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Experimental and 
sequencing design

The sequencing of mRNA can be used to address many 
different biological questions : expression, alternative 
splicing, RNA editing, fusion gene, repeats profiling, etc...

These questions have to be clearly defined BEFORE 
running the sequencing part of the project => Experiment 
“design”

For each of them, dedicated sequencing “design” and 
bioinformatics pipeline should be used



Experimental and 
sequencing design

● Citation 1 : "To consult a statistician after an experiment 
is finished is often merely to ask him to conduct a 
post-mortem examination. He can perhaps say what 
the experiment died of." (Ronald A. Fisher, Indian 
Statistical Congress, 1938, vol. 4, p 17)

● Citation 2 : “While a good design does not guarantee 
a successful experiment, a suitably bad design 
guarantees a failed experiment” (Kathleen Kerr, Atelier 
Inserm 145, 2003)
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● Samples collection :

○ Number of replicates per condition : achieve 
enough statistical power to control experiment 
variability, and so, to be able to answer to your 
biological question

Experimental and 
sequencing design



Replicates : what does that 
mean ?

● Replicates are mandatory to estimate the biological 
variability

● The higher the better !
● A biological replicate is not a technical replicate :

○ Technical = Several extractions of the same RNA or 
Several libraries built from the same RNA extraction or 
A library sequenced several times

(…) With three biological replicates, nine of the 11 tools evaluated found only 20%–40% of the 
significantly differentially expressed (SDE) genes identified with the full set of 42 clean 
replicates (…)
Recommandations for RNA-seq experimental designs :
At least 6 replicates per condition for all experiments.
At least 12 replicates per condition for experiments where identifying the majority of all DE 
genes is important.
(…)
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More reads or more 
replicates

● (…) Increase in biological replication significantly increases the number of DE 
genes identified (…)

● (…) Power of detecting DE genes increases with both sequencing depth and 
biological replication (…)
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● Samples collection :

○ Number of replicates per condition : achieve 
enough statistical power to control experiment 
variability, and so, to be able to answer to your 
biological question

○ Avoid confounding effects : eg. all the samples for 
condition 1 processed by technician A (or in 
year/gender A) and all the samples for condition 2 
processed by technician B (or in year/gender B)

Experimental and 
sequencing design



● Library preparation : 
○ Poly-A selection 

■ High quantity/quality of input RNA (100-300ng and RIN > 6)
■ Loss of all non-polyadenylated features (majority of 

non-coding and small RNAs) 
○ rRNA depletion

■ Variable depletion procedures efficiency (Petrova OE et al. 
Sci Rep. 2017)

■ More expensive (+33%)
○ Small RNA / miRNA
○ Unstranded / Stranded protocol => strand-effect control
○ UMI (Unique Molecule Identifier) => PCR-effect control
○ Spike-ins => sensitivity and accuracy of RNA-seq experiments 

for transcriptome discovery and quantification across different 
samples (eg. short and/or rare transcripts)

Experimental and 
sequencing design
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● Sequencing : 

○ Paired-End : standard for years now
○ Single-End : no more used except for gene expression only 

because sequencing price / 2 compared to paired-end and 
with highly similar gene counts (Pearson R2=0.9792) so you 
can multiply by 2 the number of replicates at same price 
;-)

○ Reads length : 50bp for gene expression, >75bp for the rest 
○ Insert length : generally ~300bp fragments, the higher the 

better for splicing/fusion event discovery
○ Depth : single-cell (1M reads or 50K=highly expressed or 

20K=cell types), 30M fragments for gene expression, >50/75M 
fragments for the rest (75M pairs => 150M reads)

○ Run design

Experimental and 
sequencing design



Run design
Goal:

Do not add any confounding technical effect (day, lane, run, etc…) to the 
factor of interest.

WT1
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CF1

CF2
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Lane 1 Lane 2 Lane 1 Lane 2 Lane 1 Lane 2

Bad example Good example Good example
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Quality control and mapping
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Quality control and mapping
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Quality control and mapping

Tr
ap

ne
ll 

C
. N

at
 B

io
te

ch
no

l. 
20

09



Quality control and mapping
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Quality control and mapping
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Quality control and mapping

Number of input reads 
Average input read length 

UNIQUE READS:
Uniquely mapped reads number 
Uniquely mapped reads % 
Average mapped length 
Number of splices: Total 
Number of splices: Annotated (sjdb) 
Number of splices: GT/AG 
Number of splices: GC/AG 
Number of splices: AT/AC 
Number of splices: Non-canonical 
Mismatch rate per base, % 
Deletion rate per base 
Deletion average length 
Insertion rate per base 
Insertion average length 

MULTI-MAPPING READS:
Number of reads mapped to multiple loci 
% of reads mapped to multiple loci 
Number of reads mapped to too many loci 
% of reads mapped to too many loci 

