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Everyone is doing RNA seq !! 



Today, 

 
                              RNA-seq 

Differential                Transcript                     Isoform      … 

 Expression               Reconstruction               Detection 



Sequencing Depths 
Replicates 

Avoiding bias and batch effects 

Experiment Design 



Sequencing Depth 

¨  coverage will vary drastically between different transcripts depending, most 
importantly, on their expression 

¨  number of required reads is determined by the least abundant RNA species of 
interest – how can you gauge how much is enough? 

¨  consider : 
¤  guidelines from literature 
¤  type of experiment and biological question 
¤  transcriptome size and complexity 
¤  error rate of the sequencing platform 

http://chagall.med.cornell.edu/RNASEQcourse/ 



Greater Depth = More Statistical Power  

Brian Haas 



Replicates – Capturing breadth of variability 

¨  biological replicates allow you to have a better handle on the true mean and variance of 
expression (of all genes in question) for the biological population of interest 

¨  ideally, there should be enough replicates to capture the breadth of the variability and 
to identify and isolate sources of noise 

¨  Illumina sequencing data are highly replicable, with relatively little technical variation 

Hypothetical mouse single-cell gene expression RNA 
sequencing experiment 

Blainey et al. (2014) 

Replicate types 
and categories 



Differential Expression Accuracy Improves with Higher 
Biological Replication  



Avoiding Bias and Batch Effects 

¨  Identify the question of interest (what effect are you 
truly after?) 

¨  Attempt to identify possible sources of variability 
(nuisance factors) 

¨  Plan the experiment in a way that reduces the 
effect of the nuisance factors 

¨  Protect yourself against unknown sources of 
variation 



Batch effects - example 



Typical workflow for 
differential expression analysis 

Alignment/Map to the reference genome 

Gene Transcript Quantification 

Data normalization for sequencing 
depth 

Differential Expression 

Visualization Pathway Analysis 

Evaluate 
mapping 

Raw data QC 

Data Assessment 



What do I need to get started? 

Reads and the Reference 



‘Raw Data’/Reads 

¨  single-end (SE) or paired-end (PE) reads 
¨  paired reads are preferable for de novo transcript discovery or 

isoform expression analysis 
¨  longer reads improve mappability and transcript identification 
¨  cheaper, short SE reads are normally sufficient for studies of gene 

expression levels in well-annotated organisms; longer and PE reads 
are preferable to characterize poorly annotated transcriptomes 



Quality of sequencing reads 
Get to know your data! 

Familiar? 

Example tools for QC : 
bbtools package, trimmomatic 



1. Sequence 

¨  table defining genomic 
regions (exons, introns, 
etc) 

¨  file format : GFF/GTF 
(general feature/gene 
transfer format) 

2. Annotation 

¨  plain text file with full 
nucleotide genome 
sequence, long string of 
A/T/G/C 

¨  file format : fasta 

¨  University of California, Santa Cruz (UCSC; 
https://genome.ucsc.edu/), or 

¨   the European genome resource, Ensembl                           
(http://www.ensembl.org) 

¨  NCBI/Genbank (ftp://ftp.ncbi.nlm.nih.gov/genomes/) 

Reference Genome 



Reference Genome sequence (fasta) 



Reference Genome annotation (gtf) 

What does all this mean? 



 the GTF/GFF file format 

¨  tab-delimited 
¨  one line per feature 
¨  9+ columns  
¨  Sample gtf -  



Keep in mind … 

¨  UCSC and Ensembl use slightly different naming 
conventions; Try to stick to one source 

¨  Know exactly which version of genome and 
annotation you are working with. And make sure 
they match! 

¨  Ensure your GTF file is correctly formatted 
¨  At every stage,  Get to know your data! 



Alignment 

Alignment/Map to the reference genome Evaluate 
mapping 

Raw data QC 



Mapping reads to the reference 
genome 

Examples of software : STAR, HISAT, TopHat 

http://chagall.med.cornell.edu/RNASEQcourse/ 



Example tool : STAR 

https://github.com/alexdobin/STAR 



Genome Index Generation 

¨  index files will include  
¤  the genome sequence 
¤  suffix arrays (table of 

k-mers) 
¤  chromosome names 

and lengths 
¤  splice junction 

coordinates 
¤  gene information, eg 

strand 

Book Index 



The alignment 

Think about - 
¨  handling of multi-mapped reads (how is the best alignment score assigned? How are secondary alignments reported?) 
¨  optimization for very small genomes 

¨  defining min and max intron sizes allowed 
¨  handling genomes with large number of scaffolds (draft genomes) 

¨  using STAR for the detection of chimeric and circular transcripts 

Alignment output file 
Alignment logs 

splice junctions details 
unmapped reads 

STAR Output 

STAR Input 

Reference genome 
Input file 

Output file directory 

Output file type 



Alignment log file – 
How well did my reads align to the reference? 



Alignment output file - How does an alignment output 
look? 

query        flag refname pos mapq CIGAR Sequence of aligned read 

optional fields 

Optional HEADER section 



What is this ‘flag’ column? 

Confusing? I have some examples! 

Still not happy? Go to – 
https://broadinstitute.github.io/picard/explain-flags.html 



Okay, what about CIGAR? 



