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Genomes - Epigenomes 



In the previous Chapter we have seen how the Genome is 
physically organized in different states, through both sub-
nuclear compartmentalization and histone and nonhistone 
proteins modulation. 
 
These different organization states are not distributed 
randomly, nor in a «pulverized», gene-by-gene fashion.  
 
Instead, genomic domains of variable size are homogeneously 
organized as «constitutive heterochromatic», «facultative 
heterochromatic», or «euchromatic» (…just widely speaking).  
 



Questions: 
 
1. what are the determinants of these states ? 

 
2. what is the mechanism leading to «domain» 

uniformity and boundaries ? 
 

3. is the chromatin status inheritable mitotically ? 
 



These are fundamental questions in Biology:  
 
the Genome is organized during development and 
differentiation and this organization is conservatively 
propagated through cell division. Thus, the genome is 
«programmed» through the establishment and 
maintenance of epigenetic information. 
 
 
Finally, we will see how certain characters that are not 
passed on following classical Mendelian rules depend 
upon trans-generational «epigenetic» inheritance 



In the second Chapter of the course, we will examine 
first which are the determinants of chromatic states 
(information input), second how this information in 
managed locally (i.e. within the chromatin domain); 
third how this information is passed on during cell 
division or between generations. 



Definition of Epigenetics:  
 
Any kind of information that is not contained in the DNA 
sequence itself,  which can be transmitted mitotically.  
 
 
Epigenetic inheritance: (Campos-textbook) 
 
The inheritance of a phenotype in a manner that is 
independent of the DNA sequence and that remains self-
perpetuating in the absence of the initial stimulus that 
determined the phenotype in the parental cell or organism. 



1. Does DNA sequence influence chromatin organization ? 

 
Evidence 1: 
Certain organization of chromatin is intrinsic and depends on the DNA 
sequence itself.  Repetitive DNA is an example of this.  
 
Evidence 2: 
We said that chromatin organization follows a «domain» rule. How are 
domain ends determined ? Again, specific sequences called 
«insulators» do the job (through interaction with specific proteins).  
 
Evidence 3:  
How does a «signal» reach chromatin and drive its organization ? This 
job  is made by Transcription Factors, sequence-specific DNA binding 
proteins that bring Writers, Readers and Erasers (WRE) to specific 
locations of Genome. Therefore, the Transcription Factor Binding Site 
are DNA sequence determinants of chromatin states.      
 



DNA sequence 
  
HGP 
 
NGS 
 
Human Variation 
 
Databases 
 
Composition 



The Human Genome Project  

Animated tutorials on the Human Genome Project: 

http://www.genome.gov/Pages/EducationKit/  

 

(free downloads or on-line view) 

Background Help added in 
the last section of the 
Moodle Course site 

http://www.genome.gov/Pages/EducationKit/


HGP (see book, moodle site) 1990-2003 
 
 
1990-1998  -  Physical mapping period (EST, SST, known genes) 
 
1998-2003  -  Cloning, sequencing (Sanger) and assembly 
 
 
The principle:  «hierarchical cloning»  
 
 
Stocastic: the process required super-extensive and highly redundant cloning 
 
• BACs, PACs – 100-200 Kb 
• Cosmids and other phage-derived vectors (20-40Kb) 
• Plasmids – 2-3 Kb  

? 



One chromosome 

Redundant BAC library 

These are «landmarks» 
derived from physical mapping  

Each BAC subcloned 
in smaller pieces 

repeat 

Small plasmid 
clones can be 
Sanger sequenced 

HGP hierarchical strategy 



Sanger sequencing 

Sanger di-deoxy-nucleotide terminator method 
 
• Requires isolated DNA fragments (cloned) 
• Requires known primer sequence  
• Intrinsically limited to 5-700 bp 



Composition of the Human Genome 
 
Sequence identity was progressively annotated in the Human Genome 
by extensive bioinformatic analysis 
 
• Sequence similarity (homology) 
• Correspondence to RNA / proteins 
• Repeated sequence comparison with known genetic elements 
• Knowledge on genomes of different organisms 
  



Human Genome 

3200 Mb 

Gene and gene-related 

1200 Mb 

Intragenic DNA 

2000 Mb 

Interspersed 

repeats 1400 Mb 

Other intergenic 

600 Mb 

Microsatellites 

90 Mb 

Other  

510 Mb 

Transposons, DNA 

90 Mb 

LTR 

elements 

250 Mb 

LINEs 

640 Mb 

SINEs 

420 Mb 

Coding  

48 Mb 
Related 

1152 Mb 

Introns, UTRs 

Gene 

fragments 

Pseudogenes 

Genome composition - H. Sapiens ( the 2003 version). 



http://www.ensembl.org/index.html  

http://www.ensembl.org/index.html
http://www.ensembl.org/index.html


What is «readthrough» ? 