UNMAPPED READS:
% of reads unmapped: too many mismatches 
% of reads unmapped: too short 
% of reads unmapped: other 

CHIMERIC READS:
Number of chimeric reads 
% of chimeric reads 
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Genes/Transcripts/Exons 
quantification
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Genes/Transcripts/Exons 
quantification
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Genes/Transcripts/Exons 
quantification

SLOW AND UNNECESSARY
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Genes/Transcripts/Exons 
quantification

A simple concept :

Accurate quantification of transcript abundance from RNA-seq data 
does not require knowing the optimal alignment for every potential 
locus of origin. Rather, simply knowing which transcripts (and 
positions within these transcripts) match the fragments reasonably 
well is sufficient.
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Genes/Transcripts/Exons 
quantification

First 3 cycles of EM algorithm.
Abundance of red isoform 
estimated after the 1st M-step: 
(⅓ read a + ½ read c + 1 read 
d + ½ read e)/(total read 
number), i.e. 0.47 
((0.33+0.5+1+0.5)/5)

➢ proved to converge
➢ stop criterion: when all 

probabilities that a 
fragment is derived from a 
transcript >= 10-7 have a 
relative change <= than 
10-3 L.
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Genes/Transcripts/Exons 
quantification

Name Length Effective TPM NumReads
Length

ENST00000424770.1 586 408.443 0 0
ENST00000448070.1 121 12.6016 0 0
ENST00000413156.1 578 400.459 24.2572 5
ENST00000420638.1 685 507.217 151.164 39.465
ENST00000398242.2 1049 869.633 973.655 435.825

Name Length Effective TPM NumReads
Length

ENSG00000079974.1 176.5 159.427 413.683 356.123
ENSG00000213683.3 308.999 237.082 1808.74 546
ENSG00000254499.1 1606 1432.33 0 0
ENSG00000225929.1 2172.5 1993.13 0 0
ENSG00000212569.1 98 14.2568 0 0

OR



Genes/Transcripts/Exons 
quantification



Quality control and mapping
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Genes/Transcripts/Exons 
quantification

RPKM = Reads Per Kilobase per Million
● (Num_sample_total_reads / 1,000,000) = “per million” 

scaling factor (SF)
● (Read_counts / SF) = This normalizes for sequencing 

depth, giving you reads per million (RPM)
● (RPM / Gene_Length_in_kb) = This gives you RPKM.

TPM = Transcripts per kilobase Per Million
● (Read_Counts / Gene_Length_in_kb) = This gives you 

reads per kilobase (RPK).
(Sum_all_sample_RPK / 1,000,000) = This is your “per 
million” scaling factor (SF).
3- (RPK / SF) = This gives you TPM. ht
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Genes/Transcripts/Exons 
quantification

RPKM = Relative Expression Level WITHIN Sample

TPM = Normalized Expression Level comparable BETWEEN 
Samples



Genes/Transcripts/Exons 
quantification

GENE-LEVEL 
RAW COUNTS

DIFFERENTIAL 
ANALYSIS 
(DESeq2)

FUNCTIONAL ANALYSIS
(clusterProfiler + GSEA + IPA + ROMA)

TRANSCRIPT-LEVEL 
RAW COUNTS

DIFFERENTIAL 
ANALYSIS 

(Sleuth)

OPTIONAL : 
GENE-LEVEL 
AGGREGATION

EXON-LEVEL 
RAW COUNTS

DIFFERENTIAL 
ANALYSIS 
(DEXseq)



Genes/Transcripts/Exons 
quantification
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DESeq2 vs edgeR

( https://mikelove.wordpress.com/2016/09/28/deseq2-or-edger/ + https://rnajournal.cshlp.org/content/22/6/839.full )

History
When we started working on DESeq2 in Fall 2012, one of the main differences we were focusing on was a 
methodological detail* of the dispersion shrinkage steps. Aside from this difference, we wanted to update 
DESeq to use the GLM framework and to shrink dispersion estimates toward a central value as in edgeR, as 
opposed to the maximum rule that was previously implemented in DESeq (which tends to overestimate 
dispersion).

I would say that the difference in dispersion shrinkage didn’t make a huge difference in performance compared 
to edgeR, as can be seen in real and simulated** data benchmarks in our DESeq2 paper published in 2014. 
From what I’ve seen in my own testing and numerous third-party benchmarks, the two methods typically report 
overlapping sets of genes, and have similar performance for gene-level DE testing.

