
Statistical methods for RNA-seq data 

Wei Sun 
Department of Biostatistics 
Department of Genetics 
University of North Carolina, Chapel Hill 



Outline 
}  1. An brief introduction to RNAseq 
 
}  2. Allele-specific expression 

}  3. Isoform-specific expression 

 



Central Dogma 



Transcription and Translation 



Gene expression microarray 



Gene expression microarray 

Gene expression measurement by Microarray (II)

Expression level is measured by fluorescence intensity, which usually have

limited dynamic range.

TReCASE 4

Sample 1 Sample 2 … Sample n 

Gene 1 10.45 10.52 10.40 
Gene 2 4.63 4.76 4.70 
Gene 3 8.80 8.96 8.82 
… 

… 

Gene p 8.30 8.44 8.27 



Nat Rev Genet. 2009 Jan;10(1):57-63 



RNA-seq 

Bioinformatics. 2009 May 1;25(9):1105-11 

RNA are cut into small fragments, select those fragments around certain base pairs (e.g., 
400bps). 
 
Sequence one end or both ends of the sequence fragments. Each sequenced part of an 
RNA-seq fragment is called an RNA-seq read.  Map the RNA-seq reads to the genome, 
then count the # of fragments per gene 

Paired-end read 



Nat Protoc. 2012 Mar1;7(3):562-78. 

bsub -M 16 -q week tophat --segment-length 17  
-G ~/research/eQTL_seq/CEU/anno/Homo_sapiens.GRCh37.66.updated.gtf  
-o /lustre/scr/w/e/weisun/CEU/tophat/NA12892 -r 8  
~/bin/bowtie/indexes/hg19 1184_1_1.fastq 1184_1_2.fastq 

