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Programma, parte 1
genetica umana generale

Il genoma umano: geni ed organizzazione
Next generation sequencing (NGS), I'exoma
Eterogeneita clinica ed eterogeneita genetica
Penetranza ed espressivita, anticipazione
Omozigosita ed eterozigosita composta
Aploinsufficienza

Meccanismo dello splicing e sue alterazioni

Classi di mutazioni puntiformi, transizione e trasversione, conservative,
missenso, honsenso, nonstop

Inserzioni, delezioni con frame-shift e non, duplicazioni, conversione
genica

Significato patologico delle varie classi di variazioni del DNA: alleli
equivalente, amorfo, ipomorfo, ipermorfo, neomorfo e antimorfo

Nomenclatura delle variazioni genetiche e refertazione



Programma, parte 2:
la consulenza e le cromosopatie

La consulenza genetica: rischio riproduttivo dipendente ed indipendente dal
partner

Diagnostica prenatale e presintomatica
L'analisi del cariotipo e i bandeggi, la FISH

Cariotipo molecolare mediante arrayCGH

Aneuploidie negli aborti e rischio di ricorrenza

Triploidia da doppio corredo paterno o materno, tetraploidia

Il cromosoma X e la sua inattivazione, regioni PAR

Trisomie autosomiche e dei cromosomi sessuali

Le monosomie, la sindrome di Turner

Delezioni cromosomiche, inversioni paracentriche e pericentriche
Traslocazioni sbilanciate e bilanciate, robertsoniane, markers cromosomici

Delezioni e duplicazioni submicroscopiche (s. di Williams, s. di DiGeorge, s.
Cri du Chat)



Programma, parte 3
genetica medica mendeliana

Malattie mendeliane monoalleliche con mutazioni de novo
(craniosonostosi, acondroplasia)

Malattie mendeliane monoalleliche a trasmissione
autosomica dominante (neurofibromatosi, s. di Marfan, rene
policistico, osteogenesi imperfetta)

Malattie mendeliane monoalleliche legate al cromosoma X
(distrofia muscolare di Duchenne e Becker, emofilia, ritardi
mentali legati all’X)

Malattie mendeliane bialleliche a trasmissione autosomica
recessiva (fibrosi cistica, alfa e beta talassemia, amiotrofia
spinale, emocromatosi, glicogenosi)



Programma, parte 4,
eccezioni all’eredita mendeliana

Mutazioni dinamiche in regioni non codificanti (X-fragile, distrofia
miotonica) e codificanti (corea di Huntington, atassie spino-cerebellari)

Mutazioni in regioni cromosomiche con imprinting (Prader-Willi, sindrome
di Angelman, Beckwith-Wiedemann, Silver-Russel) disomia uniparentale

Mutazioni del DNA mitocondriale (MERFF, MELAS, LHON, KS, s. di Leigh)
Predisposizione genetica

Caratteri multifattoriali

studi GWAs



Testi consigliati

Neri-Genuardi
Genetica umana e medica
Editore Elsevier Masson

Moncharmont-Leonardi
Patologia Generale
Editore Idelson Gnocchi

Strachan-Read
Genetica Molecolare Umana
Editore Zanichelli

Lewis
Genetica Umana
Editore Piccin

Sito web http://www.vincenzonigro.it (glossario)
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Il genoma e l'intero patrimonio
genetico di un organismo vivente

Il genoma e "scritto" in un
composto chimico chiamato DNA
(DeoxyriboNucleic Acid, acido
desossiribonucleico) a cui si
aggiungono informazioni
epigenetiche

La grandezza totale del genoma
umano aploide e di 3.070.000.000
basi di cui 2.843.000.000 sono di
eucromatina

Il DNA e identico per tutte le
cellule di un individuo ed e
contenuto quasi tutto nel nucleo,
con l'eccezione del DNA
mitocondriale



Counting on the Genome

3.2 billion

2.7 billion

120 million
3.3 million

2.4 million
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10 D00

2000

1000 or fewer

Approximate number of chemical nucleotide base pairs
in the human genome

Cost of Human Genome Project, in U.5. dollars
Estimated cost of 1000 Genomes Project, in L.5. dollars
Estimated number of SNPs per human genome

Number of base pairs in largest known human gene,
dystrophin

Estimated number of human genes

Approximate current cost, in U5, dollars, of
sequencing one person's genome

Number of genomes targeted for sequencing by 1000
Genomes Project

Expected cost in near future, in LS. dollars,
of Sequencing one human genome

sMNPs indicates single-nucleotide polymorphisms.



