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Cours de Genetique Médicale

1¢'¢ année médecin 2023 / 2024
Faculté de médecine et de Pharmacie d'Errachidia
Les acides nucléiques et Génome Humain
Réplication et systemes de réparation de ’ADN
Transcription
Traduction
Controle de I'expression génique
Cytogénétique classique et moléculaire
Types et mécanismes des anomalies chromosomiques
Techniques d’analyse de I'’ADN

Mutations et leurs conséquences en pathologie
humaine

10. Mode de transmission des Maladies héréditaires
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Medical Genetics & Personalized Medicine
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M.\ Precision medicine (PM) has been
% defined as an approach that uses a
5};"{; person's genetics, environment, and
N i lifestyle to help determine the best
S approach to prevent or treat disease
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Precision medicine (PM)



Morocco Life Expectancy 1950-2022
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Precision medicine

Precision medicine promises improved health by accounting for individual variability in

genes, environment, and lifestyle.
Precision medicine will continue to transform healthcare in the coming decade as it

expands in key areas:

Big Data
Artificial intelligence (Al)

Huge cohorts

Joshua C Denny 1, Francis S Collins 2 Precision medicine in 2030-seven ways to transform healthcare 2021 Mar 18;184(6):1415-1419.


https://pubmed.ncbi.nlm.nih.gov/33740447/#affiliation-1
https://pubmed.ncbi.nlm.nih.gov/33740447/#affiliation-2




Huge, longitudinal
cohorts

Privacy, trust,
return of value

Phenomics and
environment

Diversity and

inclusion

PRECISION MEDICINE

2030

Big data and
artifical intelligence

Routine clinical
genomics

Electronic health
records

Joshua C Denny 1, Francis S Collins 2 Precision medicine in 2030-seven ways to transform healthcare 2021 Mar 18;184(6):1415-1419.



https://pubmed.ncbi.nlm.nih.gov/?term=Denny+JC&cauthor_id=33740447
https://pubmed.ncbi.nlm.nih.gov/33740447/#affiliation-1
https://pubmed.ncbi.nlm.nih.gov/?term=Collins+FS&cauthor_id=33740447
https://pubmed.ncbi.nlm.nih.gov/33740447/#affiliation-2
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ROYAUME DU MAROC

Indice synthetique de fécondité (nombre d'enfants par femme)

Evolution par sexe de
I'espérance de vie a la
naissance

1004 2004 2014
Urhain A A il
Ensemble K S I WY

S000¢ :RGPH 1994, 2004 et 2014 Cchantllon 24); HCP.

Age moyen au premier mariage (en années)
1994 2004 2014

Urbain Femmes 26,9 271 26,4
Hommes 31,2 32,2 32,1
Ecart (H-F) 51 5,5 5,7
Rural Femmes 242 25,5 249
Hommes 28,3 295 30,3
Ecart (H-F) 41 40 54
Ensemble Femmes 258 26,3 25,8
Hommes 30,0 31,2 314
Ecart (H-F) 42 49 5,6

Source : RGPH 1994, 2004 et 2014 (échantillon 2%); HCP.

o=b==\fasculin == Féminin =F=Ensemble

Mariages consanguins

o 99 -




EPIDEMIOLOGIE / POPULATION MAROCAINE

Accouchements 380067 412316 439934 469954 498187 505239
en milien

survelllé

Césaremnes 30421 40877 43460 48280 49180 35022 60000




Facteurs de risque

Mariages consanguins Procréation en age avancé

Age maternel : trisomie 21, 13,18
Age paternel : Maladie génétique

autosomique dominante
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Age Maternel Risgue de Trisomie 21

20 1/1500

25 1/1350

30 1/900

35 1/380

37 1/240

39 1/150

41 1/85

43 1/50

45 1/28

R S

Mort- 16 ans Mort-né




CONSANGUINEOUS MARRIAGES IN MOROCCO

Morocco :
Mediterranean
countries

). Consanguineous marriages are culturally

favoured.

e The practice is frequent in all Moroccan

populations, which are grouped according to

cultural or linguistic differences; it is the result

of a mixing of Arabs who speak Arabic and
non-Arabs (northern—central Berbers who
speak Tarifit and southern Moroccan Berbers

who speak Tamazigh

The prevalence of consanguinity in Morocco was found to be 15.25% with

a mean inbreeding coefficient of 0.0065.



Estimation du nombre de nouveaux cas de cancers
au Maroc (RGCC) 2004 - 2030

On estime a 73 100 nouveaux cas de cancers en 2030
ix1,5)
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Description et composition générale du génome humain

humain

a £ 5% 4 Satellites
: “‘-"-"-1'.;—--#—1-%— Mini-satellites
“PE3 %A Micro-satellites

Composition générale du génome humain. Le pourcentage représente la quantité de séquences par rapport a la séquence totale
connue du génome. Geénes & relat : génes et séquences associées ; Int. R : régions intergéniques ; Un. : séquences intergéniques uniques

Rep. : séquences intergéniques répétitives ; IR : séquences intergéniques répétitives dispersées ; TR : séquences intergéniques répétées en
tandem.




Anatomie d’un gene

Le géne d'un eucaryote est morcelé en fragments codants : les exons (dont la taille varie en
moyenne entre 50 et 200 pb), séparés en général par des séquences non codantes : les introns.

En amont du gene, se trouve une séquence régulatrice et le promoteur.