1184_7_1.fastq  1671_5_1.fastq  2005_8_1.fastq  2257_8_1.fastq  2992_5_1.fastq
1184_7_2.fastq  1671_5_2.fastq  2005_8_2.fastq  2257_8_2.fastq  2992_5_2.fastq
1184_8_1.fastq  1974_1_1.fastq  2011_5_1.fastq  2262_8_1.fastq  2992_6_1.fastq
1184_8_2.fastq  1974_1_2.fastq  2011_5_2.fastq  2262_8_2.fastq  2992_6_2.fastq
1184_s_1.fastq  1974_2_1.fastq  2011_6_1.fastq  2354_1_1.fastq  2992_7_1.fastq
1184_s_2.fastq  1974_2_2.fastq  2011_6_2.fastq  2354_1_2.fastq  2992_7_2.fastq
1184_s_3.fastq  1974_3_1.fastq  2036_1_1.fastq  2420_1_1.fastq  3122_7_1.fastq
1184_s_5.fastq  1974_3_2.fastq  2036_1_2.fastq  2420_1_2.fastq  3122_7_2.fastq
1184_s_6.fastq  1974_5_1.fastq  2036_2_1.fastq  2420_2_1.fastq  3122_8_1.fastq
1184_s_7.fastq  1974_5_2.fastq  2036_2_2.fastq  2420_2_2.fastq  3122_8_2.fastq
1184_s_8.fastq  1974_6_1.fastq  2036_3_1.fastq  2420_3_1.fastq  3125_1_1.fastq
1382_1_1.fastq  1974_6_2.fastq  2036_3_2.fastq  2420_3_2.fastq  3125_1_2.fastq
1382_1_2.fastq  1974_7_1.fastq  2036_5_1.fastq  2421_5_1.fastq  3125_2_1.fastq
1382_2_1.fastq  1974_7_2.fastq  2036_5_2.fastq  2421_5_2.fastq  3125_2_2.fastq
1382_2_2.fastq  1974_8_1.fastq  2036_6_1.fastq  2527_7_1.fastq  3125_3_1.fastq
1382_3_1.fastq  1974_8_2.fastq  2036_6_2.fastq  2527_7_2.fastq  3125_3_2.fastq
1382_3_2.fastq  1982_8_1.fastq  2036_7_1.fastq  2589_8_1.fastq  3125_5_1.fastq
1382_5_1.fastq  1982_8_2.fastq  2036_7_2.fastq  2589_8_2.fastq  3125_5_2.fastq
1382_5_2.fastq  2003_6_1.fastq  2208_1_1.fastq  2631_1_1.fastq  3125_6_1.fastq
1382_6_1.fastq  2003_6_2.fastq  2208_1_2.fastq  2631_1_2.fastq  3125_6_2.fastq
1382_6_2.fastq  2003_7_1.fastq  2208_2_1.fastq  2781_3_1.fastq  3125_7_1.fastq
1382_7_1.fastq  2003_7_2.fastq  2208_2_2.fastq  2781_3_2.fastq  3125_7_2.fastq
[ammon:eQTL_seq/CEU/fastq] suninsky% ls -al
total 287346216
drwxr-xr-x  162 suninsky  staff        5508 Jun 16  2012 .
drwxr-xr-x   12 suninsky  staff         408 Sep 14  2012 ..
-rw-rw-rw-@   1 suninsky  staff   483776198 Feb 26  2010 1184_1_1.fastq
-rw-rw-rw-@   1 suninsky  staff   483776198 Feb 26  2010 1184_1_2.fastq
-rw-rw-rw-@   1 suninsky  staff   560550711 Feb 26  2010 1184_2_1.fastq
-rw-rw-rw-@   1 suninsky  staff   560550711 Feb 26  2010 1184_2_2.fastq
-rw-rw-rw-@   1 suninsky  staff   578945428 Feb 26  2010 1184_3_1.fastq
-rw-rw-rw-@   1 suninsky  staff   578945428 Feb 26  2010 1184_3_2.fastq
-rw-rw-rw-@   1 suninsky  staff   586251384 Feb 26  2010 1184_5_1.fastq
-rw-rw-rw-@   1 suninsky  staff   586251384 Feb 26  2010 1184_5_2.fastq
-rw-rw-rw-@   1 suninsky  staff   586124085 Feb 26  2010 1184_6_1.fastq
-rw-rw-rw-@   1 suninsky  staff   586124085 Feb 26  2010 1184_6_2.fastq
-rw-rw-rw-@   1 suninsky  staff   571281728 Feb 26  2010 1184_7_1.fastq
-rw-rw-rw-@   1 suninsky  staff   571281728 Feb 26  2010 1184_7_2.fastq
-rw-rw-rw-@   1 suninsky  staff   559470513 Feb 26  2010 1184_8_1.fastq
-rw-rw-rw-@   1 suninsky  staff   559470513 Feb 26  2010 1184_8_2.fastq
-rw-rw-rw-@   1 suninsky  staff   814016598 Feb 26  2010 1184_s_1.fastq
-rw-rw-rw-@   1 suninsky  staff   943346621 Feb 26  2010 1184_s_2.fastq
-rw-rw-rw-@   1 suninsky  staff   974288908 Feb 26  2010 1184_s_3.fastq
-rw-rw-rw-@   1 suninsky  staff   986614914 Feb 26  2010 1184_s_5.fastq
-rw-rw-rw-@   1 suninsky  staff   986414955 Feb 26  2010 1184_s_6.fastq
-rw-rw-rw-@   1 suninsky  staff   961402718 Feb 26  2010 1184_s_7.fastq
-rw-rw-rw-@   1 suninsky  staff   941493273 Feb 26  2010 1184_s_8.fastq
-rw-rw-rw-@   1 suninsky  staff   468258089 Feb 26  2010 1382_1_1.fastq
-rw-rw-rw-@   1 suninsky  staff   468258089 Feb 26  2010 1382_1_2.fastq
-rw-rw-rw-@   1 suninsky  staff   513117915 Feb 26  2010 1382_2_1.fastq
-rw-rw-rw-@   1 suninsky  staff   513117915 Feb 26  2010 1382_2_2.fastq
-rw-rw-rw-@   1 suninsky  staff   531246078 Feb 26  2010 1382_3_1.fastq
-rw-rw-rw-@   1 suninsky  staff   531246078 Feb 26  2010 1382_3_2.fastq
-rw-rw-rw-@   1 suninsky  staff   534183441 Feb 26  2010 1382_5_1.fastq
-rw-rw-rw-@   1 suninsky  staff   534183441 Feb 26  2010 1382_5_2.fastq

cufflinks -p 8 -o C1_R1_clout C1_R1_thout/accepted_hits.bam 

cuffmerge -g genes.gtf -s genome.fa -p 8 assemblies.txt 

cuffdiff -o diff_out -b genome.fa -p 8 –L C1,C2 -u merged_asm/merged.gtf 

Create a file called assemblies.txt that lists the assembly file for each sample. 
 The file should contain the following lines: 
./C1_R1_clout/transcripts.gtf 
./C2_R2_clout/transcripts.gtf 





RNA-seq 

Sample 1 Sample 2 … Sample n 

Gene 1 512 339 286 
Gene 2 1043 1212 888 
Gene 3 20 12 10 
… 

… 

Gene p 78 65 42 

What does RNA-seq data looks like

1. Raw Data

@HWI-EAS134:1:1:0:1446#0/1

GGGACTTAATCAACGCAAGCTTATGACCCGCACTT

+

BB<2A81(66B<2>BB@>?B=BA6=8@BCBB@?3/

2. Mapped Data

Raw data plus chromosome location and possibly strand information.

