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Outline

DNA, Sequencing, Sanger Sequencing, Next Generation Sequencing.

Gene, Transcription, RNA, Gene Expression, Isoform Expression,

RNA-SEQ,

Alignment, Gene Expression Quantification, Coverage,

Computational Challenges, Questions of Interest,

Some Open Problems.
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What is DNA?

DNA (Deoxy Ribonucleic Acid) is a informational molecule made from repeating

units called nucleotides: Adenine, Guanine, Cytosine, Thymine.
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What is Sequencing?
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What is Sequencing?

Sequencing is the process of determining the precise order of nucleotides
within a DNA molecule.
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What is Sequencing?

Sequencing is the process of determining the precise order of nucleotides
within a DNA molecule.

It can be used to determine the sequence of individual genes,
chromosomes or entire genomes.
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Sequencing process
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Sanger sequencing

Sanger sequencing provides high quality and it is the most used method.
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Sanger sequencing

Sanger sequencing provides high quality and it is the most used method.
This method makes use of special enzymes to synthesize fragments of
DNA that terminate when a selected base appears in the sequence of DNA
being read.
These fragments are then sorted according to size by placing them in a
slab of polymeric gel and applying an electric field. This technique is
called electrophoresis.
Because of DNA’s negative charge, the fragments move across the gel
toward the positive electrode. The shorter the fragment, the faster it
moves.
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Sanger sequencing

Shortest fragments make the furthest progress. By considering the results
of our race, we can reconstruct the nucleotide sequence.
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Sanger sequencing

Each tube contains different length fragments.
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The output Sanger sequencing machines are FASTA files

FASTA format is a text-based format for representing nucleotide
sequences, in which nucleotides are represented using single-letter codes.
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The output Sanger sequencing machines are FASTA files

FASTA format is a text-based format for representing nucleotide
sequences, in which nucleotides are represented using single-letter codes.

FASTA file are easy to manipulate by using scripting languages such as:
Python, AWK, and Perl.
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Sanger sequencing limitations
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Sanger sequencing limitations

Main limitation: the size of DNA fragments that can be read in this
way is about 103 base pairs.
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Sanger sequencing limitations

Main limitation: the size of DNA fragments that can be read in this
way is about 103 base pairs.

Main problem: most genomes are enormous (e.g 3 · 109 base pairs in
case of human genome, for each strand of DNA). Therefore, it is
impossible for DNA to be sequenced directly.

This is called Large-Scale Sequencing.

A very good video about Sanger sequencing can be found here:

http://www.youtube.com/watch?v=bEFLBf5WEtc
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What is Next Generation Sequencing?

The Human Genome Project began in 1990 and finished in 2003. It
required the collaboration of hundreds of researchers from 20 institutions
in 6 countries. The estimated cost is about 270.000.000 dollars.
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With the increase of computer technology and with the decrease sequencer
costs it has been possible to produce more and more reads and to achieve
the sequencing task in a shorter and shorter time.
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What is Next Generation Sequencing?

The Human Genome Project began in 1990 and finished in 2003. It
required the collaboration of hundreds of researchers from 20 institutions
in 6 countries. The estimated cost is about 270.000.000 dollars.
With the increase of computer technology and with the decrease sequencer
costs it has been possible to produce more and more reads and to achieve
the sequencing task in a shorter and shorter time.
”Nowadays”, thanks to NGS methodologies sequencers are capable to
sequence the whole human genome in less that one week at a cost of less
than 50.000 dollars.
Cost and time are decreasing at each new release, while speed, accuracy
and resolution are improving dramatically.
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What is Next Generation Sequencing?

”NGS extends the sequencing processes across millions of reactions in a
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The latest instruments are capable of producing hundreds of GigaBytes of
data in a single sequencing run.”

- An Introduction to Next-Generation Sequencing Technology, from illumina.com
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What is Next Generation Sequencing?

”NGS extends the sequencing processes across millions of reactions in a
massively parallel fashion, rather than being limited to few DNA fragments.
This advance enables rapid sequencing of large stretches of DNA,
The latest instruments are capable of producing hundreds of GigaBytes of
data in a single sequencing run.”

- An Introduction to Next-Generation Sequencing Technology, from illumina.com

NGS sequencing methodologies are able to generate hundreds of millions
of short reads (e.g. 30 bps - 100 bps) with their quality values.
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Data produced after a typical NGS process

FASTQ format is a text-based format for storing both a biological
sequence and its corresponding quality scores.
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However...
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... as the quantities of sequence data increase exponentially thanks to
NGS methodologies, ...
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However...

