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Overview

• Next Generation Sequencing:

• how it works and why we need clever bioinformatics techniques

• NGS bioinformatics pipelines:

• Pre-processing NGS data

• Genomic Variants Extraction

• RNA Expression Extraction

• Identifying RNA Editing Events

• NGS for Cancer Biomarker Discovery

• The MedSeq Project
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Introduction

• High-throughput sequencing technologies have revolutionized our 

approach to omics studies.

• Example: 
• Conventional Microarrays:

• requires prior knowledge of DNA sequence (reference genome sequence essential to build 

probes)

• limited to genomic regions which are targeted by the probes.

conventional gene expression studies: no gene expression levels unless probes are available

unknown transcript cannot be assessed.

• High-throughput sequencing approaches are able to capture all the DNA

fragments and all the transcripts (coding and noncoding)
• including low abundance ones…if the sequencing depth is sufficient.



From Sanger Sequencing to NGS Technologies 

•Sanger sequencing
• most widely used over the last three 

decades
• invented in the late 1970s
• used for various applications
• still considered gold standard

• commonly used as validation
• sequence length of up to 1 kb.

•Major limitations:
low throughput (<100 kb)
high cost
Human Genome Project

13 years and $3 billion dollars



Next-Generation 
Sequencing Technology

Knief C (2014) Analysis of plant microbe interactions in the
era of next generation sequencing technologies. Front. Plant
Sci. 5:216. doi: 10.3389/fpls.2014.00216



Future of NGS: 1000$ genome

• Storage:
• Mb per $
exponential curve
doubling time ~1.5 years

• DNA sequencing:
• Base Pair per $
exponential curve
slow growth before 2004 (yellow

line)
with NGS doubling time of less

than 6 months (red line)
Baker, Monya. "Next-generation sequencing: adjusting to data overload." nature methods 7.7 (2010): 495-499.



Bioinformatics Challenges

• NGS pushes bioinformatics needs 
up 

• Need for large amount of CPU power 
• Large compute clusters, Parallelization, …

• VERY large text files (~10 million lines 
long)

• New Tools, Memory Challenges, 
Browsing, …

• Need sequence Quality filtering 
• Raw data are large
…processed data are manageable for 

most people 
sometimes processing = loosing 

information
• In NGS we have to process really 

big amounts of data, which is not 
trivial in computing terms. 

• Big NGS projects require 
supercomputing infrastructures
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The FASTQ Format

• FASTQ format is a text-based format for storing both a biological sequence and its

corresponding quality scores.

Both the sequence letter and quality score are each encoded with a single ASCII character for

brevity.

Originally developed at the Wellcome Trust Sanger Institute.

Now the de facto standard for storing the output of high-throughput sequencing instruments



The FASTQ Format

• A FASTQ file normally uses four lines per sequence:

• Line 1 begins with a '@' character and is followed by a sequence identifier and an optional

description.

• Line 2 is the raw sequence letters.

• Line 3 begins with a '+' character and is optionally followed by the same sequence identifier.

• Line 4 encodes the quality values for the sequence in Line 2, and must contain the same

number of symbols as letters in the sequence.

• The character '!' represents the lowest quality while '~' is the highest.

• The characters are ordered following ASCII codes.



The FASTQ Format – Quality Score

•There are two methods to quantify Q.
• Phred33 and Phred64 which consist of assigning a numerical value based

on the ascii code to which must be added 33 (or 64).

Phred Quality Score Probability of incorrect base 
call Base call accuracy

10 1 in 10 90%

20 1 in 100 99%

30 1 in 1000 99.9%

40 1 in 10000 99.99%

50 1 in 100000 99.999%



The GFF3 Format

•GFF3 (General Feature Format 3) is a simple tab

delimited format for describing genomic features.

allows multi-level grouping and multi-level descriptive attributes.

is both more powerful and more restrictive than other GFF formats.



The GFF3 Format

• A GFF file consists of one or more records, each of which represents a

simple start to stop feature.
• One record per row.

• Each record has 9 fields:

• seqname - the name of the sequence.

• source - The program that generated this feature.

• feature - The name of this type of feature.

• start - The starting position

• end - The ending position.

• score - A score between 0 and 1000.

• strand - Valid entries include '+', '-', or '.'.