3. Count The Number of Reads Per Gene

gene chr len Sample 1 Sample 2

ENSG00000110514 chr11 6388 512 339

ENSG00000086015 chr1 6060 419 376

ENSG00000211769 chr7 48 0 1

ENSG00000211762 chr7 545 21 11

TReCASE 6

bed-tools 



Microarray vs. RNA-seq 
}  RNA-seq is more accurate 

}  Larger dynamic range 

}  RNA-seq is more expensive 

}  RNA-seq is less high throughput 

}  What else?  
}  Allele-specific expression 
}  RNA isoform specific expression 
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Allele-specific expression (ASE) 

Science 22 October 2004: vol. 306 no. 5696 647-650 



SNP 

A single-nucleotide polymorphism (SNP) 
is a DNA sequence variation occurring 
when a single nucleotide — A, T, C or G 
— in the genome differs between 
members of a biological species or 
paired chromosomes in an individual 

The genotype of this SNP of this  
individual is CT (heterozygous) 

We have two sets of chromosomes, 
i.e., two double-helix structure 

The genotypes at other locations are AA, AA, CC, TT, AA, AA, CC (homozygous)  



Allele-specific expression (ASE) 
}  ASE can not be measured by microarray 

}  Microarray use the same probe for both alleles of a gene 

}  ASE can be measured by RNA-seq 
}  Only for those RNA-seq reads that overlap with heterozygous 

SNPs 



Gene-level allele-specific expression (ASE) 

ü     A pipeline for appropriate sequence alignment. 

ü     Need haplotype information to combine the ASE at each SNP/indel to obtain       
 gene level ASE 
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eQTL (gene expression QTL) Mapping Using 
ASE 
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Sun (2012), A Statistical Framework for eQTL mapping using RNA-seq, Biometrics, 68(1):1-11 



eQTL Mapping Using ASE 
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eQTL Mapping Using ASE 

Sun (2012), A Statistical Framework for eQTL mapping using RNA-seq, Biometrics, 68(1):1-11 

}  Why? 
}  Combine the information of total expression and ASE to 

improves the power of eQTL mapping 
}  Using ASE, we compare the expression of paternal allele vs. maternal 

allele within an individual. One allele is an internal  
control of the other allele, and thus many confounding factors are 
canceled out.  

}  Identify cis-acting eQTL that directly influences gene 
expression in an allele-specific manner 



eQTL Mapping Using ASE 
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Negative Binomial distribution for TReC Beta-Binomial distribution for ASE 



eQTL Mapping Using ASE 
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Real data analysis of 65 HapMap YRI samples (Pickrell et al. (2010)  Nature 464, 768–772 ) 

TReC: Total Read Count, TReCASE=TReC+ASE 



RAW RNA-seq Data of 
FASTA/FASTAQ Format

Map Reads to 
Reference Genome

Map Reads to 
Individual-specific 
haploid genomes

Mapped Reads
as BAM files

QC and counting
Remove reads with mapping ambiguity or low mapping quality
To count for allele-specific reads, remove those reads with low 
mapping quality at the SNP position.

DNA genotype data in 
the study sample

Phasing, e.g., by 
MACH or BEAGLE

phased, imputed haplotype 
data in the study sample

haplotype data from 
reference panels

TReC per gene per sample
ASE per gene per sample per allele

eQTL mapping using 
TReC and ASE

DNA Data ProcessingRNA Data Processing

eQTL Mapping

PCs estimated from 
standardized TReC Data

Covariates, such as 
total reads per sample, 
batch, gender, age, etc.

Counting



http://www.bios.unc.edu/~weisun/software/asSeq.pdf 

asSeq: A set of tools for the study of allele-specific RNA-seq data

Wei Sun and Vasyl Zhabotynsky

February 22, 2013

1 Overview

> library(asSeq)

This vignette describes how to use R/asSeq to perform eQTL mapping using total expression and/or allele-

specific expression, including a pipeline for input data preparation.

