES FOR THE STUDY
OF BIOLOGICAL PROCESSES

With the advent of increasingly advanced
technologies, such as Next Generation
Sequencing (NGS), it has become possible
to study biological processes in far greater
depth and detail than ever before. These
innovative tools have paved the way for the
development of —omics, which enable a
comprehensive and a deeper analysis of the =
cellular processes.
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THE TRANSCRIPTOME: A SNAPSHOT

The sum of all RNAs present in a cell
Is called Transcriptome.

The Transcriptome of a cell is a
dynamic entity: unlike the Genome,
it constantly changes.

Understanding the transcriptome
is essential for interpreting how cells
communicate or how cells respond
to external stimuli.
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THE TRANSCRIPTOME: A SNAPSHOT
OF GENE EXPRESSION

* The sum of all RNAs present in a cell
Is called Transcriptome.

Stress
 The Transcriptome of a cell is a -\V

Proteome A ‘ Stress response
. —>
Transcri ptome A networks

dynamic entity: unlike the Genome,
it constantly changes.

* Understanding the transcriptome
is essential for interpreting how cells
communicate or how cells respond Diverse biological functions <
to external stimuli.
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MICROARRAYS: THE FIRST STEP TOWARD
TRANSCRIPTOMIC ANALYSIS
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RNA-SEQ: HIGH-THROUGHPUT SEQUENCING FOR

TRANSCRIPTOME PROFILING

* RNA-seq is essentially massively parallel
sequencing of RNA (in particular cDNA).

* |t is based on next-generation sequencing
(NGS) platforms.

* The introduction of RNA-seq has provided the
ability to look at:

|.  Transcriptional structure of genes

2. Alternatively spliced transcripts,
alternative promoters and polyA sites

3. Post-transcriptional modifications

4. ldentifying and studying all species of
transcripts.

5. Changes in gene expression under
different conditions

RNA-SeqVS Microarray

* RNA-seq has a wider dynamic range.

* RNA-seq is more sensitive and more
specific than microarray.

* RNA-seq is capable of detecting single
nucleotide polymorphisms (SNPs).

* RNA-seq is able to identify and quantify
novel splicing isoforms.

* RNA-seq can allow the identification of rare
or low-abundance transcripts.



RNA-SEQ: HIGH-THROUGHPUT SEQUENCING FOR
TRANSCRIPTOME PROFILING

* RNA-seq is essentially massively parallel
sequencing of RNA (in particular cDNA).

* |t is based on next-generation sequencing
(NGS) platforms.

* The introduction of RNA-seq has provided the
ability to look at:

|. Transcriptional structure of genes

2. Alternatively spliced transcripts,
alternative promoters and polyA sites
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3. Post-transcriptional modifications ¥ SN
¥ Microarray.

4. ldentifying and studying all species of
transcripts.

5. Changes in gene expression under
different conditions




THE METHOD

Fragment RNA into @ ; Map sequencing reads to
Isolate RNA from samples ; ; Perform NGS sequencing p seq d
@ P short segments @ Library preparation the transcriptome/genome
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1. ISOLATE RNA FROM SAMPLES

Cell Culture
—— - -




1. ISOLATE RNA FROM SAMPLES

e Intact total RNA run on a
denaturing gel will have sharp,
clear 28S and 18S rRNA bands

 The 28S rRNA band should be

approximately twice as intense
as the 18S rRNA band
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1. ISOLATE RNA FROM SAMPLES

Bioanalyzer

compoenents are

detected by thei
e o - ¥ - - ~ -
The sampie fluorescence and
moves electro-

driven from the

sampie well injected into
through the the separa-

micro~channels tion channel

The micro-
channels of the
glass chip are filled
with a sieving
polymer and

fiuorescent dye

Samples are combined with a fluorescent dye and injected into
wells in the chip. The samples move through a gel matrix in the
microchannels and are separated by electrophoresis. The samples
then are detected by fluorescence, and electropherograms and gel-
like images are created by the data analysis software for sizing and
quantification.