4 régions flanquantes 5 —lp e géne —) 4— régions flanquantes C J—
o J0MES de controle prOMOtEY! ey ATG 00

Hérenciation, hormones...) " laisd

(différenciation, hormone )_100 &N 0 ' LrJ

B o e B o oo o E oy ry v a
WA H%ﬂ f [aaTARA T T T
box  box faéz?a:\g;muon fin de la transcription

Structure d’'un géne codant une protéine chez les eucaryotes

A guelques exceptions pres, tous les genes des eucaryotes possedent des introns. Le
nombre et la taille des introns varient d'un gene a un autre.

Les genes de I'ADN mitochondrial sont sans introns.



Structure des genes

Anatomie d’un géne

Promoteur :
En amont du gene en 5', se trouve la région promotrice ou promoteur et la séquence régulatrice de la transcription du
gene.

Gene:
Un géne est une entité discontinue dans laquelle les parties codantes (Exons) sont en général séparées entre elles par
des parties non codantes (Introns) éliminées au cours de la maturation de I'ARNm.

Introns

Certains introns jouent un role important dans la régulation de I'expression d'un gene.

¢ régions flanquantes &' >4 géne ) 4— régions flanquantes 3’ —y
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GENE ET SON EXPRESSION

4——— Région flanquante 52 >« Gene >4 Reégion flanquante 3,
; ATG Stop
Zone de controle
Niffearenciation promoteur J
—'lIDD -0 -30
____________________________ L. e e e
|t AR
CAAT ATA Début de AATAAA Fin de transcription
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Transcription + transcription

¥ Transcrits primitifs

A\

Maturation:
1- coupure nucléolytique
polyadénylation

capping
AAAAAA
m7Gppp
2- épissage des introns
5UTR { 3UuR

e 047 ARN
UAA

AUG UAG
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Human genomic data past 30 years

—

1990-2000
Launch of the « Human 2000-2010
Genome Project and ¢ Law
related endeavors ». * Ethics
g ) 2010-2020
\q/ A * Research infrastructures
L HUM N (biobanks) Genetic privacy in  2020......... 2050....2100....
. GENOME . ) , ) response of large
/. * Citizenship and ‘public ;. ternational ceseerds B Big Data
j PROJECT consortia and big data. . Artificial intelligence (Al)
. Gene and cell therapies
. Nanotechnology

Bartha Maria Knoppers , Michael J S Beauvais Three decades of genetic privacy: a metaphoric journey Hum Mol Genet2021 Oct 1;30(R2):R156-R160. doi: 10.1093/hmg/ddab164.



Genetic
variations

Diversity(—l_\—>Diseases




Clinique :

» Consultation de génétique médicale (conseil génétique,
dysmorphologie, endocrinogénétique, néphrogénétique,
neurogénétique, maladies osseuses constitutionnelles,
dermatogénétique, immunogénétique...)

» Consultation d’oncogénétique

JCytogénétique conventionnelle et moléculaire
constitutionnelle post-natale et CGHarrays

JGénétique moléculaire itaires :
Biologie molécualire : PCR derivées, RT PCR.....

dSéquencage classique

dséquencage de nouvelle génération (Next Generation Sequencing
« NGS » )

PANELS DE GENES / EXOME /WGS
dMétagenomique (recherche)




Explorations en génétiques

Chromosome
analysis
FISH 55
ACPA T—L
CGHarrays = | |

DNA sequencing ACTGACTGACTG



Medical Genetics and oncogenetics

linical Genetics Cytogenetics Molecular diagnosis

Genetic consuling Karyotype PCR
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Sequence analysis
Molecular
Cytogenetics




Clinical Genetics Cytogenetics

Genetic consuling Karyotype
—
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G Ovarian cancer

Clinical Diagnosis

Molecular Cytogenetics




Medical Genetics and oncogenetics

Postnatal karyotype

Onco-hématology Karyotype

Chromosome breakage analysis : Fanconi Anaemia

FISH postnatal (CEP X, LSI SRY,22q11.2,WBS, ...)

FISH oncology solid tumor (HER-2, EGFR, TOPO2A, 1p36,EWSR)
FISH oncology hematology (BCR/ABL)

DNA extraction-Blood

DNA extraction -Tumor

Simplex PCR

Multiplex PCR

PCR sequencing

(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)



Medical Genetics and oncogenetics

CLINCAL GENETICS

DIAGNOSIS
GENETVC CONSULING

DTéﬁmﬁ

%ﬁg@“@“

Dysmorphology, neurogenetic,

dermatogenetic, nephrogenetic....



CONSULTATION GENETIQUE

Anamnese (arbre généalogique)

Recueil de tous les documents

Examen clinique du sujet atteint

Diagnostic moléculaire : ADN

Conseil génétigue + Estimation du risque.

Prévention et la faisabilité /conductrices d’hémophilie
Eventuelle du diagnostic prénatal DPN/Preimplantaoire DPI

Le génotypes: important pour la prise en charge +++



DYSMORPHOLOGIE

Canthi externe (Canthi interne

Fentes palpébralkes

Glabelle

Racine nasale

Pointe du nez




Dysmorphologie
Examen en dysmorphologie

Examen de la face

Deux étapes :
— Aspect général

— Examen minutieux en
subdivisant la face en trois
étages :

* Supérieure
* Moyen

* Inférieure

Etage
supérieur

Etage
moyen

Etage
inférieur

glabelle

racine nasale

columelle

philtrum



Dysmorphologie
Examen en dysmorphologie

Examen de |la face / Aspect général de la face

Epais Vieillot Asymétrique

Triangulaire Allongé Rond



Dysmorphologie
Examen en dysmorphologie

Examen de la face : Etage supérieur de la face:

Forme du crane

Microcéphalie Front fuyant Macrocéphalie Rétraction
Bosses frontales temporale



Intelligence artificielle
Dysmorphologie



Intelligence artificielle Dysmorphologie



Intelligence artificielle Dysmorphologie

[ FACE GENE REGISTER 4 @& #

Smart Phenotyping. Better Genetic

CLINIC

Enhanced Patient Evaluation with Deep Phenotyping

LEARN MORE >




Intelligence artificielle Dysmorphologie 2019
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Intelligence artificielle
Dysmorphologie et Genes 2021

Phenotypic Data

@

Facial Photos  Medical Imaging Vital Stgns

Genomic Clinical m .& N'I
. Vo:ce L 1"l 4+
Drop
e - %

Data Notes

Whaad fed = e deal fecy
-

Varlant |dentification




PATIENT ET FAMILLE

R
. _GENETIQUE MEDICALE |
PHENOTYPE Cytogénétique mg:z'c‘;?;?re
Clinique Caryotype FSIH  CGH arrays
Biologie |
Radiologle Extraction ADN
l PCR
PCR-Seq
Diagnostic final /Précis Séquencage haut

g A débit :Génome ...
Pec /Tratement / Conseil génétique



Diagnostic final /Précis
Conseil génétique

Modalités de prévention et |a faisabilité

v N

Diagnostic Diagnostic
prenatal_ |nva§|f et Preimplantaoire
non invasif DP}

DPN / DPNI



VOTRE DIAGNOSTIC ?

, A
» o

11

e
a0

16

i9

- ool
3 4

\ 9 &

S 0.’.' ~8

8 3 i0

>

= .

i3 j4 S

' —

| X - Y
~-u" ..
/ 21 22

Trisomie 21 libre




La trisomie 21 : Anomalie génétique la plus fréquente au Maroc

* Un enfant trisomique nait pour 700 naissances
vivantes (1.3 %o).

 La fréquence de la trisomie 21 a la conception est
7.3 %o dont seul 1.3 %o arrivent a terme et 6%o sont
a l'origine de fausses couches spontanés.

e 3garcons / 2 filles

I Enfants trisomiques (n= 562)

I Enfants normaux (n=400)

1520 21-25 2630 31-35 3640 4145 4650 5155

La CIa rté n u Ca Ie Age de la mére & la naissance de son enfant

Age Maternel

Risgue de Trisomie 21

20
25
30
35
37
39
41
43
45

1/1500
1/1350
1/900
1/380
1/240
1/150
1/85
1/50
1/28




LA TRISOMIE 18

Fréquence : 1/ 8 000 naissances

Pronostic vital est trés mauvais puisque la majorité des enfants atteints décedent
avant I'age d'un an




LA TRISOMIE 13

Fréquence : 1/ 4 000a 1/ 10 000

Moyenne de survie 4 mois.




Fille avec Retard statural
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Caryotype 45.X en bandes R



LE SYNDROME DE TURNER

1 sur 2 500 nouveau-né fille
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Caryotype 45.X en bandes R



Triploidie




Incidence de la maladie est de 1 /20000 a 1/50000.

Evolution :
la Iétalité est faible, a I’age adulte ils demeurent hypotrophiques et de taille inférieure a la

normale.
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44 ans

38 ans

"R '

Arbre généalogique de la famille de H.A
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Caryotype métaphasique en bandes R: 47, XX,+mar

Découverte d'un MCS
Caryotype standard
RHG, GTG

F S s | Cary

otype
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\A
Nor, Bandes C
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g [ CGH, CGH-array | | CenMFISH, subcenMFISH | \
2

l

L |

V-

os ]

[T banding |

Sondes centromériques
CEP14/22; CEP15: CEP13/21

| Sondes locus spécifiques l

LE PREMIER MARQUEUR CHROMOSOMIQUE
SURNUMERAIRE

Corrélation phénotype-génotype

AU CHU HASSANII DE FES




Anomalies chromosomiques de nombre

Trisomie 21 libre

Trisomie 18 libre

-

hg 8
v o

Trisomie 13libre




Syndrome du
« Cri de chat »

Arbre généalogique et aspect facial de notre patient présentant de
Le syndrome du Cri du Chat

Le caryotype partiel métaphasique en bandes R de notre patient a
mis en évidence la délétion 5p-:
46,XY,del(5)(p13) (La fleche indique le niveau de la délétion)



Age (ans) 11 Anémie de Fanconi

Dysmorphie facile +

Poids Taille
-2 DS -2DS

Retard staturo-pondérale

e + o |

Mort-ndb6 ans Mort-né
Pancytopénie, +
Aplasie médullaire -
[ [
Malformations du pouce -
Taches café au lait cutané +
s | omenatons 4 7
Caryotype métaphasique 46,XY
(bandes R) , u
Nombre de mitoses observées 58 N N
Nombre de cassures 22 /. : t
Nombre d’images radiales 2
Résultats Grande instabilité chromosomique apreés
culture sous Mitomycine C en comparaison
avec un témoin normal

Différents aspects cytogénétiques d’une instabilité chromosomique aprés culture sous
Mitomycine C



i(X)







LA MONOSOMIE 4p-

Dysmorphie + Retard mental

Durée de vie : peut aller jusqu’a 20 ans.




Les syndromes microdélétionnels :
Syndrome de la délétion 22q11.2

46, XX ish del (22)(D22S75-)




Les syndromes microdélétionnels :
Syndrome de Williams et Beuren

N

Fig.1h

- Sonde 7911.23 LSI ELN

. Sonde 731 D75486, D7S522

46,XY,ish del(7)(q11.23q11.23)(ELN-)




46,XX

ou la Tétrasomie 12p

Premiere observation marocaine

« FISH sur cellules buccales »

Image de la FISH réalisée avec la
sonde centromérique du
chromosomes 12 (couleur verte) et
du chromosome 7 (couleur rouge)
sur les cellules buccales.