2 A brief Introduction

RNA-seq has become one of the major solutions for genome-wide inquiry of transcriptome variation. Allele-

specific expression (ASE), which can be measured by RNA-seq but not by traditional microarray, provides

a new perspective of transcriptome variation. Allelic imbalance of gene expression may be due to cis-acting
genetic variant or parent-of-origin regulation. Currently this R package asSeq only provides support for

assessing cis-acting eQTL. Later we will include another set of functions that can dissect (cis-acting) genetic
effect and parent-of-origin effect. Here cis-acting regulation means a genetic variant on one allele (i.e., the

maternal or paternal allele) only affects the expression on the same allele. A cis-eQTL often refers to a local-

eQTL. In this document, we use a more precise definition of cis-eQTL such that they are the eQTL associated

with ASE. Interested readers are referred to Sun (2102) [1] and Sun and Hu (2012) [2] for more details. Sun

(2102) [1] provides the details of a statistical method for eQT mapping using both total expression and

ASE. Sun and Hu (2012) [2] is a review paper that reviews topics related with eQTL mapping using ASE or

isoform-specific expression. In addition to main functions for eQTL mapping using total expression or ASE,

asSeq also provides utility functions for quality control or extracting allele-specific RNA-seq reads, which

are the RNA-seq reads that overlap with heterozygous genetic markers. Figure 1 shows a complete pipeline

of eQTL mapping using ASE. Some additional scripts are provided for certain steps of this pipeline.

3 DNA Data Processing

We assume DNA genotype data are available, either from SNP array or DNA sequencing. It is possible to

call SNPs or indels in exonic regions from RNA-seq data, but we do not consider such approach here. First

we need to impute haplotype data in a larger number of SNPs, for example, the SNPs/indels from the 1000

Genome Project. Large number of SNPs/indels provide higher chance that a RNA-seq read overlaps with a

heterozygous genetic marker, hence is identified as allele-specific read. Haplotypes are necessary for eQTL

mapping and estimation of gene level ASE, which is defined by counting the total number of allele-specific

reads that may overlap with different SNPs/indels within a gene.

A set of R scripts are provided for haplotype phasing using MACH in folder scripts/MACH of this

R package. In these R scripts, we start with the SNP genotype from Affymetrix 6.0 array (less than

800,000 autosome SNPs), and impute the haplotypes on more than 36.8 million autosome SNPs from the

1000 Genome Project. Software MACH and all the 1000 Genome Project data needed for phasing can be

downloaded from http://www.sph.umich.edu/csg/abecasis/MACH/download/. Briefly, it takes four steps

to obtain haplotype estimates.

1. step1_prepare_for_MACH.R: prepare genotype data in merlin format as input files of MACH.

1

5 QC and Counting

5.1 Prepare the BAM files

The following codes provide some simple steps for BAM file preparation. Samtools is required for steps 1, 2,

and 4. In the 1st and 4th step, we count the number of reads in the original bam file and the processed bam

file. In the 2nd step, we sort the bam file by read names. In the 3rd step, we use an R function prepareBAM
of our R package asSeq to obtain uniquely mapped reads and apply a number of quality control criteria.

The function prepareBAM not only excludes those reads that fail QC, but also fixes the annotation in the

bam file, particularly the FLAG field of each record. For example, if one read is deleted, the FLAG filed of

its paired mate should be modified to reflect this change. prepareBAM can also do the sorting step, however

we found samtools can often perform the sorting step faster with smaller amount of memory.

# ----------------------------------------------------------------------------
# 1. counting
# ----------------------------------------------------------------------------
sami = "sample1"
bami = "sample1_lane1_xyz.bam"
ctF = sprintf("_count/count_%s.txt", sami)
cmd1 = sprintf("samtools view %s | wc -l >> %s\n", bami, ctF)
system(cmd1)

# ----------------------------------------------------------------------------
# 2. sorting
# ----------------------------------------------------------------------------
cmd2 = sprintf("samtools sort -n %s %s_sorted_by_name", bami, sami)
system(cmd2)
bamF = sprintf("%s_sorted_by_name.bam", sami)

# ----------------------------------------------------------------------------
# 3. getUnique and filtering
# ----------------------------------------------------------------------------
prepareBAM(bamF, sprintf("%s_sorted_by_name", sami), sortIt=FALSE)