1. ISOLATE RNA FROM SAMPLES

4 N
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1. ISOLATE RNA FROM SAMPLES

Circular RNA (0.02%)
snRNA (0.16%)
snoRNA (0.12%)
pre-mRNA (0.13%)

MRNA (4%)
tRNA (12%)
rRNA (84%)

mRNA
IncRNA
Pseudogenes
circRNA
tRNA
snoRNA
miRNA
PiIRNA

Etc.



1. ISOLATE RNA FROM SAMPLES

Ribo-zero

Ribo-Zero Plus: Enzymatic depletion

Total RNA
P
( 1 DNA probes hybridize
A to rRNA targets
HYBRIDIZE PROBES
3 —— RNase H cleaves rRNA

bound to DNA

Enzymatic
rRNA depletion

\

N DNA probes digested
REMOVE PROBES with enzyme
& Clean up RNA

Ribo-Zero Plus
Probes

=== RNA of interest Abundant transcripts

Legacy Ribo-Zero: Pulldown-based

Total RNA

( 1 — e Biotinylated probes
—_— hybridize to rRNA targets
—

HYBRIDIZE PROBES

e o & Streptavidin beads pull

‘ —“ & down rRNAs bound with
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rRNA depletion
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Ribo-Zero Probes
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1. ISOLATE RNA FROM SAMPLES

Poly(A) affi nlty selection

mRMNA
TTTT

/@
@ IHNF\

TTTT

@ — Olige-dT matrix

Mixture of cytoplasmic AMNAs

Mix under
hybridization
o, conditions

TTTT

Wazh away FRNA
and tRNA

Eluta colurmn
in low-salt buffer
B! e e AAAAAN

Phhhbp

MmRNA B

IncRNA
Pseudogenes
circRNA
tRNA
snoRNA
miRNA
PiIRNA

Etc.

Poly(A)

- RNA-seq



1. ISOLATE RNA FROM SAMPLES

Ribo-zero

Ribo-Zero Plus: Enzymatic depletion

Total RNA
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2. FRAGMENT RNA INTO SHORT SEGMENT

Frequency

0.0015 4

0.0010

0.0005 +

~— Non-coding RNA
Protein-coding RNA

Is useful to fragment the RNAs since the
transcript length is not compatible

with the Maximum Read Length of
most current sequencing platforms.

/\

Physical Methods Enzymatic Methods

v

| Chemical Methods

0.0000 ~+

0

2,000 4,000
Sequence length

6,000 \/
\ * RNAse lll
* Acoustic shearing
e Sonification v
*  Hydrodynamic «  Alkaline solutions
shear * Solutions with

divalent cations



3. LIBRARY PREPARATION

AAAAAAAAA 1) PolyA+ RNA captured Slngle-strar?ded RNA molecules must be
ITTTTTTTTTTE) converted into double-stranded
complementary DNAs (cDNA).
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[llumina TruSeq stranded poly(A) library preparation




3. LIBRARY PREPARATION

AAAAAAAAA 1) PolyA+RNA captured P e e,
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3. LIBRARY PREPARATION

AAAAAAAAA 1) PolyA+RNA captured
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3. LIBRARY PREPARATION

AAAAAAAAA 1) PolyA+RNA captured
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e mmmmm  mmmmmm  mmmmm == 3) First strand cDNA synthesized
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[llumina TruSeq stranded poly(A) library preparation
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9. SINGLE-END SEQUENCING VS PAIRED END
SEQUENCING

Single-End reads Paired-Ends reads
Read1 Readl
——— T
° ° ——
* Single-End sequencing (SE) : Read2
consists in sequencing the fragment | .
from On|)’ one end Reference
| repeats L

* Paired-End sequencing (PE) :
consists in sequencing both ends of a
fragment, resulting in the production of
read pairs. This allows to improve the
alighment, to better identify e quantify
splicing variants and to detect
rearrangements such as insertions,

deletions and inversions /_\

\r

I 11777777 CLALALALLL I7T17777777 I7T7777777




THE METHOD

Biological Question Sequencing Type
Mutated Gene mRNA /N
Poly(A)
T neRNA | R
Pseudogenes | _ |
Cell Cancer cell circRNA
tRNA ~—] Total RNA-seq
- snoRNA SUIT
. ma -
miRNA — .
piRNA
Etc. — —
Which genes are Which miRNA are
Upregulated or Upregulated or

Downregulated? Downregulated?