From: Treangen & Salzberg, 2012 

Repetitive sequences cover nearly half of the Human Genome 



Interspersed repetitive elements  -  Mobile genetic elements 



25K 

50K 

 A 50 Kb tract of the Human genome 





Short tandem sequence repeats at telomeres. 
 
In H. sapiens:  TTAGGG   (2,500 repeats) 
 
Repeat sequence differs in different organisms 

Telomeric repeats are bound by 
protein complexes that mediate 
back-folding of the telomeric end 
and hybridization of the single-
stranded 3’ protruding end. 





Second class of pseudogenes 

are gene copies inactivated 

by multiple mutations, or: 

pseudogenes 

Retrotranscription-insertion 



Conclusions 
 
In 2003, only a thiny fraction of the Human Genome sequence could be 
attributed with a function. 
 
Most of the sequence was thought to be redundant, repetitive and 
essentially «junk» DNA. 
 
This conclusion, though, was adversed by scientists that studied the 
phylogenetic conservation, showing that many regions with no apparent 
function are indeed extremely conserved between organisms (the «dark 
matter» theory).  
 
For this reason, scientists started several projects to systhematically 
analyze every regions of the Human (and mouse) genomes to unravel 
any possible functional role.  



NCBI  Genomes    Genomic Data 

 

Eukaryotic (Mammals) 

Comparative 
 
Many other genomes sequenced completely or partially 
 
Most of sequencing projects are publicly funded, results are 
open in databases 
 
Many other are run by private funding and results are not 
open. They include many vegetables, bacteria, fungi.  
 
 
Public databases : 
 

http://www.ncbi.nlm.nih.gov/projects/genome/guide/
Eukaryotic Genome Sequencing Projects.htm
http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi?p3=12:Mammals&taxgroup=11:|12:Mammals


Comparative: 
 Human 
 Yeast 
 Drosophila 
 Mais 



Gene structure 

Exon-Intron structure is present in all Eukaryotes 
 
Hower the average number of introns, as well as the lenght of 
introns and central exons, varies considerably 
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Number of exons    8.8 
Exon length    170 bp  (quite narrow range, 85%<200bp) 
Intron length   5420 bp (large range 20bp to 100Kb) 
 
 
Range: 
Intron =0      (3350 single-exon genes) 
Max number of Introns = 147 (NEB gene). 
 
 
 
 

Averages in Human Genome: protein coding genes 



one intron in  the human neurexin gene is approx. 480,000 nt ! 

How exons and introns changed during evolution 

Exon length in bp Intron length in bp 
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H. sapiens : green 
C. elegans: blue 

D. melanogaster: red 



Predicted ORF products mean size in completely sequenced organisms 

Average a.a.  128 Da        in peptides: 110 Da 

While genes vary enormously in size from bacteria to mammals, due to intronic 
prevalence, coding regions (ORF) are quite uniform, possibly due to protein 
structural constraints. 
Note that the absolute number of genes does not follow organism complexity. 



Summary of protein number and protein size (set 1). Comparison of the protein length attributes in species from different phylogenetic groups. 
Species were grouped as indicated in Table 1. a) Average protein size. b) Total number of proteins in genome. c) Average of the 10% percentiles. 
d) Average of the 90% percentiles. Bars indicate mean values ± standard error (SE). In panels acd the x axis indicates the number of amino acids 
(aa), whereas in panel b it gives the average number of proteins in those species.                              Tiessen et al. BMC Research Notes 2012 5:85   



Other background from Genetics 
 
 
Genes «families» 
 
Similarity in «parts» of the proteins, called «domains»: 
 
Paralogy and Orthology 
 
Mechanisms of evolution 

evolution 



Genetics 

Comparative (phylogenetic conservation indicates conserved function) 

Human Genetic Variation (1000 Human Genomes - HapMap) 

GWAS – Genome variations – phenotype correlation 

Gene expression and phenotype  

Functional Genomics  (ENCODE – FANTOM) 

Epigenomics:  CpG methylation 

  Histone modifications (PTMs) 

  Chromatin status 

  Protein-DNA mapping (e.g. transcription factors 

Transcriptomics: Coding and noncoding RNAs 

Post-genomics 



Human Genome Project Human genetic variation 

Genetic analysis of diseases 

Functional annotation of the Human Genome 

The Encyclopedia of DNA Elements (ENCODE)  

Started in 2000 using automated Sanger 
sequencing on 1% human genome  
(ca. 30 Mb), completed in 2006 

With the advent of Next Generation 
Sequencing Technology, first draft 
completed in 2012 

The idea was to obtain functional information for every 
single nucleotide of the human genome  



Genetics 

 

Individual genomes display variants 

SNP – single nucleotide polymorphisms 

Indels – insertions and deletions 

CNV – copy number variations 

 

Variants are associated to more or less evident phenotypes 

 

Some variants are clearly associated to specific pathologies.  

Other variants are associated only weakly with a phenotype but require other 
variants (often in other loci) to become significantly associated (combinatorial 
association).  