# ----------------------------------------------------------------------------
# 4. counting again
# ----------------------------------------------------------------------------
cmd3 = sprintf("samtools view %s_sorted_by_name_uniq_filtered.bam | wc -l >> %s\n", sami, ctF)
system(cmd3)

5.2 Obtain the list of heterozygous SNPs of each individual (the “snpList” file)

Given haplotype data of each individual generated in the previous step, we will generate a list of heterozygous

SNPs to be used to identify allele-specific RNA-seq reads, which are the RNA-seq reads that overlap with

at least one heterozyogus SNP. We refer to this file as a “snpList” file. The first a few rows of a “snpList” file

look like the following:

chr1 1019668 G A
chr1 1020428 T C
chr1 1020496 A G
chr1 1029889 C T

The four columns are chromosome, position, allele 1 (the allele on haplotype 1) and allele 2 (the allele on

haplotype 2), respectively. The 3rd and 4th columns are essentially the two haplotypes of this individ-

ual. Which haplotype is the 1st/2nd haplotype of an individual can be arbitrarily defined. However, such

definition should remain the same thoroughout the analysis. This snpList file will be used by R function

3

extractAsReads to extract allele specific reads. Only the SNPs of heterozygous genotypes are needed in

this file, although the function extractAsReads can automatically filter out those SNPs with homozygous

genotypes, if there is any. An R code (get_snpList.R) that can generate such a snpList file can be in folder

scripts/snpList of this R package.

5.3 Extract the allele-specific reads

R function extractAsReads from our R package asSeq can be used to extract allele-specific sequence reads.

For example, the command can be

extractAsReads(input, snpList, outTag="myOutput", prop.cut=.5, min.snpQ=10, phred=33)

Three main parameters are:

• input: input file name, this should be file of BAM format

• snpList: name of the file including a SNP list, must be tab-delimited file with four columns, chromo-

some, position, allele 1 and allele 2, without header

• outputTag: output files will be named as outputTag hap1.bam, outputTag hap2.bam, and output-

Tag hapN.bam.

There are several additional parameters, and three relatively more important ones are:

• prop.cut: one RNA-seq read may overlap with multiple heterozygous SNPs. We assign a read to one

of the two haplotypes if the proportion of those heterozygous SNPs suggesting the read is from that

haplotype is larger than prop.cut.

• min.snpQ: If the sequencing quality of the base-pair at a SNP is smaller than min.snpQ, we will not

use this SNP to call allele-specific read. The default value is 10, which means 10 above the baseline

phred score specified by parameter phred.

• phred: baseline phred score. Use 33 for Illumina 1.8+, and use 64 for sequences from previous Illumina

pipeline. see http://en.wikipedia.org/wiki/FASTQ_format for more details.

5.4 Counting the total number of reads and the number of allele-specific reads

We count the number of reads per exon set, which includes one or more exons. A single or paired-

end read overlaps with an exon set if it overlaps with all the exons in this exon set and it does not

overlap with any other exon. In the existing annotations, the exons are often overlapping. We pro-

duce the annotation of non-overlapping exons for mouse (Mus_musculus.NCBIM37.67_data.zip) and hu-

man (Homo_sapiens.GRCh37.66_data.zip) in bed format, which can be downloaded from http://www.
bios.unc.edu/~weisun/software/isoform_files/. The scripts used to generate (and check) these non-

overlapping exons are included in this R package at folder scripts/getUniqExon.

The actual counting step can be done in different ways. We modify the intersectBed function of

bedtools to appropriately handle paired-end RNA-seq reads and implement it as an R function countReads
of another R package named isoform.

library(isoform)
countReads(bamFile, bedFile, outFile)

where bamFile is the name of the bam file after sorting by read name and after the QC steps, bedFile is

the name of the annotation file of non-overlapping exons, and outFile is the name of output file, which is

a text file that looks like the following:

17 chr10_100|ENSG00000107651|10;
3 chr10_100|ENSG00000107651|8;chr10_100|ENSG00000107651|10;
2 chr10_100|ENSG00000107651|8;chr10_100|ENSG00000107651|9;chr10_100|ENSG00000107651|10;
11 chr10_100|ENSG00000107651|9;chr10_100|ENSG00000107651|10;

4

5 QC and Counting

5.1 Prepare the BAM files

The following codes provide some simple steps for BAM file preparation. Samtools is required for steps 1, 2,

and 4. In the 1st and 4th step, we count the number of reads in the original bam file and the processed bam

file. In the 2nd step, we sort the bam file by read names. In the 3rd step, we use an R function prepareBAM
of our R package asSeq to obtain uniquely mapped reads and apply a number of quality control criteria.