• frame - If the feature is a coding exon, represents the reading frame of the first base.

• grouping - used for identification and grouping of multiple records into a single composite record.



The GFF3 Format
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1st step: Quality control with FASTQC

• FastQC provide a simple way to do some quality control checks on raw
sequence data coming from high throughput sequencing pipelines.

• It provides a modular set of analyses which you can use to give a quick
impression of whether your data has any problems of which you should be
aware before doing any further analysis.

• Main functions:
Import of data from BAM, SAM or FastQ files (any variant)

Providing a quick overview to tell you in which areas there may be problems

Summary graphs and tables to quickly assess your data

Export of results



1st step: Quality control with FASTQC

•How to use FASTQC:



1st step: Quality control with FASTQC



1st step: Quality control with FASTQC



2nd step: Quality Trimming with erne-filter
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2nd step: Quality Trimming with erne-filter

• Read trimming is the process, which aims at removing low quality 

portions while preserving the longest high quality part of a NGS read

• Trimming is shown to increase the quality and reliability of the 

analysis, with concurrent gains in performances.

• ERNE is a suite of tools, developed by IGA (Udine, Italy), whose goal is 

to provide an all-inclusive set of tools to handle short (NGS-like) 

reads.



2nd step: Quality Trimming with erne-filter

•ERNE-filter is a command line tool, which handles 

quality trimming and contamination filtering of reads.

• Given a threshold value Q, the algorithm works in two steps. 
• In the first step, it computes the first index where the quality is greater than Q. 

• In the second step, it computes the part of the sequence that can be kept without 

lowering overall quality. 

• Everything before and after is trimmed out.

• After that, if the good region length is lower than a threshold or if the mean quality 

in the good region is lower than a threshold, then the read is discarded.



2nd step: Quality Trimming with erne-filter

•How to use erne-filter:

erne-filter --gzip --threads n --query1 infile \

--query2 infile --output outbase



2nd step: Quality Trimming with erne-filter



2nd step: Quality Trimming with erne-filter



3rd step: Alignment against reference genome
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3rd step: Alignment against reference genome

•For each read we are interested in:
• Position and strand in the reference genome;

• Position of mismatches against reference.

We need a fast algorithm!!

• Generally the alignment phase is preceded by a preprocessing of the

genome in order to speed up the alignment itself.

Here we will introduce Bowtie 2 for DNA-Seq and TopHat 2 for RNA-Seq.



3rd step: Alignment against reference genome

• How much computational
resources we need?

Minimum requirements for a fast
processing:
8 Cores Processor
32Gb of RAM (higher is better)
2Tb of Disk Storage



3rd step: Alignment against reference genome

• INPUT:
•A sequence of known reference genome

•A set (million) reads from the NGS experiment

•OUPUT:
•Positioning of reads compared to the reference genome

• A number of (small) mismatch is allowed.

•Generally the alignment phase is preceded by a
preprocessing (INDEXING) for the purpose of speeding the
alignment itself.



3rd step: Alignment against reference genome – Hash Table based methods

• We build a dictionary of the reference
genome to speed-up the lookup phase
of each read.

• First consider the first K bases for a 
read (or seed K-mer) and search for 
the position in the reference genome.

• Once found verify that the read aligns
with the reference by using an 
alignment algorithm (Smith-
Waterman, seed-and-extends).

• Sometimes spaced-seeds are used.
• Segments of length L where a match 

is required only for K bases (K < L).

• Pay attention to K!!!

• First generation aligners: MAQ, ELAND

SEED (K=5) Values
AAAAA 34,100000,…

AAAAC 3120,440,…
AAAAG ….
AAAAT ….
AAACA ….
….. …
….. …
….. ...
TTTTT 4591923,12…



3rd step: Alignment against reference genome – Suffix Array

• They store in an index all the

suffixes of the genome.
• Space and time requirement 𝑂𝑂 𝐺𝐺

• Suffixes are ordered and a

simple binary search is used to

find the alignment of a read.
• Time requirement 𝑂𝑂 𝑟𝑟 ⋅ 𝑙𝑙𝑙𝑙𝑙𝑙 𝐺𝐺

• Second generation aligners:

SOAP



3rd step: Alignment against reference genome – Burrows Wheeler Transform

•Suppose we have a string:

G = BANANA$

•Consider all possible rotations and order the results (the $

symbol can be seen as either the first or last)
0 B A N A N A $
1 A N A N A $ B
2 N A N A $ B A
3 A N A $ B A N
4 N A $ B A N A
5 A $ B A N A N
6 $ B A N A N A

1 A N A N A $ B
3 A N A $ B A N

5 A $ B A N A N

0 B A N A N A $

2 N A N A $ B A

4 N A $ B A N A

6 $ B A N A N A

SA BWT



3rd step: Alignment against reference genome – Burrows Wheeler Transform

•BW transform is reversible!!

BWT

B
N

N

$

A

A

A



3rd step: Alignment against reference genome – Burrows Wheeler Transform

•Reversing BW transform:
Input

B
N
N
$
A
A
A

A

A

A

B

N

N

$

sort
B A
N A
N A
$ B
A N
A N
A $

add
A N

A N

A $

B A

N A

N A

$ B

sort

B A N
N A N
N A $
$ B A
A N A
A N A
A $ B

add

A N A
A N A
A $ B
B A N
N A N
N A $
$ B A

sort
B A N A
N A N A
N A $ B
$ B A N
A N A N
A N A $
A $ B A

add

A N A N
A N A $
A $ B A
B A N A
N A N A
N A $ B
$ B A N

sort



B A N A N A
N A N A $ B
N A $ B A N
$ B A N A N
A N A N A $
A N A $ B A
A $ B A N A

3rd step: Alignment against reference genome – Burrows Wheeler Transform

•Reversing BW transform:

A N A N
A N A $
A $ B A
B A N A
N A N A
N A $ B
$ B A N

sort
B A N A N
N A N A $
N A $ B A
$ B A N A
A N A N A
A N A $ B
A $ B A N

add
A N A N A
A N A $ B
A $ B A N
B A N A N
N A N A $
N A $ B A
$ B A N A

sort add

A N A N A $
A N A $ B A
A $ B A N A
B A N A N A
N A N A $ B
N A $ B A N
$ B A N A N

sort



3rd step: Alignment against reference genome – Burrows Wheeler Transform

•Reversing BW transform:

A N A N A $
A N A $ B A
A $ B A N A
B A N A N A
N A N A $ B
N A $ B A N
$ B A N A N

sort

B A N A N A $
N A N A $ B A
N A $ B A N A
$ B A N A N A
A N A N A $ B
A N A $ B A N
A $ B A N A N

add



3rd step: Alignment against reference genome

•IMPORTANT: NGS transform can be compressed

•even though the starting string could not

•BW-based (FM-index) methods allow search directly in

the compressed space.

•Third generation aligners: BWA, Bowtie, SOAP2



3rd step: Alignment against reference genome – Bowtie 2

•Bowtie 2 is an ultrafast and memory-efficient tool for aligning

sequencing reads to long reference sequences.

•It works with reads up to 1000 characters.

•Particularly suited for aligning long genomes (e.g. mammalian)

• It uses an indexing algorithm to keep its memory footprint small:
• human genome ~3.2 GB



3rd step: Alignment against reference genome – Bowtie 2

•How to use Bowtie 2:
I. Build an index of the reference genome with bowtie-build utility:

bowtie2-build reference_in index_base

II. Align the reads with the bowtie2 command:

bowtie2 –x bt2-idx -1 m1 -2 m2 -U r -S output.sam



3rd step: Alignment against reference genome – TopHat 2

•TopHat is a fast splice junction mapper for RNA-Seq reads.

It aligns RNA-Seq reads to mammalian-sized genomes using the

ultra high-throughput short read aligner Bowtie.

It analyzes the mapping results to identify splice junctions

between exons.



3rd step: Alignment against reference genome – TopHat 2

•How to use TopHat 2:
I. Build an index of the reference genome with bowtie-build utility:

bowtie2-build reference_in index_base

II. Align the reads with the tophat2 command:

tophat2 –G reference_annot bt2-idx \

sample1,sample2,…

 TopHat produces a tophat_out directory. 

 The file accepted_hits.bam inside the output directory contains the 

results of the alignment.
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SAMtools and BCFtools

• SAM (Sequence Alignment/Map) format is a generic format for storing large nucleotide

sequence alignments.