Lunghezza dei cromosomi totale eucromatina
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La distribuzione dei geni nel nucleo non e casuale
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Conservazione della
posizione dei geni tra
uomo e topo

| cromosomi umani qui
sono raffigurati coni 21
colori dei cromosomi
murini
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La diversita genetica umana e bassa

(k) ¥g13.3 sequences; rooted using gibbon outgroup

Gorillas

Humans

ﬂ

Orangutans
Chimpanzees

Bonobos

Roof
(a) mtODMA HVS [; unrocted and prunea

Gorillas

G b.beringsi I

Humans ; |
Nea”df"”hﬂ'\\ %I'y G b.grmueri I'\II \ Ggorilla
3 -

Muclear mtDMNA -
mneertion

e P abeli
I ’ ' Bonohos
1) Crangutans

Chimpanzeas

Ep pygmasus



dimensione dei geni

Gli esoni interni hanno una dimensione media di 145 bp
Gli esoni piu corti richiedono enhancer di splicing

Il gene della distrofina e il piu lungo del genoma umano
(2.220.000)

Il gene della titina ha il maggiore numero di esoni 324



Le sequenze ripetute sono almeno il 50% del genoma

eelementi trasponibili (LINEs, SINEs, LTR
retrotrasposoni, Trasposoni a DNA)
epseudogeni processati

esingole ripetizioni

eduplicazioni segmentali

eblocchi di sequenze ripetute in tandem
esono assenti nei loci HOX

chr 22

] ' ! I | .
AN I AT AT L WM < 2

100 kb HoxD cluster

rosso = elementi ripetuti, blu = esoni



Variazioni di sequenza in un segmento di DNA

Ogni cromosoma e differente da tutti gli altri



SNPs

single nucleotide polymorphisms

Variazioni naturali che esistono tra le sequenze di
gualsiasi cromosoma con un frequenza di almeno I'1%
degli individui

Consistono in sostituzioni di singoli nucleotidi, altre piu
rare consistono in delezioni o inserzioni di singoli ==&
nucleotidi

Un SNP e identificato mediante sequenziamento del
DNA di differenti cromosomi in individui diversi

| due alleli possono essere identici (in omozigosi; T/T o
C/C) o differenti (eterozigosi T/C o C/T) nel sito
polimorfico —




ACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACAC
AGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTG
ACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGA
CACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCG
AGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAG
CTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACA
CCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTC
GATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGC
TCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACCGTGCTAGCTAGCTCCTCTCGAGACGTAGG
GCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGAACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGAC
ACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGA
CGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAG
CTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCT
CTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCT
GAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCT
AGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGC
GCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACCGAG
ACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACA
GCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCC
TCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCC
TGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGC
TAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATAT
ATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCT
GACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCG
ACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTC
GAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATA
GCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACAC
AGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGAC
CTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCG
CGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGC
TCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATA
TAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGGACGTAGGGCTCTCGATATAGCTCGCGAC
ACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGATAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGT
GCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCT
CGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCC
TGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAG
ACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCT
CGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAG
CTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATA
GCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACA
CACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGAC
CTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATTATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGA
CCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGC
GACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTG
ACACGTGCTAGCTAGCTCCTCTCGAGACGTTATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACG
AGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAA
CAGCTCCGACACAGCTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTA
GACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGATAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGA
CACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATAT
AGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTG
ACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCG
CTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCT
CCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACAC
AGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCC
CTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAG
CTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATA
GCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACAC
GTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAG
ATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGA



ACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACAC
AGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTG
ACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGA

CACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGA ™ "~ 7777~

AGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGC
CTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACAC
CCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCC
GATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCT
TCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGC
GCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGAC
ACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGAC

Copy Number Variation
CNV

"CACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCG

IAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAG
iICTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACA
{CCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTC
‘GATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGC
‘TCGCACACCGCTCGAGACCTGACCTGACCGTGCTAGCTAGCTCCTCTCGAGACGTAGG
3CTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGAC
‘ACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGA

CGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAG
CTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCT
CTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCT
GAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCT
AGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGC
GCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACCGAG
ACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACA
GCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCC
TCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCC
TGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGC
TAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATAT
ATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCT
GACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCG GCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCG
ACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCG(ICACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTC
GAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCMTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATA
GCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGA TCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACAC
AGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGAC
CTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACTATATAGCGCTCCCTGAAACAGC
TCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGA
TATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTC
GCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGG
CTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTC
CGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTC
GAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGC
TCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGC
TAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCT GCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATAT
ATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATA CTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGA
CACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGAC GCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACA
CAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGC GACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGC
GCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGT
GCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGAT
ATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCT
GACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACA
CACAGATATATAGCGGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGATAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAG
CTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCG
CACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAG
GGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACA
CCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGA
CCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGC
GACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTG
ACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAG
CTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAG
CGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATTATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCT
CCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGT
GCTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTG
AAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTTATAGCTCGCGACACACACAGATATATAGCGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACAC
CGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGACGAGACGTAGGGCTCTCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTGACCTGACACGTGCTAGCTAGCTCCTCTCGAGACGTAGGGCTC
TCGATATAGCTCGCGACACACACAGATATATAGCGCTCCCTGAAACAGCTCCGACACAGCTCGCACACCGCTCGAGACCTTAGCTAGCTCCTCTCGAGACGTAGGGCTCTCGATATAGCTCGCGA
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classificazione strutturale delle mutazioni

1. sostituzioni

2. piccole inserzioni, delezioni o inserzioni +
delezioni contemporaneamente (indels)

3. riarrangiamenti genomici a due (delezioni,
duplicazioni) o piu punti di rottura (traslocazioni,
inversioni ecc.)

4. copy number variations (CNV)
a queste quattro classi appartengono in modo

indistinguibile tanto le variazioni innocue quanto
le mutazioni causative di malattia
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Frederick Sanger
Nobel price 1958 and 1980
born August 13 1918, died

November 19 2013

storia:
Sanger sequencing
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didecxynucleatide (ddHTP) deoxynucleotide [dNTP)

| ddNTPs (ddATP, ddTTP, ddGTP,
ddCTP) sono detti terminatori
perché bloccano la
polimerizzazione del DNA



Metodo “Sanger” modificato

e le reazioni di sequenziamento sono ricopiature di milioni di stampi di DNA tutti
identici

e ciascuna si blocca per I'inserimento casuale di un nucleotide fluorescente
terminatore al posto di un nucleotide normale che avrebbe fatto continuare la
ricopiatura

e la separazione dei frammenti fluorescenti per dimensione consente la

decodifica

Cycle sequencing
3-... GACTAGATACGAGCGTGA...-5' (template)

5-.. GTGAT rimer G
..-:TGATV% prmen —
...CTGATCT —
...CTGATETA"?O — A A A
.CTGATCTAT g =t
. .CTGATCTATG o ¥ —¢
...CTGATCTATGC o
Polymerase ...CTGATCTATGCT Jo
dNTPs ...CTGATCTATGCTC

Labeled ddNTPs .. CTGATCTATGCTCG -'.



“_ . . ”
prima generazione
sequenziamento del DNA secondo il metodo Sanger

Il sequenziamento con tutte le versioni modificate del metodo
Sanger ha dominato nella scienza e nell’industria per almeno
20 anni e ha consentito la lettura del genoma umano e la
scoperta di oltre 2.500 malattie genetiche monogeniche

Il metodo Sanger rappresenta la tecnologia di “prima
generazione”, mentre i nuovi metodi sono denominati “next-
generation sequencing (NGS)”



Metodo “Sanger”

prima si isolano segmenti di DNA chimicamente omogenei
si replicano fino a nanogrammi di DNA

poi partono le singole reazioni

a DNA fragmentation

Uniplex PCR
1 reaction =
1 amplicon

—>

/0N

" I II I
iy

PR |
FR—
| |
=

In vivo cloning and amplification
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Basato su Sanger e il
gene-by-gene testing

m Troppo costoso e lungo per trovare la causa di malettie
genetiche eterogenee



22 generazione
“next-generation sequencing (NGS)”

e || principale vantaggio e poter lavorare con milioni di molecole di DNA
senza doverle separare

e |a possibilita tecnica di produrre un volume enorme di dati a costi
estremamente piu bassi ed in tempi estremamente piu rapidi

e || potenziale dell’NGS e simile ai primi tempi della PCR con il limite
principale dovuto all'immaginazione