What’s different then? 
The major differences between the two methods are in some of the defaults. DESeq2 by default does a 
couple things (which can all optionally be turned off): it finds an optimal value at which to filter low count genes, 
flags genes with large outlier counts or removes these outlier values when there are sufficient samples per 
group (n>6), excludes from the estimation of the dispersion prior and dispersion moderation those genes with 
very high within-group variance, and moderates log fold changes which have small statistical support (e.g. from 
low count genes). edgeR offers similar functionality, for example, it offers a robust dispersion estimation 
function, estimateGLMRobustDisp, which reduces the effect of individual outlier counts, and a robust argument 
to estimateDisp so that hyperparameters are not overly affected by genes with very high within-group variance. 
And the default steps in the edgeR User Guide for filtering low counts genes both increases power by reducing 
multiple testing burden and removes genes with uninformative log fold changes.

https://mikelove.wordpress.com/2016/09/28/deseq2-or-edger/
https://rnajournal.cshlp.org/content/22/6/839.full


DESeq2 vs edgeR

( https://mikelove.wordpress.com/2016/09/28/deseq2-or-edger/ + https://rnajournal.cshlp.org/content/22/6/839.full )

https://mikelove.wordpress.com/2016/09/28/deseq2-or-edger/
https://rnajournal.cshlp.org/content/22/6/839.full
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There are a number of questions that you may answer using your set of DEGs. These 
include:

1) What are the biological process, cellular locations and molecular functions that 
are particularly over- or under-represented in your set of genes ?

2) What are the pathways that are significantly impacted in your condition ?

3) Which are the putative regulatory elements in the promoters of genes that show 
similar expression patterns (i.e. those which have similar fold-change patterns between 
different samples) ?

Functional analysis



GO Analysis : There are many tools that allow you to do this...

...but there are also many, many mistakes related to the way the p-values are 
calculated and corrected for multiple comparisons, the association of genes to 
multiple GO terms and the implicit redundancy, the choice of the background 
set of genes, etc... (Rhee et al. 2008. Nat Rev Genet)
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Functional analysis
We are in 2021...

https://david.ncifcrf.gov/content.jsp?file=release.html



Functional analysis

http://bioinformatics.sdstate.edu/go/
Just paste your gene list to get enriched GO terms and other pathways for over 315 plant and 
animal species, based on annotation from Ensembl (Release 96), Ensembl plants (R. 43) and 
Ensembl Metazoa (R. 43). An additional 2031 genomes (including bacteria and fungi) are 
annotated based on STRING-db (v.10). In addition, it also produces KEGG pathway diagrams 
with your genes highlighted, hierarchical clustering trees and networks summarizing 
overlapping terms/pathways, protein-protein interaction networks, gene characteristics plots, 
and enriched promoter motifs.

http://bioinformatics.sdstate.edu/go/


Functional analysis

There are a number of questions that you may answer using your set of DEGs. These 
include:

1) What are the biological process, cellular locations and molecular functions that are 
particularly over- or under-represented in your set of genes ?

2) What are the pathways that are significantly impacted in your condition ?

3) Which are the putative regulatory elements in the promoters of genes that show 
similar expression patterns (i.e. those which have similar fold-change patterns between 
different samples) ?



Functional analysis

● Pathway databases (eg. Reactome, KEGG, etc.) : Here your set of DEG will be mapped 
on pathways. No real analysis is performed but you see what DEGs are on each 
pathway. The limitations are obvious: no p-values are calculated, no idea about which 
pathways are affected beyond random chance, etc.

● Pathway enrichment analysis : Here, pathways are considered as simple sets of genes 
and an enrichment p-value is calculated for each (e.g. DAVID, GSEA, Ingenuity, etc.). 
The limitations include the fact that the p-values are calculated based on the 
assumption that all variables (genes) are independent while the pathways are there 
precisely to tell you how these genes influence each other. Another limitation is that the 
pathways are treated as simple bags of genes, disregarding all the phenomena and 
interactions between genes that they describe. This analysis approach only looks at the 
number of DE genes and makes no difference between a situation in which a pathway 
has 3 entry points and all 3 are severely down-regulated thus effectively shutting down 
the entire pathway and a situation in which 3 other random genes are down regulated 
on the same pathway.
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Functional analysis

There are a number of questions that you may answer using your set of DEGs. These 
include:

1) What are the biological process, cellular locations and molecular functions that are 
particularly over- or under-represented in your set of genes ?

2) What are the pathways that are significantly impacted in your condition ?

3) Which are the putative regulatory elements in the promoters of genes that show 
similar expression patterns (i.e. those which have similar fold-change patterns 
between different samples) ?



Functional analysis
● You can download the putative promoters (usually 1kb upstream of the transcriptional start site 

is a good starting point) of all the genes you are interested in and search for enriched DNA 
motifs - you can use the online programs RSAT (http://www.rsat.eu/) or MEME 
(http://meme.nbcr.net/meme/) . These DNA motifs may be recognised by sequence-specific 
transcription factors, thereby giving you insight into how this particular transcription profile may 
be regulated.
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Fusion transcripts

BCR-ABL1



Fusion transcripts
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Fusion transcripts
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Fusion transcripts

(v1.2.0 - 2020/07/15)



Fusion transcripts
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Single-cell RNA-seq
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Single-cell RNA-seq
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Single-cell RNA-seq

https://www.10xgenomics.com/



Single-cell RNA-seq
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Spatial Single-cell RNA-seq
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Single-cell RNA-seq Full-Length
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How insufficient ?