The function prepareBAM not only excludes those reads that fail QC, but also fixes the annotation in the

bam file, particularly the FLAG field of each record. For example, if one read is deleted, the FLAG filed of

its paired mate should be modified to reflect this change. prepareBAM can also do the sorting step, however

we found samtools can often perform the sorting step faster with smaller amount of memory.

# ----------------------------------------------------------------------------
# 1. counting
# ----------------------------------------------------------------------------
sami = "sample1"
bami = "sample1_lane1_xyz.bam"
ctF = sprintf("_count/count_%s.txt", sami)
cmd1 = sprintf("samtools view %s | wc -l >> %s\n", bami, ctF)
system(cmd1)

# ----------------------------------------------------------------------------
# 2. sorting
# ----------------------------------------------------------------------------
cmd2 = sprintf("samtools sort -n %s %s_sorted_by_name", bami, sami)
system(cmd2)
bamF = sprintf("%s_sorted_by_name.bam", sami)

# ----------------------------------------------------------------------------
# 3. getUnique and filtering
# ----------------------------------------------------------------------------
prepareBAM(bamF, sprintf("%s_sorted_by_name", sami), sortIt=FALSE)

# ----------------------------------------------------------------------------
# 4. counting again
# ----------------------------------------------------------------------------
cmd3 = sprintf("samtools view %s_sorted_by_name_uniq_filtered.bam | wc -l >> %s\n", sami, ctF)
system(cmd3)

5.2 Obtain the list of heterozygous SNPs of each individual (the “snpList” file)

Given haplotype data of each individual generated in the previous step, we will generate a list of heterozygous

SNPs to be used to identify allele-specific RNA-seq reads, which are the RNA-seq reads that overlap with

at least one heterozyogus SNP. We refer to this file as a “snpList” file. The first a few rows of a “snpList” file

look like the following:

chr1 1019668 G A
chr1 1020428 T C
chr1 1020496 A G
chr1 1029889 C T

The four columns are chromosome, position, allele 1 (the allele on haplotype 1) and allele 2 (the allele on

haplotype 2), respectively. The 3rd and 4th columns are essentially the two haplotypes of this individ-

ual. Which haplotype is the 1st/2nd haplotype of an individual can be arbitrarily defined. However, such

definition should remain the same thoroughout the analysis. This snpList file will be used by R function

3



Outline 
}  1. An brief introduction to RNAseq 
 
}  2. Allele-specific expression 

}  3. Isoform-specific expression 

 



Transcription - splicing 

Transcription: DNA è RNA 
Splicing: RNA è messenger RNA 



Alternative Splicing 

Alternative splicing is a process by which the exons of the RNA are reconnected  
in multiple ways during RNA splicing. The resulting different mRNAs are RNA 
Isoforms and they may be translated into different protein isoforms. 
 



Isoform-specific expression 
}  Differential Isoform usage 

}  the relative expression of an isoform with respect to the total 
expression of the corresponding gene 
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Differential Isoform Usage 
}  Cufflinks, CuffDiff (Trapnell et al. 2010, NatBiotechnol. 28(5):511-5) 

}  Estimate RNA-isoform expression, followed by differential isoform 
usage testing 

}  FDM (Singh et al. 2011 bioinformatics vol. 27 2633-40) 
}  Testing for differential isoform usage using spliced read alignment, 

without estimating RNA-isoform expression 

}  Both CuffDiff and FDM perform two sample test 
}  Case vs. Control, treatment vs. placebo 
}  Testing for differential isoform usage vs. a continuous variable? e.g., 

additive genotype, dosage, patient survival time. 

Sun et al. (2012), manuscript 



Isoform-specific expression 

Construct non-overlapping exons 
Assume the exon locations and lengths are known, but they may be overlapping with 
each other. Construct a new set of exons that are non-overlapping 

E1 E2 E3 E4

For each gene, count the number  
of RNA-seq fragments for each exon set 
 

Exon Set Count 

E1 50 

E2 20 

E3 30 

E4 50 

E1:E2 10 

E2:E3 10 

E1:E3 5 

E3:E4 18 

E1:E4 15 



RNA-isoform selection and abundance 
estimation 

E1 E2 E3 E4

Exon Set Count 

E1 50 

E2 20 

E3 30 

E4 50 

E1:E2 10 

E2:E3 10 

E1:E3 5 

E3:E4 18 

E1:E4 15 

If the expression are all from isoform AF417497,  
What is the pattern of read count across exon sets? 