22 generazione
“next-generation sequencing (NGS)”

e prima si frammenta il DNA casualmente
e sjaggiungono adattatori comuni

e poi partono milioni di reazioni di sequenziamento individuali

b DMNA Iragme ntation
= [L=====x] EE—
L | [Fo ] ]
:?‘T- | p— [ |
:‘: I
= ———







la Solid-phase amplification puo generare fino a 2.000 milioni di clusters di

molecole di DNA distinte (lllumina HiSeq) per vetrino

r

flow cell
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{;“ !”1'

Bridgz PCH illumina



a llumina/Solexa — Reversible terminators

®¢: 0, 0
® e
-

Incorporate
all four
nucleotides,
each label
with a
different dye

®

[F
Wash, four-
colour imaging

Cleave dye
and terminating
groups, wash

L]
Repeat cycles AR =

Hlumina

| gruppi bloccanti attaccati
al 3’ causano un ostacolo
nell’incorporazione di un
altro nucleotide, ma
I’ostacolo e rimosso dopo
ogni lettura e la reazione

prosegue



Sistema lllumina

ciascun frammento di DNA € immobilizzato su una superficie solida

molecole di DNA spazialmente separate permettono di eseguire
simultaneamente milioni di reazioni di sequenziamento

ciascuna reazione produce una fluorescenza puntiforme che e fotografata

la scansione di queste immagini consente di leggere la sequenza per ogni
punto




L’lllumina HiSeq2000 legge
oltre 600.000.000.000 di basi
di DNA per corsa

llumina

m: CCCCCC







svantaggi

“next-generation sequencing (NGS)”

e|a lunghezza di ciascuna sequenza € piu corta (75-150 basi)
rispetto alla tecnica Sanger (500-1000 basi)

eil numero di errori di lettura e molto piu elevato, circa dieci
volte piu elevato

eogni variazione di sequenza rilevante va confermata con
metodica Sanger mirata

eesiste un complesso problema etico che riguarda le mutazioni
trovate per caso (incidental findings) se queste hanno un valore
predittivo



ﬁ sl | Quali varianti del DNA possono essere
JV [eield | perse dall’NGS?

Viewer

Non identificate

e quellein regioni con
poca/assente copertura

e inserzioni/delezioni >10-20nt
e Espansioni di triplette

e copy number variations

e traslocazioni

® inversioni

Non riconosciute
e Difetti di splicing elusivi

e Varianti in geni a funzione
sconosciuta

e Varianti multiple di geni
molto grandi
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GAllx, Genome Analyzer lIx; PacBio, Pacific Biosciences; PGM, personal genome machine.
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Sequencing Progress vs Compute and Storage
Moore’s and Kryder's Laws fall far behind

Sequencing (kbases/day)
Compact HDD storage capacity (MB)
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S D Kahn Science 2011;331:728-729

La crescita delle potenzialita di
sequenziamento sta superando i
miglioramenti delle prestazioni
della capacita di memorizzazione
dei dati e di analisi

computazionale
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’)

arricchimento “enrichment

e tuttiigeni (esoni+introni) di una regione cromosomica dove €
mappata una malattia genetica da causa ignota

e tutti gli esoni di tutti i geni coinvolti in varie forme di quella
malattia genetica

e tutti gli esoni di tutti i geni noti del genoma umano (esoma
umano =whole exome)

meno dell’1% delle mutazioni che causano
malattie genetiche cadono fuori dagli esoni



Il termine “NGS” indica
tipologie di analisi molto differenti

Whole genome
coverage @40 x (~ 150 Gb of
sequences/sample) = 1,000 Gbytes

Whole exome
coverage @60 x (~ 8 Gb/sample)
= 60 Gbytes/sample

Solo 10-15 geni noti
coverage @200 x (~ 0.1 Gb/sample)
= 1 Gbytes/sample




Pub

Next generation sequencing = 9.162 pubblicazioni

— prima del 2010 erano 221

Exome = 2.491 pubblicazioni
— prima del 2011 erano 53

— prima del 2010 erano 8

MEETING REPORT

‘Next-generation’ sequencing becomes
‘now-generation’