Basic SAM/BAM manipulations 

show header  output BAM   include only reads where 0x4 bit is set) 

show header  output BAM   include only reads where 0x4 bit is NOT set) 



Evaluate your Alignment - metrics 

¨  distribution of the bases in the alignment file 
¨  fractions of nucleotides within specific genomic regions UTRs, introns, 

intergenic sequences, and exons 
¨  Examples of software : pileup from bbtools, CollectRnaSeqMetrics 

from GATK, samtools flagstat, RSeQC 
¨  what to look out for – 

¤  Intron coverage: if many reads align to introns, this is indicative of 
incomplete poly(A) enrichment or abundant presence of immature 
transcripts 

¤  Intergenic reads: if a significant portion of reads is aligned outside of 
annotated gene sequences, this may suggest genomic DNA 
contamination (or abundant non-coding transcripts) 

¤  3’ bias: over-representation of 3’ portions of transcripts indicates RNA 
degradation 

Get to know your data! 



Visualize your alignment – 
Example tool : IGV 

Annotations/Genes 
Reference genome 

sequence 

Coverage 

Where in the genome, am I? 

http://software.broadinstitute.org/software/igv/ 

Get to know your data! 



Stranded or not? 

https://www.ecseq.com/support/ngs/how-do-strand-specific-sequencing-protocols-work 



Gene transcript Quantification 

Alignment/Map to the reference genome 

Gene Transcript Quantification 

Evaluate 
mapping 

Raw data QC 



Gene-based read counting 

¨  to compare expression of single genes between different conditions 
¨  to think about while shopping for quantification software; how does 

the program handle – 

¨  Answer will depend on nature of your experiment and the desired 
outcome 

¨  Examples of software : htseq, featureCounts, cufflinks 



Example tool : htseq-count 

https://htseq.readthedocs.io/en/master/count.html 



Are expectations about global patterns met? 

Data Assessment 

Alignment/Map to the reference genome 

Gene Transcript Quantification 

Evaluate 
mapping 

Raw data QC 

Data Assessment 



Examining global read count patterns 

¨  Pairwise correlation 
ENCODE recommends - for messenger RNA, biological replicates [should] 
display >0.9 correlation for transcripts/features 
 
¨  Hierarchical clustering 
Clusters the group of samples into a dendogram. Different experimental 
conditions/treatment groups should fall into well-separated clusters 

Get to know your data! 



Principal Component Analysis 
Get to know your data! 



http://chagall.med.cornell.edu/RNASEQcourse/ 



Differential Expression 

Alignment/Map to the reference 
genome 

Gene Transcript 
Quantification 

Data normalization for 
sequencing depth 

Differential Expression 

Evaluate 
mapping 

Raw data QC 

Data 
Assessment 



What is Differential ‘Expression’? 



Flavours of Differential Expression 

¨  differential gene expression 
¨  differential transcript expression 
¨  differential transcript usage 
¨  differential exon usage 



Example1 

Brian Haas 



Example2 

Brian Haas 



Example3 

Brian Haas 



Differential Gene Expression 

Phase1. estimate the magnitude of differential expression between two or 
more conditions based on read counts from replicated samples (taking into 
account the differences in sequencing depth and variability) 

 

Phase2. Estimate the significance of the difference and                                   
correct for multiple testing 

Examples of software : DESeq2, edgeR, limma-voom 



http://chagall.med.cornell.edu/RNASEQcourse/ 

Comparison of programs for differential gene 
expression identification 



Example tool : DESeq2 

https://bioconductor.org/packages/release/bioc/html/DESeq2.html 



Normalizing for sequencing depth 
differences 

¨  DESeq’s default method to normalize read counts to account for differences 
in sequencing depths is implemented in estimateSizeFactors 

http://chagall.med.cornell.edu/RNASEQcourse/ 



Finding differentially expressed genes 

¨  what do these columns exactly mean? 
1.  Gene identifier (from the annotation file) 
2.  baseMean : mean normalized counts, averaged over all samples from both conditions 

3.  log2FoldChange : log2 of the fold change in expression of that gene 
4.  lfcSE : standard error estimate for the log2 fold change estimate 

5.  stat: : Wald statistic 
6.  pval : p value for the statistical significance of this change 

7.  padj : p value adjusted for multiple testing with the Benjamini-Hochberg procedure which controls the FDR 



Typical workflow for 
differential expression analysis 

Alignment/Map to the reference genome 

Gene Transcript Quantification 

Data normalization for sequencing 
depth 

Differential Expression 

Visualization Pathway Analysis 

Evaluate 
mapping 

Raw data QC 

Data Assessment 



Volcano plots 
Heatmaps 

Pathway Analysis 

What more can I do with this data?  



Plotting pairwise differential expression 

Volcano plot 
(fold change vs significance) 

MA plot 
abundance vs fold change) 

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

https://bioconductor.org/packages/release/bioc/html/DESeq2.html 



Heatmaps 

Heatmap of the expression counts Heatmap of sample-to-sample distances 

Note: PCA and clustering should be done on normalized and preferably transformed read counts, so 
that the high variability of low read counts does not occlude potentially informative data trends 

https://bioconductor.org/packages/release/bioc/html/DESeq2.html 



Multiple samples, multiple genes, clustering 

Brian Haas 



Pathway Analysis 

¨  common approach to interpreting gene expression data 
¨  pathways - simple sets of genes and an enrichment p-value is calculated for each 
¨  gene set enrichment analysis  

¤  based on the functional annotation of the genes 
¤  useful for finding out if the expressed genes in your dataset are associated with a certain 

biological process or molecular function 

Limitations 
 - 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) 
-  pathways are treated as simple bags 

of genes, disregarding all the 
phenomena and interactions between 
genes that they describe. 

 
Examples of software : GSEA, Ingenuity, 
DAVID 
 



Example tool : GSEA 



GSEA results 



Congratulations! 
You have successfully completed this course! 

Alignment/Map to the reference genome 

Gene Transcript Quantification 

Data normalization for sequencing 
depth 

Differential Expression 

Visualization Pathway Analysis 

Evaluate 
mapping 

Data Assessment 