Présence de 3 signaux verts
signant la présence de 3
centromeéres pour le chromosome
12.

LE SYNDROME DE PALLISTER-KILLIAN

Bras court (p)

Centromere

Bras long (q)

N\

Chromoes olme sUrmmm fraire : Kochr 11

des bras courts des chromosomes 12 - i(12p)

CHEOMOSOME 12

Schéma llustrant l'aspect des chromosomes 12
normaux en métaphase ainsi que l'aspect du
chromosome surnuméraire : Isochromosome 12 des
bras courts des chromosomes 12 : i(12p).




Etude des translocations _cryptigues : Translocation (4;21) de Novo
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Monosomie 21

. Whole chromosome painting (WCP21)

B Whole chromosome painting (WCP4)

CEP 4

Translocation (4;21) de Novo avec une délétion de la région critique responsable du syndrome de Wolf-
Hirschhorn ‘WHSCR : «Wolf-Hirschhorn syndrome critical région»’




MedicalGenetics and oncogenetics

W Ypll.3 LSI SRY
B CEPX

Observation 6




46,X X .ish del(7)(q11.23q11.23)(EL N-)[11]
nuc ish(EL Nx1)(D7S522x2)[80]

B 7q11.23LSIELN

J 7031 LSI D7S486, D7S522 B 7911.23LSIELN

[l 7931 LSID7S486, D7S522




SRY/CEPK

mYp1l1.3 LSI SRY
m CEPX



FISH oncology solid tumor : Breast cancer

PNET/EWING

't (11,22)

FISH ONCOLOGY



Couples with infertility

General considerations on genetic testing

Molecular cytogenetics
(fluorescence in situ hybridization,FISH)

1 Occasionally utilized in fertility diagnostics
1 Characterization of:

» Chromosome translocations

> Y chromosomal abnormalities.

B Yp11.3 LSI SRY
B CEPX




Couples with infertility /vecurrent miscarriages
Chromosome analysis / FISH : Chromosome translocations

CARYOTYPE CONSTITUTIONNEL POST NATAL - SANGUIN

O O

O

Formule chromosomique 46,XY,1(3;18)(q28;422)
Nombre de Mitoses examinées 50
Nombre de Mitoses classées 15

Type et nombres de bandes RHG, 400

Nom /Prénom
Code Patent 10080110412430
Prelevement du 31/05/2016 Edition du 07/06/2016
Indication Maladie sbortive
Medecin prexcriptewr
RESULTAT

Formule chromozomique 460Y,43,18)q28,022)
Nombre de Mitozes examinees 50
Nombre de Mitozes classees 15
Type et nombres de bandes RHG, 400

Hybridation in situ / FISH
Sondes utisees WCP3 ; WCP1E; Tellg

COMMENTAIRE :

Présence sur toutes les mitoses observées d'une translocation equiibrée entre le bras long
d'un dromosome 3 et le bras long d'un chromosome 18.
Comple-nnsy et o compliment ¢ naiyse po 5

La FISH confirme la translocation t{3;18)
ith t{3;18){wep3+,wep18+, wepl18+, wep3- teBgt)
Aucune sutre paire chromosomique n'est impliquee dars ce remaniement.
Dr. Ouldim Korim

C.4

DY e 0 v bt
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/U 11
v U

Hybridation in situ / FISH

Sondes utilisées

WCP3 ; WCP18 ; Tel3q

COMMENTAIRE :

Présence sur toutes les mitoses observées d'une translocation équilibrée entre le bras long
d’un chromosome 3 et le bras long d’un chromosome 18.

Compte-rendu aprés le complément d'analyse par FISH
La FISH confirme la translocation t(3;18)
ish t(3;18)(wcp3+,wcp18+,wcp18+,wep3- teldq+)

Aucune autre paire chromosomique n’est impliquée dans ce remaniement.



Couples with recurrent abortions

3% to carry a balanced chromosomal aberrations in one parent

2016 A

Caryotype postnatal | 46,XX,t(1;7)(p35;11) 46,XY
constitutionnel




Cytogénétique classique et moléculaire
Caryotype métaphasique en bandes R FISH . .
SRY/CEP X Diagnostic
mos 45,X[37]/46,XX[4]/46,XY[2] Turner Syndrome with
chromosome Y
nuc ish(SRYx1),(CEPXx1)[10]/(CEPXx2)[20]/(CEPXx1)[100]
47,XY,mar
nuc ish(SRYx2),(CEPXx1)[100] Xy

B Yp11.3LSI SRY

B CEPX
Medical Genetics and Oncogenetics unit



Couples with infertility /recurrent miscarriages

[T E TS N ST T PSS

RSH Hybridation in s en fluorescemnce Post-natal
HMom Prénom
Code Patent 1 BOELE DB EEEL,

\ Femme XY

Arahyse faite 3 partir - oulot cellulzire 03,/08,/2016

Edition cu 09,08,/ 2016

Indication

A e orimm

Medecin prescripteur

RESULTAT
Caryorype metaphasique [RHE) 46, XY
Sonde utilisee SEY/CEP X AISH Probe Kit CE marked ; Wysis
Mlombre de Mitoses 10

Flombre de noyaus 200

o
o=

Cytogenstigue molsoulaine
45, XY.ich{ SRY+,(EP X+)[10]
muc ish{SRY, CEPX)x [200]

COMMENTAIRE ET COMCLUSEDM

Presence du SRY sur toutes les mitoses et noyoux observes.