... as the quantities of sequence data increase exponentially thanks to
NGS methodologies, ...

... the analysis of such a large data (usually hundreds of GigaBytes)
became the major ”bottom-neck” of experimental investigations.
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What are Genes?
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What are Genes?

A Gene is a stretch of DNA that codes for a specific product. Usually,
a gene codes for proteins.
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Transcription: pre-mRNA, mRNA and RNA
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Transcription: pre-mRNA, mRNA and RNA

RNA (Ribonucleic Acid ) is a single-stranded nucleic acid.

Transcription is the production of RNA copies of the DNA.

Transcription is performed by a special enzyme called
RNA-polymerase.

Transcription of genes forms a primary transcript of messenger RNA,
called pre-mRNA.

Pre-mRNA first has to undergo a series of modifications to become a
mature mRNA.
Differently from DNA, RNA is very perishable.
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Splicing

One of those pre-mRNA modifications is called Splicing (it only takes
place in eukaryotic cells).
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One of those pre-mRNA modifications is called Splicing (it only takes
place in eukaryotic cells).
Splicing is a modification in which introns are removed and exons are
joined.
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One of those pre-mRNA modifications is called Splicing (it only takes
place in eukaryotic cells).
Splicing is a modification in which introns are removed and exons are
joined.
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Splicing

One of those pre-mRNA modifications is called Splicing (it only takes
place in eukaryotic cells).
Splicing is a modification in which introns are removed and exons are
joined.
It takes place after or concurrently with transcription process.

UTR stands for Untranslated Region.
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Protein production
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Protein production
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Alternative Splicing

Another pre-mRNA modification is Alternative Splicing that creates
series of different transcripts originating from a single gene.
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Alternative Splicing

Another pre-mRNA modification is Alternative Splicing that creates
series of different transcripts originating from a single gene.

Therefore, Alternative Splicing extends the complexity of gene
expression.
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Gene Expression

Gene Expression is the process by which information stored by a gene is
used to build some products.
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Gene Expression is the process by which information stored by a gene is
used to build some products.
These products are often proteins, but they might also be functional RNA.
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Gene Expression

Gene Expression is the process by which information stored by a gene is
used to build some products.
These products are often proteins, but they might also be functional RNA.
Therefore, Alternative Splicing extends the amount of protein production.
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Genome Browser

A way to display and navigate across annotated genes is using a free
software called: Genome Browser.
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GTF

The Gene Transfer Format is a file format used to hold information about
gene structure.
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RNA-SEQ

RNA-SEQ refers to the technologies used to sequence cDNA in order to
get information about the corresponding RNA.
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RNA-SEQ

RNA-SEQ refers to the technologies used to sequence cDNA in order to
get information about the corresponding RNA.
RNA-SEQ is sequencing fragments of the transcriptome.

Introns are not sequenced.
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Alignment

After the sequencing process, we can use some tools (e.g.: Bowtie)
that perform a particular task, called Alignment.
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Alignment

After the sequencing process, we can use some tools (e.g.: Bowtie)
that perform a particular task, called Alignment.

Alignment is the task of finding a unique location where a short read
is identical to the reference.

Alignment is a useful task to study gene expression.

RNA alignment, also called Transcript alignment, is particularly
challenging due to splicing.
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Alignment to a reference genome

Given that the transcriptome is built from the genome, the most
commonly used approach is to use the genome itself as the reference.
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Alignment to a reference genome

Given that the transcriptome is built from the genome, the most
commonly used approach is to use the genome itself as the reference.
After the Alignment process we get three types of reads:

Uniquely mapped reads,

Multiple mapped reads,

Unmapped reads.

Aligner tools can also make use of paired-end reads.
A Paired-end read is a read that has been sequenced from each end of the
fragment (usually called R1 and R2).
Paired-end reads are used to increase the mapping accuracy and to reduce
the number of multiple mapped reads.
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Alignment to a reference genome

The reference is never a perfect representation of the actual source.

Francesco Russo (CNR Naples) RNA-SEQ 14/January/2013 27 / 49



Alignment to a reference genome

The reference is never a perfect representation of the actual source.

Many different biological variations might be present such as: SNPs
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Alignment to a reference genome

The reference is never a perfect representation of the actual source.

Many different biological variations might be present such as: SNPs
(Single-Nucleotide Polymorphism), indels, structural variations and
rearrangements.

Reads can be affected by sequencing errors.