Daniel E Meafsev*® and Brian J Haas
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The association of genetic variation with disease and drug res-
ponse, and improvements in nucleic acid technologies, have given
great optimism for the impact of ‘genomic medicine’. However,
the formidable size of the diploid human genome’, approximately
6gigabases, has prevented the routine application of sequencing
methods to deciphering complete individual human genomes.
To realize the full potential of genomics for human health, this
limitation must be overcome. Here we report the DNA sequence of
a diploid genome of a single individual, James D. Watson,
sequenced to 7.4-fold redundancy in two months using massively
parallel sequencing in picolitre-size reaction vessels. This
sequence was completed in two months at approximately one-
hundredth of the cost of traditional capillary electrophoresis
methods. Comparison of the sequence to the reference genome
led to the identification of 3.3 million single nudeotide poly-
morphisms, of which 10,654 cause amino-acid substitution within
the coding sequence. In addition, we accurately identified small-
scale (240,000 base pair (bp}) insertion and deletion polymorph-
ism as well as copy number variation resulting in the large-scale
gain and loss of chromosomal segments ranging from 26,000 to
1.5 million base pairs. Overall, these results agree well with recent
results of sequencing of a single individual® by traditional meth-
ods. However, in addition te being faster and significantly less
expensive, this sequencing technology avoids the arbitrary loss
of genomic sequences inherent in random shotgun sequencing
by bacterial cloning because it amplifies DNA in a cell-free system.
As aresult, we further demonstrate the acquisition of novel human
sequence, including novel genes not previo identified by tra-
ditional genomic sequencing. This is the first genome sequenced
by next-generation technologies. Therefore it is a pilot for the
future challenges of ‘personalized genome sequencing’.

To catalogue the genomic d ity within a single individual, a
total of 106.5 million high-quality reads were generated by 454-
sequencing®, representing approximately 24.5billion DNA bases.
Reads thataligned to the genome were further filtered using stringent
criteria to ensure the accuracy of mapping, resulting in 93.2 million
reads aligned to reference genome sequence. The reference genome
sequence was thus covered to an average depth of 7.4-fold (Fig. la).
The alignments between the uniquely mapped reads and the
reference genome were used to catalogue genetic variation in the

subject’s DNA, including single nucleotide polymorphisms (SNPs),
sertions and deletions (indels), and copy number variation

INV).

The 454 base-calling software provides error estimates { Q) values)
for each base. We developed a three-step filtering process using the
patterns of error and associated 0 values from the 454 base-calling
software to improve the accuracy of SNP discovery. An initial 14 mil-
lion variant positions were filtered to 3.32 million putative SNPs
(Table 1).

Comparison of these putative SNPs in the subject's genome
with those in the dbSNP (dbSNP: http:/fwww.nchinlm.nih.gov/
projects P/) revealed 2.72 million in common (‘known SNPs’).
Approximately 99% of SNPs in dbSNP are bi-allelic. At only
10,425 positions did the subject’s variant not match the variant found
in dbSNP. Although some of these could represent athird allelein the
population, or an error in the dbSNP polymorphism record, we
conservatively estimated the false discovery rate in the known SNPs
to be approximately 0.38% based on the mismatches with dbSNP.

The remaining 0.61 million SNPs were at positions not previously
identified as polymorphic in dbSNP (‘novel SNPs’). The known
SNPs were divided almost equally between homozygous (50.2%)
and heterozygous (49.8%) SNPs, whereas within the novel SNPs
heterozygotes predominate (83.3%) compared with homozygotes
(16.7%). Because most common allees in human populations are
already captured in dbSNP, novel varants are expected to be rare,
and therefore much more likely to be found as heterozygotes.