RNA-isoform selection and abundance 
estimation 

E1 E2 E3 E4

Exon Set Count 

E1 50 

E2 20 

E3 30 

E4 50 

E1:E2 10 

E2:E3 10 

E1:E3 5 

E3:E4 18 

E1:E4 15 

AF417497 

1 

1 

1 

1 

1 

1 

0.1 

1 

0.01 

AF417493 

1 

0 

1 

1 

0 

0 

1 

1 

0.02 

AF417495 

1 

0 

0 

1 

0 

0 

0 

0 

1 

y      =       b1 x1   +   b2 x2   +  b3 x3 



IsoDOT 
}  Challenges 

}  This is a very challenging (negative binomial) regression problem 
because  

}  There is a huge number of possible isoforms, especially when there is 
no complete annotation on the RNA isoforms of the gene of 
interest.  

}  There can be strong correlations of the expression pattern of several 
isoforms. 

}  Solutions 
}  Select a initial group of candidate isoforms.  
}  Apply penalized regression. 

 



An overview of IsoDOT 
exon 1

E1
exon 2

E2
exon 3

E3

isoform 1
isoform 2
isoform 3

(b)

(c)

μ    =  x1b1    +   x2b2   +   x3b3
y    ~  NB(μ, ϕ)

RNA-isoform selection and abundance estimation 

Exon Set Count 

E1 50 

E2 20 

E3 10 

E1:E2 10 

E1:E3 5 

E2:E3 0 

E1:E2:E3 0 

Isoform 1 

!1;1 

0 

0 

0 

0 

0 

0 

Isoform 2 

!1;2 

!2;2 

0 

!1,2;2 

0 

0 

0 

Isoform 3 

!1;3 

0 

!3;3 

0 

!1,3;3 

0 

0 

y   ~   !1 x1   +   !2 x2   +  !3 x3 

(a)

IsoDetector: select candidate 
isoforms if needed, estimate 

isoform abundance

Bam files

Known
isoform 

annotation

Fragment 
length 

distribution

IsoDOT: testing differential 
isoform usage

Fragment 
count at 
exon set



Simulation 
We simulated two independent sets of ~2 million 76bp paired-end RNA-seq reads  
by Flux Simulator, using the transcriptome annotation of chromosome 1 and 18 of 
 mouse genome. 
 
A case and a control sample were generates such as all the genes of chr1 are  
equivalently expressed between the case and the control and all the genes of  
chr18 are differentially expressed between the case and the control. 
 

(a) (b)

Set1:Chr1

Set1:Chr18

Set2:Chr1

Set2:Chr18

Case:Chr1

Control:Chr1

Case:Chr18

Control:Chr18

(c)total counts per transcript cluster isoform usage per transcript
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IsoDOT 

Sun et al. (2012), manuscript 

Compare IsoDOT with Cufflinks in terms of RNA isoform abundance estimation,  
using simulated data from flux-simulator, with isoform annotation 

IsoDOT and cufflinks have comparable performance 
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Compare IsoDOT with Cufflinks in terms of RNA isoform abundance estimation,  
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Different tests performed by Cufflinks 

Nat Protoc. 2012 Mar1;7(3):562-78. 
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Isoform-specific eQTL 

Sun et al. (2012), manuscript 

ENSG00000065978, YBX1, Y box binding protein 1 

Real data analysis on 60 CEU HapMap samples 



http://www.bios.unc.edu/~weisun/software/isoform_files/isoform.pdf 

isoform: A set of tools for RNA isoform study using RNA-seq data.

Wei Sun

February 22, 2013

1 Overview

> library(isoform)

This vignette describes how to use R/isoform to estimate isoform abundance and assess differential isoform
usage between cases and controls using an example. We are working on applying this method to assess
differential isoform usage with respect to continuous covariate, e.g., isoform-specific eQTL mapping. Such
examples will be added soon.

2 A brief Introduction

RNA-seq is replacing gene expression microarrays to be the major experimental technique for genome-wide
assessment of transcript abundance. One of the most important novelties of RNA-seq is that it provides
much more informative data to study RNA isoform expression. This vignette presents a working example to
estimate isoform abundance and to assess differential isoform usage of a gene by R package isoform, which
can be downloaded from http://www.bios.unc.edu/~weisun/software/isoform_files/. The details of
the statistical methods used in this R package are beyond the scope of this paper and they are presented
elsewhere.