Therefore, the real task is to find the location where each short read
best matches the reference, while allowing for errors and structural
variations.
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Alignment output: SAM format
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Flags
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Coverage as a measure of Expression
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Coverage as a measure of Expression

Coverage describes the number of reads that align to a known
sequence (reference).
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A pipeline to study gene expression and isoform expression

One of the most commonly used workflows is to map reads with a tool like
Tophat and then use a tool like HTSeq to count the number of reads
overlapping a gene.
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Integrated Genome Viewer

Some reads fall within junctions. First half falls on one exon and the second half

on the other exon.
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Overview of RNA-SEQ analysis workflow

RNA

Sequencing

Raw data

FastQ files

Alignment

Expression level (RPKM)

Statistical Analysis

Coverage analysis

Distribution of reads

Visualizations

Annotations
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Common goals of RNA-Seq analysis

RNA-SEQ provides information on:
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Common goals of RNA-Seq analysis

RNA-SEQ provides information on:

differential expression of genes,

differently spliced transcripts,

non-coding RNAs,

post-transcriptional mutations,

gene fusions.
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Computational Challenges

The computational challenges fall into three main categories:
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Computational Challenges

The computational challenges fall into three main categories:

building fast and reliable read aligners,

transcriptome reconstruction (genome-guided, genome-independent),

expression quantification (gene or isoform quantification, differential
expression).
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Questions of Interest

Francesco Russo (CNR Naples) RNA-SEQ 14/January/2013 36 / 49



Questions of Interest

RNA-SEQ experiments allow us to answer several questions about
sequenced transcripts.
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Questions of Interest

RNA-SEQ experiments allow us to answer several questions about
sequenced transcripts.

Expression levels (from counts over exons and junctions)

Structure (e.g.: isoforms from the alignments)

Variants (e.g.: Single-Nucleotide Polymorphism, indels)
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Transcriptome Analysis

Transcriptome investigations are usually performed for the following tasks:
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Transcriptome Analysis

Transcriptome investigations are usually performed for the following tasks:

Characterize the full genome of an organism.

Discover unknown genes (possibly also non-coding ones).

Compare genes across organisms.

Characterize transcript isoforms.

Discover new alternative isoforms.

Monitor transcriptome changes across tissues or in response to
environmental changes.

Identify significant gene expression changes across different
environmental conditions.

Study what is encoded in a genome and how is it processed.
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Transcriptome Analysis

Transcriptome investigations are also used for the identification and
quantification of transcripts, such as:
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Transcriptome Analysis

Transcriptome investigations are also used for the identification and
quantification of transcripts, such as:

Annotated regions stored in classical databases (e.g.: RefSeq, UCSC,
Ensembl).

Boundary annotations (e.g.: exon boundaries, splicing sites, UTR’s).

Novel transcribed regions (e.g.: new exons, new isoforms).
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Transcriptome Analysis
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Transcriptome Analysis

Since the first step of any RNA-SEQ data analysis is usually the
alignment of the reads, all subsequent results and inferences are based
on the aligned reads.
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Transcriptome Analysis

Since the first step of any RNA-SEQ data analysis is usually the
alignment of the reads, all subsequent results and inferences are based
on the aligned reads.

Alignment is an inferential process.

Therefore, uncertainty should be taken into account.

Reads do not have the same quality and the mapping can produce
single mapped reads, multiple mapped reads and unmapped ones.

Therefore:

How can we take into account all this information?

How can we can handle all this information?
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Open research topics in Statistics for RNA-SEQ

Statistical analysis usually makes use of Poisson and Negative Binomial
distributions.
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Open research topics in Statistics for RNA-SEQ

Statistical analysis usually makes use of Poisson and Negative Binomial
distributions. These distributions do not take into account such
uncertainty about reference and reads.

Novel Probabilistic models for RNA-SEQ are still needed.
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De novo transcriptome assembly
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De novo transcriptome assembly

Since a genome contains the sum of all introns and exons that might
be present in a transcript, spliced variants that do not align
continuously along the genome might be neglected as actual protein
isoforms.
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De novo transcriptome assembly

Since a genome contains the sum of all introns and exons that might
be present in a transcript, spliced variants that do not align
continuously along the genome might be neglected as actual protein
isoforms.

De novo transcriptome assembly is the method of creating a
transcriptome without the aid of a reference genome.
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Questions about Isoform Expression
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Alignment strategies of RNA-SEQ reads to the genome

Figure:
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Transcriptome reconstruction methods
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Gene espression quantification with RNA-SEQ
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Graph theory to locally assembly genes/transcripts

Figure:
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Two strategies for genome assembly: from Hamiltonian

cycles to Eulerian cycles
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Differential Expression
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THANK YOU !
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