40%



Long-Reads technologies



How it works ?

https://docs.google.com/file/d/11a17WJ5itWCoVC8xDkAxuHbufEBUW6OR/preview
https://docs.google.com/file/d/1fZZ6qGQEkF05fPjAhE0cXapa5tkOHnNF/preview


Throughput and lengths



Errors are random



Errors are random



Transcriptome applications

Uncover Novel Insights in Cancer Biology

Unlike traditional RNA-Seq techniques, long-read RNA sequencing allows accurate 
quantification and complete, full-length characterisation of native RNA or cDNA without 
fragmentation or amplification – streamlining analysis and removing potential sources of bias. 
Direct RNA sequencing also enables the identification of base modifications alongside 
nucleotide sequence.

● Full-length transcripts — unambiguous identification of splice variants and gene fusions
● Accurate allele-specific transcript and isoform quantification (thanks to easy phasing)
● Eliminate PCR bias using direct cDNA or direct RNA sequencing
● Detect base modifications alongside nucleotide sequence using direct RNA
● Easy identification of anti-sense transcripts and lncRNA isoforms



Concrete example 1

INTRON RETENTION EVENT



Concrete example 2

FN1 = Fibronectine1 = 8103 bp
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Allele-specific analysis



Allele-specific analysis



Allele-specific analysis

Method 1 : N-masked alignment strategy
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Allele-specific quantification

Method 2 : Alignment to parental genome strategy

Select
Best

Alignments
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Allele-specific quantification
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Expressed SNVs/indels

https://gatk.broadinstitute.org/hc/en-us/articles/360035531192-RNAseq-short-variant-discovery-SNPs-Indels-



Expressed SNVs/indels

https://software.broadinstitute.org/gatk/documentation/article.php?id=3891



Expressed SNVs/indels



Expressed SNVs/indels



Expressed SNVs/indels



Expressed SNVs/indels
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- Full-length transcripts sequencing using long reads
- Allele-specific quantification
- Expressed SNVs/indels variants detection
- Transcripts reconstruction (assembly)
- Alternative splicing / polyadenylation events detection
- Virus/phages expression detection
- RNA editing events detection
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Outline

- Experimental and sequencing design
- Quality control and mapping
- Genes/transcripts/exons quantification
- Functional Analysis
- Fusion transcripts / chimera detection
- Single-cell RNA-seq
- Full-length transcripts sequencing using long reads
- Allele-specific quantification
- Expressed SNVs/indels variants detection
- Transcripts reconstruction (assembly)
- Alternative splicing / polyadenylation events detection
- Virus/phages expression detection
- RNA editing events detection



Alternative splicing / polyA

https://doi.org/10.1016/j.drudis.2019.03.030
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Outline

- Experimental and sequencing design
- Quality control and mapping
- Genes/transcripts/exons quantification
- Functional Analysis
- Fusion transcripts / chimera detection
- Single-cell RNA-seq
- Full-length transcripts sequencing using long reads
- Allele-specific quantification
- Expressed SNVs/indels variants detection
- Transcripts reconstruction (assembly)
- Alternative splicing / polyadenylation events detection
- Virus/phages expression detection
- RNA editing events detection
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Outline

- Experimental and sequencing design
- Quality control and mapping
- Genes/transcripts/exons quantification
- Functional Analysis
- Fusion transcripts / chimera detection
- Single-cell RNA-seq
- Full-length transcripts sequencing using long reads
- Allele-specific quantification
- Expressed SNVs/indels variants detection
- Transcripts reconstruction (assembly)
- Alternative splicing / polyadenylation events detection
- Virus/phages expression detection
- RNA editing events detection
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RNA editing (also RNA modification) is a molecular process through which some 
cells can make discrete changes to specific nucleotide sequences within an RNA 
molecule after it has been generated by RNA polymerase. It occurs in all living 
organisms and is one of the most evolutionarily conserved properties of RNAs. 
RNA editing may include the insertion, deletion, and base substitution of 
nucleotides within the RNA molecule. RNA editing is relatively rare, with common 
forms of RNA processing (e.g. splicing, 5'-capping, and 3'-polyadenylation) not 
usually considered as editing. It can affect the activity, localization as well as 
stability of RNAs, and has been linked with human diseases.

Type of changes : 

● Editing by insertion or deletion
● Editing by deamination (APOBEC1 and/or ADAR mediated)

○ C-to-U editing
○ A-to-I editing
○ Alternative mRNA editing (U-to-C and G-to-A)
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