Dr. i Duidinm

,P *‘T{‘ Patie e 2t

S AR
gL |

L

Caryotype métaphasique (RHG) 46,XY

Sonde utilisée SRY/CEP X FISH Probe Kit.CE marked ; Vysis
Nombre de Mitoses 10

Nombre de noyaux 200

Formule

Cytogénétique moléculaire
46,XY.ish( SRY+,CEP X+)[10]
nuc ish(SRY,CEPX)x1 [200]




Délai des résultats caryotype ET FISH =5 - 10 jours

Choc ﬁxatlon etalement recherche autorhatnque des
métaphases, capture automatisée des i |mages de FISH

="

[ ASH Hybridation in siw en flucrescence Post-natal |

Kom Prénom

Code Patient 180E0 1 S4-EEEMA,
Analyse faite 3 partr - cubot cellulzine 037082016 Ecition du 73082016
Indication Aménorrhde primgine

Médecin prescripteur

RESULTAT
Caryotype metaphasique [RHG) a8, W0r
Sonde utilisés SRYCEP X AISH Probe Kit CE marked ; Vysis
Mombre de Mitoses [T
Mombre oe noyau

Cytogénitigue moléoulaine
A5 XY ichy SAY+,CEP X+)[10]
e Eh{SRY,CEPX]x [Z00]

COMMENTAIRE ET COMCLUSION

Présence du SRY sur toutes les mitoses et noyoux observés.
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Cas d’une amplification du géne Her-2 observe par FISH
sur microscope a fluorescence




Cas d’une translocation t(22q12) au niveau de la région du gene EWSR1

Sonde LSI EWSR1, Break Apart Rearrangement



Translocation t(11;14)(g32;q13) causant un lymphome du manteau

Sondes LSI 1GH et CCND1/MYEOQV, Dual fusion



FISH oncology solid tumor : Breast cancer

PNET/EWING

‘1 (11,22)

FISH ONCOLOGY



Medical Genetics and oncogenetics

SONDE BREAK APART EWSR 1 AU MOINS 30% des cellules




1956 Caryotype humain
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(Choc hypotonique)
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Chromosomes et cancers 9

3 évenements majeurs o

»Chromosome Phl et LMC
1960 : NOWELL et HUNGERFORD

» Techniques de bandes

1970 : CASPERSSON QFQ
1972 : Janet ROWLEY 1(9:22) -

1980 : SANDBERG
répertoire des anomalies

»Découverte des oncogenes (C-src)
1976 : D. STEHELIN

puis genes suppresseurs de tumeur



Anomalies chromosomiques en onco-hématologie

»Acquises
» Clonales toutes les cellules possédent la méme anomalie primaire.
» Limitées aux cellules malignes

»Non aléatoires Retrouvées plus souvent que ne le voudrait le hasard,
plus ou moins spécifiques d’'un type de leucémie

> Primaires ou secondaires



La leucémie myéloide chronique (LMC)

La LMC a bénéficié tres t6t d’'un marqueur biologique : le chromosome
de Philadelphie ,(Ph1).

Il fut des lors reconnu comme marqueur spécifiqgue (non
pathognomonique) dans la LMC.

Il s’agit d’une translocation réciproque entre les chromosomes 9 et 22,
cassés respectivement en 9934 et 22q11.

Il apparait parfois sous une forme variante (moins de 10% des cas) se
traduisant par des translocations complexes impliquant un ou plusieurs
chromosomes en plus du chromosome 9 et du chromosome 22







La leucémie myéloide chronique (LMC)

L'équivalent moléculaire du chromosome Ph1l est le
gene de fusion BCR-ABL,

transcrit en un ARNm hybride et traduit en une
protéine de 210 KDa a forte activité tyrosine kinase,
jouant un role dans la leucémogénese



La leucémie myeéloide chronique (LMC)

Leucémie Myéloide Chronique (LMC) et Caryotype
t(9;22) (034 ;g11) ou les variants (4-8 %)
(Batty N ,Blood 112:1108,2008)

Anomalies clonales additionnelles (ACA)(5-10
%)
(Marin D, Blood 112 : 4437-4444,2008)

Translocation (9;22) isolée (90-95%)

Rarement le caryotype est normal (< 10%)
LMC
Phl néegatif = FISH ou biologie moleculaire



Objectifs du Traitement de la LMC

Remission
hématologigue E

CCyR
é

PCR negativity
é




Oncohématologie (Cytogénétique conventionell, FISH )

Cytogénétigue conventionnelle FISH

‘ .“ T? "
sl‘ ‘* B "
1 2 3 4 5
wn 1 a ”
R | T BT TR TR T
6 7 ] 9 10 1 12
89 43 o S 86 ra
17 114 15 16 17 18

& we a LR ‘ Cellule normale ¥ L
19 Pl bl 2 X Y La sonde: ETV6 Break Apart, double couleur Réarrangement Bi-allélique du locus ETV6

46,XY,der (6)t(6;2)(q15;?), add(12)(p11), t(12;21) (p12;q12),der(16)t(16;2)(p11;?)