• SAM aims to be a format that:
• Is flexible enough to store all the alignment information generated by various alignment programs;

• Is simple enough to be easily generated by alignment programs or converted from existing alignment

formats;

• Is compact in file size;

• Allows most of operations on the alignment to work on a stream without loading the whole alignment into

memory;

• Allows the file to be indexed by genomic position to efficiently retrieve all reads aligning to a locus.

SAM Tools provide various utilities for manipulating alignments

i th SAM



SAMtools and BCFtools

• Variant Call Format (VCF) is a text file format for storing marker and genotype data. 

• Every VCF file has three parts in the following order:

• Meta-information lines.

• One header line.

• Data lines contain marker and genotype data (one variant per line).

A data line is called a VCF record.

BCFtools is a set of utilities that manipulate variant calls in the 

Variant Call Format (VCF) and its binary counterpart BCF.



How to extract genomic variants

I. Convert SAM to BAM format and fix errors (needed for bowtie2):

samtools fixmate -O bam alignment_result.sam \

fixed_result.bam

II. Sort BAM file:

samtools sort -O bam -o sorted_alignment.bam \

-T temp_directory alignment_result.bam



How to extract genomic variants

III. Compute all possible genomic variants:

samtools mpileup –ug -o all_variant_sites.bcf \

-f reference.fa sorted_alignment.bam

IV. Run variant caller:

bcftools call –vm -O z -o called_sites.vcf.gz \

all_variant_sites.bcf

 Results of variant caller can be viewed with tools like Broad 

IGV or UCSC browser



VCF Output Example



VCF Output Example
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The Cufflinks suite

•The Cufflinks suite assembles transcripts, estimates their 
abundances, and tests for differential expression and regulation 
in RNA-Seq samples:
accepts aligned RNA-Seq reads

assembles the alignments into a set of transcripts

estimates the relative abundances of these transcripts (taking into 
account biases in library preparation protocols)

•The Cufflinks suite includes a number of different programs that 
work together to perform these analyses.



Cufflinks Workflow



The programs in the Cufflinks suite

• Cufflinks: assembles transcriptomes from RNA-Seq data and 
quantifies their expression (RPKM).

• Cuffmerge: for multiple RNA-Seq libraries, it merges the assemblies 
into a master transcriptome. 

• Cuffdiff: compares expression levels of genes and transcripts, 
determining not only which genes are up- or down-regulated 
between two or more conditions, but also which genes are 
differentially spliced or are undergoing other types of isoform-level 
regulation.



Cufflinks output

• In each output directory, the application will create several files.

We are interested in:

transcripts.gtf

• This file contains the assembled transcripts. 

• It can be viewed with tools like Broad IGV or UCSC browser

genes.fpkm_tracking

• It quantifies the expression of genes, specified in the annotation file.

isoforms.fpkm_tracking

• It quantifies the expression of transcripts, specified in the annotation file.



Cufflinks output



Cuffmerge output

• In each output directory, the application will create several files.

We are interested in merged.gtf

• This file contains the set of merged transcripts.

• Each line contains an annotation field that describes the nature of the overlap 

of this transcript with transcripts from the reference genome.



Cuffdiff output

• In each output directory, the application will create several files.

We are interested in gene_exp.diff and isoform_exp.diff

• These files contains the list of genes (isoforms) that are found differentially 

expressed.

For further description of the format and contents of this file, see 

http://cole-trapnell-lab.github.io/cufflinks/. 

http://cole-trapnell-lab.github.io/cufflinks/


How to extract RNA expressions

I. Run cufflinks for each RNA sample:
cufflinks -g reference.fa -L label \

-o output_dir tophat_out/accepted_hits.bam

II. Create a text file where each line corresponds to a “transcripts.gtf” 

file

III. Run cuffmerge:
cuffmerge -o output_dir -g reference.fa \

list_of_cufflinks_results.txt

IV. Run cuffdiff:
cuffdiff -o output_dir -L label1,label2,… \

cuffmerge_out/merged.gtf samples1,… samples2,… …
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Identifying RNA Editing Events
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What is editing?

• RNA editing is a post-transcriptional phenomenon involving the
insertion/deletion or substitution of specific bases in precise RNA localizations.