3 Download simulated data

We used a set of simulated paired-end RNA-seq reads (76bp+76bp) for this working example. The reads
were simulated by Flux Simulator (http://flux.sammeth.net/simulator.html) based on the transcrip-
tome annotation of chromosome 1 and chromosome 18 of mouse genome (Mus_musculus.NCBIM37.67.gtf
from Ensembl database). We specifically set up the simulation such that all the genes from chromosome 1 are
equivalently expressed between the two samples (mm9_simu_set1 vs. mm9_simu_set2, or case vs. control),
and all the genes from chromosome 18 are differentially expressed between the two samples.

The bam files and some intermediate files for two samples (mm9_simu_set1 and mm9_simu_set2) can
be downloaded from the following link: http://www.bios.unc.edu/~weisun/software/isoform_files/
mm9_simulated_data.zip. Each sample has a similar set of files. Here we only list the files for sample
mm9_simu_set1. Similar explanations apply to the files for sample mm9_simu_set2.

• mm9_simu_set1_paired_reads_sorted_by_name.bam: a bam file that includes about 1 million mapped
paired-end reads from mouse chromosome 1 or 18. All the reads in this file are sorted by read name,
such that the two ends of a paired-end read is next to each other, if they are both mapped. This
particular order of reads is required for read counting in the next step.

The following four files will be created in later steps of this working example.

• mm9_simu_set1_insertSize_dist.txt: A text file of the insert size distribution. Insert size is the
same as fragment length. For example, an RNA-seq fragment of 300bp may be sequenced 76bp in both
ends, then the insert size is 300bp, instead of 300-76×2 = 148bp.

1

• mm9_simu_set1_counts_paired_reads.txt: read counts per exon set.

• mm9_simu_set1_geneModel_knownIsoforms.RData: selected isoforms and their expression abundance
for each gene (or transcript cluster) using known isoform information.

• mm9_simu_set1_geneModel.RData selected isoforms and their expression abundance for each gene (or
transcript cluster) when no existing isoform information is available.

4 Start from .bam file – count the number of reads

Our method does not require known isoform annotation. However we do require exon annotation. We count
the number of reads per exon set, which includes one or more exons. A single or paired-end read overlaps with
an exon set if it overlaps with all the exons in this exon set and does not overlap with any other exon. In the
existing annotations, the exons are often overlapping. We produce a set of non-overlapping exons for mouse
(Mus_musculus.NCBIM37.67_data.zip) and human (Homo_sapiens.GRCh37.66_data.zip), which can be
downloaded from http://www.bios.unc.edu/~weisun/software/isoform_files/. The scripts used to
generate (and check) these non-overlapping exons can be also downloaded in the above link.

All the reads the input bam file must be sorted by read name before counting. The following code perform
sorting and some basic QC using function prepareBAM from R package asSeq.

cmd2 = sprintf("samtools sort -n %s %s_sorted_by_name", bami, sami)

system(cmd2)

bamF = sprintf("%s_sorted_by_name.bam", sami)

prepareBAM(bamF, sprintf("%s_sorted_by_name", sami), sortIt=FALSE)

The following set of codes can be used to count the number of reads per exon set.

library(isoform)

bedFile = "Mus_musculus.NCBIM37.67.nonoverlap.exon.bed"

bamFile = "mm9_simu_set1_paired_reads_sorted_by_name.bam"

ctFile = "mm9_simu_set1_counts_paired_reads.txt"

countReads(bamFile, bedFile, ctFile)

bamFile = "mm9_simu_set2_paired_reads_sorted_by_name.bam"

ctFile = "mm9_simu_set2_counts_paired_reads.txt"

countReads(bamFile, bedFile, ctFile)

A few lines of file mm9_simu_set1_counts_paired_reads.txt are shown below.

37 chr18_109|ENSMUSG00000024491|4;chr18_109|ENSMUSG00000024491|5;

17 chr18_109|ENSMUSG00000024491|5;

88 chr18_109|ENSMUSG00000024491|5;chr18_109|ENSMUSG00000024491|6;

The first column corresponds to read count and the second column lists exon sets, where“chr18 109” indicates
a transcript cluster, “ENSMUSG00000024491” is ensemble gene ID, and the numbers at the end is exon ID.
We organize the annotation into transcript clusters because the genomic positions of two genes may overlap,
then we need to consider these two genes together in isoform studies.

2