— — ‘— p— —
D
t(12;21)(p13;q22)

- Sonde 7q11.23 LSI ELN

. Sonde 731 D7S486, D7S522

e
g

t(12;21)(p13;q22)



Anomalies chromosomiques identifiées au LNR

44,XX,der(1)t(1;?)(p21;?),-3,der(5)t(5;?)(q14;?), der(6)t(6;?)(p21;?),-9,-17,
19,der(22)t(12;22)(q13;p12),+marl,+mar2[cp17]/46,XX[3]

46,XY,inv(3)(q21q26)[28]/46,XY[2]

46,XY,der(8)(q237?),der(16)(q22?q23?)[20]

47 ,XY,+8[27]

46,XX,t(8;21)(q22;q22)[21]

46,XY,t(11 ;14)(q13,q32)[4]/46,XY[26]

46,XX,der(2)t(2;?)(p25;?)[51/47,XX,+4[2]/46,XX[23]

47,XY,+13[13]

45,X,der(X)t(X;?),+iso(3)(q10),der(9)t(9;?),t(11;14)(q13;q32),t(13;14)(p11;q24),+add(19)t(19;?)(q13;?),-
21x2[cp15]/46,XX[10]

"

s 8 !

3 &8 8% & 2

- 8 Y
92 oo
[SN M,g.
= e

46,XY,is0(7)(q10),der(19)t(1;19)(q23;p13)[6]/ 45,sdl,del(3)(p14?)[2]/46,XY[6]

47,XY,+8[2]/46,idem,-7[26]/46,XY[2]

46,XY,t(12;21)(p12;q12)[6]/46,idem,der(6)t(6;?)(q15;?),add(12)(p11),der(16)t(16;?)(p11;?)[11]

46,XX,t(9;22)(q34;911)[20]

48,XY,+8,+21[2]/46,XY[18]

41,X,-X,-5,der(8)t(8;?)(q24;?)-13,-14,-17,-21,-22,+mar1,+mar2[17]/46,XX[3]

46,XX,der(9)(p)?[25]

44~45,XX,-5,-7,der(12)t(12;?)(p12;?),-14,-16,+marl,+mar2, +mar3[cp15]

46,XX,del(5)(q13q34)[28]

46,XX,t(9;22)(q34;911)[30]

21,-22,+marl,+mar2[19]/46,XY[1]

44-45,XY,der(2)t(2;?)(p25 ;?),inv(3)(q21926),del(4)(q21qter),del(5)(q13q31),del(7)(q22qter),-13,der(16),-

46,XY,(15;17)(q24;421)[8]/46,XY[17]

46,XY,add(4)(p16),der(9)t(9;16)(q34 ;q22),der(16)inv16(p13q22)t(9;16)(q34922)[21]/46,XX[1]

46,XX,t(12;21)[21]

46,XY,t(15;17)(q24;q21)[1]/46,XY[24]

52,XX,+X,+2,+4 t(9;22)(q34;q11),+14,+16,+21[6]/46,XX[24]

7 10 1" 12
-
23 o &6 3x§ KN 58
13 14 15 16 17 18
= a B < 3 - a :
19 20 21 22 X Y
(5]
-
M

33-35, XY der(Z)e(2 ;7 P25 ;?)inv(3)(qgZlgZa),
del{a){gZ2lgter) del(5){(ql3g3l).del(F)g2Z2qgter),
der(7)}t(7 ;4)(qZ2 ;gZlqgter),der(12)}t{12Z ;?Mp12 ;7).
-13, . der(16),-21,-22 +marl, +mar2[19]/46,%Y[1]
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Le Diagnostic Prénatal

Imagerie foetale ET Biologie

Echographique IRM Signes d'appel
biologiques

Marqueurs sériques

maternels:

Hormones et produits
foetaux en circulation

maternelle




Techniques de prélevements de tissus foetaux

Biopsie du trophoblaste

Biopsy Catheter

Ultrasound Probe L ‘

Bladder

Amniocentese

12 - 14 SA

Ultrasound Probe

Placenta

N CELL CULTURE
ch

ooooooooooo Tysis

Amniotic Fluid

14 -17 SA




Applications en prénatal

Amniocentese

Amniocytes non cultives

Trisomie 13 + + +

Analyse spécifigue des chromosomes X,Y,13,18,21



Applications en prénatal

Amniocentese

Amniocytes non cultives

Trisomie 13 + + +

Analyse spécifigue des chromosomes X,Y,13,18,21



Blastomere




Preimplantation genetic diagnosis, THE LANCET ¢ Vol 363 « May 15, 2004



REACTION DE POLYMERISATION EN CHAINE (PCR)

Principe de la PCR

5 3"  ADN Cible
3’ 5
Etape dénaturation des brins & 94°C
1¥ Cycle l
Température (°C) 5" 3
04° «§— dénaturation 37 5
Etape d'hybridation des amarces a 56°C
72° — «f— synthése l
5 3
37 E | e 5"
155° — -f— hybridati
SRR Amplification 2"
l Etape d'élongation des amorces a 72°C
5 3
< cyde | — o — cycle 2—— - 4— Cycle3 — — i
3" - s 5
2™ Cycle /\
O  Chague brin néo-synthétisé
sert de matrice pour une nouvelle 5’ 3’ 5’
synthése au cycle suivant. 3 e— 5" 3
O  Aprésn cyclesonauraune > — ¥ ®
amplification exponentielle de la 3 2 3
séguence d’ADN cible (2n copies } )
ou n représente le nombre de 5 3 5
, » ——— >
cycles effectués). 3 5 3




» L 'analyse moléculaire du braslong du chromosomeY permet de
mettre en évidence des microdélétionsdesrégionsAZF
(azoospermia factor)

Azoospermia factor

Example of amplification of male genomic DNA. AZF
Multiplex PCR
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LA PCR EN TEMPS REEL

La PCR en temps réel utilise le principe de base de la PCR classique, avec pour
différence une amplification mesurée non pas en final mais tout au long de |la
réaction, donc en temps réel.