THE METHOD

Number and type of Reads

Breadth of Coverage

Depth

A Gene structure

S P

mRNA isoforms

SN\ ANNANNNNS AAAAA
5'cap\/\Nv AAAAA
B Short read RNA-seq
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6. DATA ANALYSIS

FASTQ files

©Y103_0 HISEQ,30 LENWGKBCXN.2:1101:639T,2187 1N:0:CCAGTT grig be=AAAAAAAAAAAN new_be=AAAAAANAAAAN be_diffs=D
TACGTAGGGT(.:(_(.u\(.n(_(.r’l"l‘(.r’l‘(_(_(.n(.rMTTACl‘(.:(.nu(_(JTAM(JA(J(.‘T(.(JTAGGC(J(:TT'T(:T(.GC(:T(. CTGTGAAATCOOGCAGCTCAACTGOGGGCTTGCAGGCGATACGG
GCAAACTTGAGTACTGCAGGGGAGACTGGAATTCCTGGTGTAGCOGTCAAATGCGCAGATATCAGGAGGAACACOGGTGOCCAAGGOGGATCTCTGGACAGTAACTGACGE
TGAGGAGCGAAAGCGTGGGTAGCGAACAGG

A
T HI G I HIT I T HH T T G T T
T

@Y103. 1 HISBQAOLINWEERCKX AL A6 1 NO.CCACTT arg_herMMAAAAAAAN new_bo-AAAAAAAAAAAA bo_diffo0

TACGTAGGGGGC GTTATCCGGATTTACTGGGTG TAMGGGA(:((:TA(:ACGGCMGGCM(JTCT(JAT(J GGGCTTAACCCTGGGACTGCATTGGAAACT
(:TCTGGCT(_.(:A(:T(;(_.(_.GGA(:AGGTMGCGGMTT(_.CTA TAGOGGTGAAATGOGTAGATATTAGGAAGAA AC CAGTGGOGAAGGOGGCTTACTGGACGGTAACTGACG
TTGAGGCTCGAAAGCGTGGGGAGCAAACAGG

.

T H I HHHE T T T T T T T
T T

@Y103_2 HISEQ 301 HNWOKBCXX2,1101:18481.2208 1 N:0.CCAGTT nrig_be=AAAAAAAAAAAA new_be=AAAAAAAAAAAA be_diffs=0
TACGTAGGGTGOCAGCCGTTGTCOGGAATTACTGGGCOTAAACACCTCOTACGGCCOTTTOTCCOGTCCOTCTOTCGAAATCOOCCACGCTCAACTGOCCOCTTOCACGCOCATACGS
GCAGACTCGAGTACTGCAGGGGAGACTGCGAATTCCTGCTCGTAGOGGTCAAATGOGCAGATATCAGGAGCGAACACOGCTGGOCAAGGOGGGTCTCTGGGCAGTAACTGACGT
TGAGGAGCGAAAGCGTGGGTAGOGAACAGG

+
. ITHI T H T H T G G T H T T H T T T THT T T IIT
TTHITTIHETT TG TG

@Y103_3 HISEQ.30LHNWGKBCXX.2,1101:5935:2268 LIN:0:CCAGTT grig._be=AAAAAAAAAAAA new_be=AAAAAAAAAAAA be._diffs=0
| TACGAAGGGGGCTAGOGTTGTTCGGATTTACTGGGCGTAAAGOGCACGTAGGOGGATTGGTCAGT TAGAGGTGAAATCCTGGAGCTCAACTCCAGAACTGCCTTTAATACTG
CCAGTCTCCAGTOOGGAAGACGCTGAGTGCAACTOCTAGTCTACAGGTGCAATTCOTAGATATTAGGAAGAACACCAGTGCOCAACGOGGCTCACTGGTCOCGTACTCACGC
TGAGGTGOGAAAGOGTGGCGGAGCAAACAGG