• In human, RNA editing occurs mostly by the adenosine to inosine (A-to-I)
conversion through ADAR enzymes.
A-to-I substitutions may have profound functional consequences
A-to-I substitutions have been linked to a variety of human diseases:
neurological, neurodegenerative disorders, or cancer.

• Next generation sequencing technologies offer the unique opportunity to
investigate in depth RNA editing.



REDItools

•REDItools are simple python scripts conceived to facilitate the

investigation of RNA editing at large-scale and devoted to

research groups that would to explore such phenomenon in own

data but don’t have sufficient bioinformatics skills.

They work on main operating systems

They can handle reads from whatever platform in the standard

BAM format and implement a variety of filters.



How to identify putative RNA editing sites

I. If starting from SAM format, convert SAM to BAM:
samtools view –b –T reference.fa aligned.sam > aligned.bam

II. Sort your BAM file:
samtools sort aligned.bam aligned.sorted

III. Index sorted BAM file:
samtools index myfile.sorted.bam

IV. Download and pre-process GTF annotations from UCSC website

More information at: http://srv00.ibbe.cnr.it/reditools/#gtf

http://srv00.ibbe.cnr.it/reditools/#gtf


How to identify putative RNA editing sites

V. Run REDItoolDnaRNA to find putative editing sites:
REDItoolDnaRna.py -i rna.bam -j dna.bam -f reference.fa \

-o out/

VI. Filter candidates:
selectPositions.py -i out/outfile -e -u –o candidates.txt

VII. Annotate candidates with informations in the RepeatMask database to 

look at Alu sites:
AnnotateTable.py -a rmsk.gtf.gz -i candidates.txt -u \

-c 1,2,3 -n RepMask -o candidates.rmsk.txt

VIII.Add gene annotations using RefSeq database:
AnnotateTable.py –a refGene.gtf.gz -i candidates.rmsk.txt -u \

-c 1,2,3 -n RefSeq -o candidates.rmsk.alu.ann.txt



Output example
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Biomarkers

• Biomarkers are key molecular, chemical or cellular characteristics that
can be objectively measured

can be used to describe biological processes, pathogenic state, and response to therapy.

• Three main type of biomarkers
Diagnostic – used to establish the disease state

Prognostic – provide information regarding potential clinical outcome irrespective of

treatment

Predictive – provide information regarding potential clinical outcome in response to

treatment



Biomarkers

• For a biomarker to become accepted for clinical application, it should
have the following characteristics:
Readily and consistently detectable in biological fluids, tissues, or other

biological specimens

Rapidly detectable and stable

High sensitivity and specificity

Strong correlation with the phenotype or outcome of interest

Better if detectable via noninvasive, and cost-effective tests

Consistent across genders.
In cancer a biomarker should also be specific to the cancer subtype (metastatic potential,

detectable in archived samples).



Limitation of traditional biomarkers

• Previous examples are very useful in establishing diagnosis in many cases. However

• They suffer from low specificity and sensitivity. 

• It is becoming clear that blood biomarkers and imaging, may be useful in cancer diagnosis, 
but they are not sufficient to provide enough information for the best course of therapeutic 
outcome.

• CRITICAL: Targeted therapy needs reliable, precise, and clinical relevant 
biomarker

• Examples:

• CML with BCR-ABL translocation and Imatinib

• HER2/neu positive breast cancer and Trastuzumab



Why NGS?

NGS enable performing millions of sequencing reactions in parallels in a short 

time!!

unprecedented scale and rapidly declining cost

With NGS, we can sequence entire cancer genomes

Powerful tool to get an unbiased view of the genome

Significantly improves chances of identifying actionable genetic aberrations.

NGS can be also employed to study epigenetic factors (like methylation)

Commercially, there are NGS-based cancer panels already used in clinical 

practice to guide patients to most appropriate treatment.



How can NGS be employed?

Discovery of genetic variants

Gene expression profiles

Epigenetic modifications

MicroRNA



How can NGS be employed?