Recherche de mutation par RT PCR et sonde spécifique d’alléle : méthode
Tagman



LE SEQUENCAGE DE LADN

.............................

| | I




LE SEQUENCAGE DE L’ADN

L, e, |, N, | Ay, e, |, v

1

TG & TACAAC CTGCGCTCGD GCAC CGTGC TGT GC
HO 910 100

Nr‘l .“'L”' I‘i r.'\- '||1
ol L L.L_i..,l...u :J'/ fl ﬂ .IuluM




2¢me génération de séquencage d’ADN:
séquencage capillaire

TGATTCATC

”~ e

P 4 s ! Fluorescence
F N
:"d Migration of DNA Y Setsitor

’ fragments Y
Laser'
Samplef/ Buffer

Buffer

+




PCR
puis
dénaturation

-
-

ik ias
D e
. g
T
> g <2 AN
'.5, .:-' . .
k- s
ADN cible 37

O : ADN polymérase

110 120 130
CTGG AGTCTACACCAAGGTCTACAACTATG”

Ao

Electrophorégramme

Migration sur un séquenceur

TACAGZ—}CAGTAGC -3¢
ATGTCO—-—» :
ATGTCdth : 5
.ATGTC Tddc;t
.ATGTC T G,T% i i i
.ATGTC T G T“cté
.ATGTC T GT C,A
.ATGTC T GT C Adthg
ATGTC T GT C A T,,dé¢§
ATGTC T GT C A T C,G




—» Extraction de ’ADN n

.

Amplification de PADN (cf.PCR)

Sang total (taille moyenne: 250 a 500 pb)
(tube sur EDTA) l

Séquencage de ’ADN
(technique de Sanger)

!

Migration sur un séquenceur
(cf electrophorése capillaire)

!

Lecture des séquences

30 a0

o



Tris-EDTA 20 *SLB *Na Cl5M Tris-EDTA 10
mM/SmM *Protéase K 10mg/ml *EDS mMns- /1 :ml:

Dosage d’ADN par NanoDro



T C

n]
a

IC & GGG A M A AGDC CTTT CTY T du e la GT IGIEARGTTGR&ZRTTG S GT A&CTTEC G & A A L GiIGT

e . e e - = =
FTe FOE = = RO L E L =g
LD T A - A A A A T T T I L A A A T AT T G AT T D T AL T O A A A MG T
T CCCC GG iEA i i GCCTTT = C T CTAAMLGT GGEAGTTGATTECOCTACTTCGAAAMDG T
Tl:l:CCAGGGAHJ\AGEETTT:G-ICTIIZT.FI..FI..I’I.ﬁTGGnﬁTTEnTTEEGTnETTﬂEnAAnE
TCCCCAGGGA.ELJL T T TN GCICINNAGTGAGTTG:ITTGCG:ICTTCG:IJIJI:I
: : l hh MY A VW H u

luj.l.u.lihl.hg A A A VA Y A

TC‘C‘E‘F‘AGGGR.&AAGC‘C‘TTI‘ WEETCT A A A GTT S AaSET ATTGCGTICTTCG:.&.&

S desea-—4a3S2) ., ___Expect = 0.0
t'ie’ =_359/360 (S593T>Caps = 0/360 (0%)

Query 1 TCCCCAGGGAAAAGCCTIT CIAARGTGGAGTTIGATIGCGTIACTITICGAARARARAGGTAGG &0
LIRS peiyen s PRSI LR R NN R YRR SRR el e
Sbjct &04 TCCCCAGGGAAAAGCCIT CITAAAGCGTGCGACGCTITICGATIGCCGTIACTIICGARRACGGTAGG 6863
Query €1 CEACACAT CCCIGGACCCTIAATCGATITICGACITICACGEGTARACTIGGEGEGAGAGGEGAGCCCCTICC 120
IIIIIIIIIIIIIIIIIlllllIIIIIIIIIIIIIIlIIIIIIIIllIIIIIIIIIIIII
Sbjct 664 GACACATCCCIGGACCCTAATGATITIIGACTICACGGTAACTGGGAGAGGGAGCCCCIC 723
Query 121 CCGCCCGACGAGCAGARARACCACCTAAGCGAAGCGCCCARAAT CICCCARAGCTI CCAGGAACTGGCAG ig0
CEEEERESR LRI RS R CE LR RN A ERISRER I VRIS ERERD
Sk3jct 724 CCGGCGAGAGCAGAARACCACCTIARAGAAGCCCARAAT CICCCARAAGCTICCAGGAACTGGEGCASG 783

Query i81 AGGCCGGGGACGCCCCARAGGGAGCGG CACCACGAGACCCARAGGCGGCCACGTI CAGAGGE 240
ER LRI RN EE L e CEEIEE R EA R AR LR RSB R R EA R E LD
Sbjct 7E4 AGCGCCCGCECCECCACGCCCCAARAGCGCGCAGCC GG CACCACGAGACCCAAGCGGCGC GG CCACGTICAGAGEGE 243

Query 241 ITGTGCAGGCTGARARAGGGEGTICCIGEGAGAARAGT CCTIGEGGAAGCTICCTITIGTICARAGATGCCTITIT 300
SLEFEEEIRREEEIE RN RS LS VSRR RS SIS LA EESE L ERENRR SRR RN NS
Sbjct S44 ITGIGCAGGTGAARARAGGGICCIGGAGAARANAGT CCIGGGAAGCTICCITIGICAAGATGCCTITIT S03

Querxry 301 TCARRACT ICGCCAGGCECECCAAGEGCTI CGAGGGGEGEGEGIGGEGCEGEGCCACCACAT CCACCCAGGTICAT 380

EEENLEFEVES LIRS E LN AR R T RN B LR N B
Sb3jct S04 ITCARRACT ICGC CAGGGEGGG CAAGECT CGAGCGEG GGG GEGTI GG GG CCACCACAT CCACCCAGGTICAT 9&3

Analyse de la séquence de I’exon 4 de géne MECP2 par ’amorce 4A (F,R) de la patiente 4 .