A

TTHI G G H I T I H T H T T T HT I
I T

@Y103_4 HISEQ.301 HNWGKBCXX.2.1101:9217:2438 1L:N:0:CCAGTT g, he=AAAAAAAAAAAA new_be=AAAAAAAAAAAA be_diffs=0
TACGAAGGGTGCAAGOGTTAATCGGAATTACTGGGOGTAAAGOGOGOGTAGGTGGTTTGTTAAGT TGGATGTGAAAGCCCOGGGCTCAACCTGGGAACTGCATCCAAAACT
GGCAAGCTAGAGTATGGCAGAGGGTGGTGGAATTTOCTGTGTAGOGGTGAAATGOGTAGATATAGGAAGGAACACCAGTGGOGAAGGCGACCACCTGGGCTAATACTGACA
CTGAGCGTGCOAAACCCTGGCOCAGCAAACAGT

A

I T H T HITH T T H T HHE T e e
TIITHIII T

@Y103_5 HISEQ: 301 HNWGKBCXX:2,1101;5325:2570 1:N:0:CCAGTT grig. he=AAAAAAAAAAAA now_be=AAAAAAAAAAAA be._diffs=0
TACGTAGGGTGOGAGCGTTGTCOGGAATTACTGGGOGTAAACGAGCTCGTAGGCGGTTTCTCGCCTCCTCTGTGAAATCOOGCAGCTCAACTGOGGGCTTGCAGGCGATACGG
| GCAAACTTGAGTACTGCAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGOGCAGATATCAGGAGGAACACOGGTGGOGAAGGOGGGTC 'GGGCAGTAACTGACGC
TGAGGAGOGAAAGCOGTGGOTAGOGAACAGG

.

TTHI T CEHTT G EH I H T H I T H T T
T HITT T T HITT

@Y103_6 HISEQ30LENWGKBCXX2: 1013176172520 1:N:0:CCAGTT grig_be=AAAAAAAAAAAA new_be=AAAAAAAAAAAA bo. diffs=0
TACGAAGGGTGCAAGOGTTAATCGGAATTACTGGGOOTAAAGOGOGOGTAGGTGGTTCGTTAAGTTGGATGTGAAAGCCCCGGGCTCAACCTGGGAACTGCATCCAAAACT
GGCGAGCPAGAGT.‘\(_.GGT)\(.r)\GGG'T(.1(:'T(.1(:MTTT(_.CT(.r'T(.r'TA(_'(_.(.1(:'T(.rMATGC(.rTA(.r.‘\T.‘\T.‘\GGM(.v(.rM(_.A(..L.A(:TGGC(:MGGC(:AL.L.ALCP ‘GGACTGATACTGACA
CTGAGGTGCGAAAGCGTGGGGAGCAAACAGG

5

T T T T T T T I
TIITHI I

@Y103_7 HISEQ.30LHNWGERCXX:2:1101:19548 2731, 1 N:0:CCAGTT nrig, be=AAAAAAAAAAAA AAAAAAAAAAAA be_
TACGTAGGGTGCGAGCGTTGTCOGGAATTAS ‘I‘(J(J(JCGTM}\GAGCTCGTAGGCGGTTTGTCGCGTC CTGTGAAATCOOGCAGCTCAACTGOGGGCTTGCAGGOGATACGG
GCAAACTTGAGTACTGCAGGGGAGACTGCGAATTCCTGOTOTAGCGGTOAAATGOGCAGATATCAGGAGGAACACOGATGGCGA AGGOGAGTCTCTGRGCAGTAACTGACGT
TGAGGAGCGAAAGCCTGOOTAGCGAACAGG
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6. DATA ANALYSIS

. You will analyze my sequencing results
in half an hour or $O...right? Yeah, right few SCripts!
| rosta it is bunch of sCripts and few buttons...right? B

. . o vi - . >
Quality Control right? right? right?..... right? J 1
FastQC, FastQScreen, FASTX ' - G '

l Fastq & e 4//// l ‘
Trimming -
ﬁ Skewer, Cutadapt, Trimmomatic L — ']
l Trimmed Fastq '\ﬂ O n g.t)
N— Quality Control N2

l Trimmed Fastq
Genome / transcriptome _________. >
fasta, GTF/GFF apping

to genome to transcriptome
Aligners Quasi-mappers i
Bowtie2, BWA, GEM Salmon, Kallisto
Genome Browser [ BAM
UCSC, ENSEMBL, IGV

Quantification

Splice-aware aligners

STAR, Tophat2, HISAT2

g
3
I3
Annotation o
GTF/GFF

If not provided by mapper: htseg-count,
featureCounts, RSEM, eXpress

l Counts

Sample information
experimental group, """ >
replicates, cell type, ...