Projects are under way to describe all variants associated to risk of disease (GWAS: 
Genome Wide Association Studies) 

 





Post-Genome projects started in 
the early 2Ks with the same Sanger 
tech used for HGP, i.e. cutting-
cloning-sequencing. 
 
Projects were greatly accelerated 
by introduction in 2005-2006 of 
NGS (Next Generation Sequencing) 
technologies 



NGS 
 
 
Fragment the DNA (or RNA) to be sequenced in smaller pieces 
 
Physically separate the fragments 
 
High-parallel sequencing of fragments 
 
 
 
    No cloning step required 



Next Generation Sequencing 
    (deep-sequencing / mass sequencing) 
 
generation of “DNA-nanoclones” on distinct solid surfaces by PCR or single-
molecule isolation 

 
highly parallel in situ sequencing  

 
record read-out i.e. millions or short sequences (“reads”) 

 
align reads on genomes or assembly 
 
 



Donor DNA 

fragmentation 

Adapter ligation 

Adapters can be also 
added of «barcodes» 

Physical separation of fragments 

On surfaces 
On beads 

In nanowells 



Adapter-primed sequencing by synthesis in high-parallel mode 

Millions of sequence reads 
In parallel 

Read length is defined by the number 
of synthesis cycles you perform 
 
 



To increase information and reducing costs, often the Paired-end (PE)  
method is used 
 
This means that we run sequencing using one primer, then everything is 
washed away and sequencing from the opposite primer is performed.  
 
Since the length of fragments in the library can be controlled, we know 
that the two sequences should be «paired» i.e. Close to each other in the 
reference genome.  

strand 

anti-strand 

nanoclone  



reference genome 

Reads are mapped to the reference genome 



In NGS sequencing, the number of independent 
sequences (called «reads») is more important than 
lenght 
 
The % of reference genome that is represented in 
«reads» is the «coverage». 
 
Other essential aspects: 
1) speed 
2) cost 
3) error-to-depth ratio 

 
 
 



Next generation sequencing methods: 
 
Number of molecules per sequence 
• Amplification 
• Single-molecule 
 
Biochemical measurement 
• Sequencing by synthesis    (Sanger is synthesis + termination) 

• Nucleotide chemistry 
• Associated chemistry 

• Sequencing by annealing and ligation 
• Sequencing by direct physico-chemical measurements 

 
Detection 
• Optical detection 
• Ion or conductance detection 
 



From Van Dijk et al.,  2014 (Textbook) 

In blue the first version of the instruments 



«Coverage» (or depth of coverage or depth). 
 
Definition:  Number of reads (mappable) x read length  /  size of target genome 
 
Example: we ran a NGS of  50 bp – length,  obtaining  200*10^6 reads   using whole 
human genomic DNA.     50*200*10^6 / 3.2*10^9  =  3.125  
 
Is this a good coverage for human genome sequencing ? 
 
 
We can also consider the «depth» as the number of times that a single bp of the 
target genome is represented in sequencing reads.  
 
Due to random fragmentation and random efficiency of preparation steps, some 
parts can not be represented at all. Increasing the coverage depth will increase the 
probability that every base has been «confidently» sequenced.   

NGS   -   mapping 



From Niedringhaus et al., 2011 



Genetics 

Comparative (phylogenetic conservation indicates conserved function) 

Human Genetic Variation (1000 Human Genomes - HapMap) 

GWAS – Genome variations – phenotype correlation 

Gene expression and phenotype  

Functional Genomics 

Epigenomics:  CpG methylation 

  Histone modifications (PTMs) 

  Chromatin status 

  Protein-DNA mapping (e.g. transcription factors 

Transcriptomics: Coding and noncoding RNAs 

Post-genomics 



1000 Human Genomes, HapMap project 
Describing variations among genomes of individuals 
 
GWAS 
Genome-wide association studies 
Variations (SNPs, CNV, indels) studied in individuals as related to the 
occurence of a phenotype (pathology, risks, other features) 
 
TCGA – The Cance Genome Atlas 
Sequencing of tumor cell DNA to evidence mutations occurring in 
tumors. 
 
 
 
 



Exome sequencing 
 
Due to elevated costs, many 
studies were limited to the 
«exome» 
Exome is the set of sequences 
that make up all known 
mRNAs. 
 
Requires enrichment of exon 
sequences from a genomic 
DNA. This is obtained using 
different methods, as 
exemplified in these 
schemes. 
 
From: Teer and Mullikin, 2010. 
Hum Mol Genet. 9(R2):R145-51 





How can this all have anything to do with our story of 
Genomic Regulation ? 
 
Variations in DNA sequence can affect regulation in many 
ways: 
- TFBS can be altered 
- Noncoding transcripts can be altered 
- TSS, splicing sites, 3’ UTR variants  
- Sites demarkating the border between chromatin 

domains 
- Copy number alteration in regulatory regions 
- Translocation of regulatory elements 

 
 

 