Discovery of genetic variants

Genetic variants for Breast Cancer

Most common cancer in woman (USA 250k cases and 40k deaths)

Arise from genetic mutations (~20% family history)
Gene 
Name

Mutation 
Frequency

NGS panel cancer test Potential  therapy

EGFR 28% Ion AmpliSeq Cancer Hotspot v2 
FoundationOneTM
TruSeq Amplicon Cancer Panel 

Erlotinib, Gefitinib, 
Vandetanib, Afatinib, 
Icotinib, Canertinib, 
Epitinib

KRAS 16% Ion AmpliSeq Cancer Hotspot v2 
FoundationOneTM
TruSeq Amplicon Cancer Panel 

TP53 34% Ambry Genetics CancerNext
FoundationOneTM
Ion AmpliSeq Cancer Hotspot v2 TruSeq
Amplicon Cancer Panel 

Ad5CMV-p53 gene 



How can NGS be employed?

Gene expression profiles

Many Microarray based techniques are available for common cancer types 

• (Mammaprint, BluePrint, TargetPrint, …)

These technology, however, report expression at “gene level”

In reality:

many isoforms exist!

Numerous studies have shown altered expression of specific gene isoforms in 

cancer

For Example, in colon cancer, a specific fusion of RSPO2 and RSPO3 were found in ~10% of 

tumors.



How can NGS be employed?

Epigenetic modifications

Epigenetic modifications are changes in DNA independent of variations in its 
sequence

DNA methylation, histone acetylation and methylation, …

They have profound impact on gene expression.

Can act as biomarkers for cancer detection:

Hypermethylation of GSTP1 in prostate cancer

Hypermethylation of DAPK and RASSF1A in bladder cancer

A specific pattern composed of more than 500 differentially methylated genes found in 
hepatocellular carcinoma 
(Mah et al., Methylation profiles reveal distinct subgroup of hepatocellular carcinoma patients with poor prognosis. PLoS One. 2014)



How can NGS be employed?

MicroRNA

Small single stranded RNA molecules that play critical role in gene expression 

regulation

Fundamental in various process (like cell growth)

Hence, they have a key role in carcinogenesis
Cancer Type Sample Type RNA found Sensitivity Specificity AUC

Breast Cancer Serum miR-16, miR-25, miR-222, miR-324-3p 91.7% 89.6% 0.954

Astrocytoma Serum miR-15b*, miR-23a, miR-133a, miR-150*, 
miR-197, miR-497, miR-548b-5p

88% 97.9% 0.972

Gastric Cancer Serum miR-1, miR-20, miR-27a, miR-34, miR-
423-5p

80% 81% 0.879



Next Generation 
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The MedSeq Project

• The MedSeq Project is the FIRST randomized controlled trial which is trying to
introduce Whole Genome Sequencing in everyday clinical practice.

• The MedSeq Project is supported by the National Institutes of Health (NIH)
National Human Genome Research Institute

• Institutional Review Board approval in August 2012.

• To date:
• enrolled 10 PCPs,

• 9 cardiologists, and 200 of their patients.

• 33 Genome Reports have been delivered to enrolled physicians and their patients.



The MedSeq Project

• Three main questions to answer

1. How should a clinical molecular genetics laboratory process and
report WGS results to physicans and their patients?

2. With education and appropriate support, will non-geneticist
physicians feel prepared to discuss and manage WGS results with
their patients?

3. How will the delivery of WGS results impact the actions, attitudes
and outcomes of patients and their physicians?



Study Schema



Patients Selection Creteria



Report example



Next Generation 
Sequencing Concluding



Concluding

• Next generation sequencing poses new opportunities and challenges for

clinical medicine.

• NGS-based studies have made immense contribution towards discovering

many novel and clinical relevant biomarkers

• Most important contribution: the capability to decipher individual cancer

genomes and truly unleash the potential of high-precision medicine

• However, there is a need for specific training, and close collaboration with

bioinformaticians, which are able to correctly use computational means.



Concluding

• In the near future, NGS technologies will play crucial role in cancer

diagnosis, prognosis and disease management.

• Costs are continuously decreasing and NGS technologies are becoming

more precise end less error prone

• As training increase, NGS will be used continuously in common medical

practice, and will become a typical analysis performed to all patients as a

deep screening methodology.



Future Directions

• Longer READS (Next-Next Generation Sequencing)

• Single molecule Sequencing (Fourth Generation Sequencing)
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