We assessed the accuracy of the known SNPs derived from DNA
sequencing by comparison with the experimental genotvping of the
subject’s DNA using an Affymetrix 500K microarray. Compared with
a haploid reference sequence, there are four possible outcomes of
SNP array genotyping: homozygous for the reference allele; homo-
zygous for the variant (non-reference) allele; heterozygous; and assay
failure. Table 2 shows the results for 494,713 markers that were suc-
cessfully genotyped. The subject’s DNA sequence exhibited only the
reference allele at 99.4% of the markers homozygous for the reference
and at 95.1% of markers homozyvgous for the varant. Genotyping
identified 135,413 heterozyvgous markers of which 75.8% exhibited
two alleles in the 454-reads. The lower sensitivity of detection of
heterozygotes 1s predicted by a Poisson process of sampling DNA
fragments modelled on a diploid genome (Methods). Consistent
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11 mutazioni causative di malattie genetiche

Table 3 | SMNPs matching HGMD mutations causing disease or other phenotypes

HGMD aocession Chromosome Coordinate HUGD symbal  Gene namse Cytogenetic  Phenotyps Zygosity
CM 003589 1 97937870 DFEYD Drihydropyrimidire dehydrogenase 122 Dihydropyrimidine Heterazygous
dehydrogenaze deficiency
ChM 550484 1 157441578 FY Duffy blood-group antigen 1q Duffy blood group antigen, Homazygous®
absence
CM 542034 4 615702 FDE:R Phosphodiesterase 6B, cGMP-spacific,  4plé.3 Retinitis pigmentasa 40 Heterazyeous
rad, bata
CMmO21718 9 36208221 GME UDP-M-acetylglucosamine 2-epimerase Sp Myopathy, distal, with rirmrmed Heterazyeous
vacuoles
CMSE0633 10 50348375 ERCCe Excizion repair cross-complementing 104 Cockayne syndrorme Homazy goust
radent repair deficiency,
complementation group & protein (CSB)
CMO50716 11 76531431 MY OT A My azin VILA 119135 Usher syndrome 1b Homazygoust
CMS50528 12 46812575 FFERM Phosphofructokinase, muscle 129133 Glycogen storage disease 7 Homazygous®
CMO3202% 14 20855880 RFGRIF1 Retinitis pigmentosa GTPase regulator 14q11 Cone-rod dystrophy Heterozygous
interacting protein 1
CM 584025 1% 18047518 IL1ZREB1 Interleukin-12 receptor, beta 1 15p13.1 Mycobacterial infection Heterazygous
CMm024138 19 41014441 MPHS1 Mephrosis-1, congenital, Finnish type 1%9q Congenital nephrotic syndrome,  Heterozygous
Finnigh type
CMS10052 22 459410505 ARSA Arylsulphatase A 22q Metachromatic leukodystrophy  Heterozygous
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Table 4. Disease and Trait Associations of
Nonsynonymous SNPs Identified in the Proband,
According to the Human Gene Mutation Database.*

Disease or Trait Associated with Mutation SNPs

no. (%)
Total 159 (100)
Behavioral disorder 6 (4)
Cancer 33 (21)
Association 7
Increased risk 9
Reduced risk 3
Susceptibility 14
Complex disease 48 (30)
Mendelian disease 21 (13)
Metabolic trait 17 (11)
Pharmacogenetic trait 14 (9)
Other traits 20 (13)

* SNP denotes single-nucleotide polymorphism.



Pedigree of the family and segregation of SH3TC2 mutations

A SH3TC2 Genotype and Phenotype
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Esoni dei geni umani
(in milioni di basi)

50 M

Totale ~ 3.100 M

Geni con mutazioni che causano
malattie umane

3.372

Totale ~ 22.000 geni

le mutazioni di sole 12 basi del DNA su 10.000 causano tutte le
malattie monogeniche (mendeliane) note sinora
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Targeted capture and massively parallel sequencing
of 12 human exomes
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Come si fa a comprendere quale variazione nella sequenza
del DNA possa avere un significato patologico?

Dr. Venter's Exome Dr. Watson's Exome
Total Number of Nonsynonymous SNPs 10,389 10,569
Number of Novel Nonsynonymous SNPs 772 (7% of total nsSNPs) 1,573 (15% of total nsSNPs)
% nsSMPs predicted to affect protein function® 149 (7,781 predicted on) 20% (3,898 predicted on)
Mumber of Coding Indels 739 345%

"Different prediction algorithms were used [30,33], and this may account for the difference between the two exomes,

“Indels of size 2 bp and greater were considered; 1 bp indels were discarded. If we removed 1 bp indels from Dr. Venter's exome in order to compare with Dr. Wat:
exome, Dr. Venter would have 423 coding indels.

doi:10.1371/journal.pgen.1000160.t004
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