Differential expression
DESeq2, edgeR, limma, NOISeq, EBSeq

l DE genes

Gene °h"t°';_g"' KEGG, ... Ml Functional analysis
anther, Blocarta, ... EnrichR, GSEA, DAVID, GOstats

e
NOTHING IS WHAT IT SEEMS

http://biocomicals.blogspot.com




6. DATA ANALYSIS Q=-10log, P

Qualty scores across al bases llumins »v1.3 encoding)

IIIIIIIIIIIIIIIII

Quality Control

Trimming ™ T N
Skewer, Cutadapt, Trimmomatic 18

l Trimmed Fastq e

N— Quality Control
l Trimmed Fastq Ju

Genome / transcriptome ________. > 8
fasta, GTF/GFF apping 6

4
/ N\ 2 RNl ARNNARNT N

to genome to transcrlptome o 1 2 3 4 5 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

l / \ Pasition i read (bp)
u

Splice-aware aligners Aligners Quasi-mappers Oper sequence GC content
Bowtie2, BWA, GEM Salmon, Kallisto

STAR, Tophat2, HISAT2

GC distribution over all sequences

GC count per read

14000 Theoretical Distribution

Genome Browser [y BAM
UCSC, ENSEMBL, IGV

Quantification

g
5 12000
3
Annotation o

GTF/GFF If not provided by mapper: htseg-count,

featureCounts, RSEM, eXpress
l Counts

10000

. . 8000
Sample information

experimental group, """ >
replicates, cell type, ...

Differential expression

DESeq2, edgeR, limma, NOISeq, EBSeq sa00

l DE genes

Gep"e %"“";_EV: KEGG, ________ N Functional analysis
anther, Biocarta, ... EnrichR, GSEA, DAVID, GOstats

4000

2000

o
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Mean GC content (%]




Qualty scores across al bases llumins »v1.3 encoding)

IIIIIIIIIIIIIIIII

l Fastq

Quality Control w L] HAHL L
FastQC, FastQScreen, FA 26 e | |
Trimming 0 ] L1l
Skewer, Cutadapt, Trimmomatic 18

N— Quality Control Z

l Trimmed Fastq Ju

Genome / transcriptome
fasta, GTF/GFF

\ ) LIITLITTIT

to genome to transcriptome o 1 2 3 4 5 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Splice-aware aligners

Pasition i read (bp)

Aligners Quasi-mappers
STAR, Tophat2, HISAT2 Bowtie2, BWA, GEM Salmon, Kallisto
S1AK, fop Read —>

Genome Browser [y BAM
UCSC, ENSEMBL, IGV

. Any technical sequence

. Adapter (in-silico ligated)

A } Aligned Region -|
[T

&

IS _

I Valid Sequence

r . Read —> .
Annatation Quantification S -
GTF/GFF Al 17 not provided by mapper: htseg-count, B . Trimmed Sequence
featureCounts, RSEM, eXpress /4? H
Aligned Region | i i —————| Key

l Counts

| ForwardRead —>

Sample information Diff tial .
experimental group, =-===- > Ifrerential expression

replicates, cell type, ... DESeq2iedgeRilimmanhoISagiERSeG C }— Aligned Region _-1

l DE genes
€——— ReverseRead |

Gene Ontology, KEGG : :
ep"azthlr";i"c'ma [ N Functional analysis T g —
’ b o EnrichR, GSEA, DAVID, GOstats
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|
<——— Reverse Read |




6. DATA ANALYSIS

lllumina sequencer

l Fastq

Quality Control
FastQC, FastQScreen, FASTX

Fastq

Trimming

Skewer, Cutadapt, Trimmomatic
l Trimmed Fastq

N— Quality Control

Genome / transcriptome
fasta, GTF/GFF

to genome

Splice-aware aligners
STAR, Tophat2, HISAT2

Genome Browser
UCSC, ENSEMBL, IGV

Annotation

GTF/GFF
featureC

Sample information
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Gep"e c:]"“";_gva KEGG, ________ N Functional analysis
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