Les mutations décalant le cadre de lecture (Frame-Shift)

Exemple: La mutation ¢.35delG du géne GJB2 est une mutation fréquente dans les
surdités non syndromiques autosomiques récessives.

ﬂ
" fﬂ | Séquence normale TCCTGGGGGGTGGG
|

L }

Séquence mutée TCCTGGGGGTGGG

Ao A .1 '. ,r-,-"'r L M ¢ ."'ﬁ'.| -"-."I'.. r'.l
U AL




Séquencage par la méthode de Sanger

1. Primer design Forwar Q_F'rimer

| > Exon nhen Exon o Exon e Exon

DNA WW&QWMMWMWM

Reverse Primer
2.PCR 3. Sanger Sequencing (based on terminator di-deoxy nucleotides)

Ol

i TICG MOl ATG AT TTAC ﬂ.’.‘GCﬂIE'r TECOTG AARGTTGGCGERTECCGE AG TR GO 'lT..'J"-E iz

‘ Generate EEQUEHEE
4. Mutation detection

- [CTCTACGACGATGATTTACACGCATGTGCTGTAAGTTGGLGGTGCCGGAGTGLGLT
CACCGC... ‘ Compare to reference genome

.. [CTCTACGACGATGATTTACACGCATGTGCTGTAAGTTGGCGGTGCCGGAGTGCGCTCACCGC...
Lysine - Stop!



Maladies monogéniques et mutations a impact considérable

mutationl




............. ATGAGCCAGTACCTGTTTAAGGTTCTCATCGTGGGTGAC
MCCGGCGTGGGCAAATCCTCCCTGATGATGCGTTTCACGGAGAAG
AAATTCCTCGAGAACTACGTGTGCACGGTGAGCATGGATATCAGG
GCGAGCTACGTGGAGCTGCTCGAGGGCAAGATGATGCTGGAGGT)
ICTGGGACACCACCGGCGACGAGCGCTTGAAGTCGGCGATGCCGT]
CCTTTTATCGTGGTGCCCATGGCGTACTGCTCGTTTACGACACAACG
GTCGTCCAAAAGTTTCGAAAACATCGGTGGCTGGCTGAAGGAGAT)
CATGCGCATGTGTCCGGATAAGCTGAACGTCGTGCTGGTGGGGA
ACAAGTGTGATGATCTGGACCATCGCCAGGTGGACCCTGAGCAG
GCCCTCCAATATGCCCGTCGTCGGGGATTCCACTCTGATGTGGTT
TCCGCCAAGAGTGGCAAGAATGTAT,
CATTTGACATGCACGATCGTATTGTGEGTCACGGGAGATTCGAGG
ICATTAGAGAGCTACCGGATGAACCARTTAATCCAGCTGACACAGA
[TCGCCAGGGGGGCAATGACCCCAATRCCTGCTGTGCGGTGGACG
TAGCTTCTACACATACGCAGGAACAGQCTATGACCATCTCGAGCAG
ICTGAAGCTCCAATGTGGTGGAATTCTRCTTATTAAACCGAACCGAA
TTGACGATGAGCAACTTCCAGTACCTETTTAAGGTTCTCATCGTGG
GTGACACCGGCGTGGGCAAATCCTCECTGATGATGCGTTTCACGSG

AGAACAAATTCCTCGAGAACTACATG/AGCACGGTGAGCTTGGAT
ATCAGGGCGAGCTACGTGGAGCTGCTICGAGGGTAAGATGATGCT
GGAGGTCTGGGACACCACCGGCGACHAGCGCTTGAAGTCGGCGA
TGCCGGCCTTTTATCGTGGTGCCCATGGCGTACTGCTCGTTTACG
ACATAACGTCGTCCAAAAGTTTC CATCGGTGGCTGGCTGA
PGGAGATCATGCGCATGTGTCCGGATAAGCTGAACGTCGTGCTGE
TGGGGAACAAGTGTGATGATCTGGAC
GAGCAGGCCCTCCAATATGCCCGTCGTCGGGGATTCCACTCTGAT]
GTGGTTTCCGCCAAGAGTGGCGAGAATGTATATAACTTATTCCGTT]
CGTTGACATTTGACATGCACGATCGTATTIGTGCGTCACGGGAGGT
TCGAGGACATTAGAGAGCTACCGGATGAACCAATTAATCCAGCTG
ACACAGATCGCCAGGTGACCACAGATGACCCCAATACCTGCTGTT
AAGCACCGCGACTTCATTTGAATATATGATATCATAATACATTTTAT
AATTTCTATTACACAATAGCACAACAAACTCCGTAAACTTCTTGCCT]
AATGAAAAATCAAATATTTGTAATGTGAAACGGGAAGTTTGCGAAA
ATGAACATAAATAAAGTTTCCCAGTTGATGCAGTGAAAGCGCATTT
TGTTACAATTCACGATATATGATGATGTCACTTTGCCCAGTATTCCA
TCCCTCGAAAATACTGATTATTATACCAATGACAAATCATGCGCAT
GTGTAACGTCGTGCTGGTGGGGAACAAGTGTGATGATCTGGACCA
TCGCCAGGTGGACCCTGAGCAGGCCCTCCAATATGCCCGTCGTC

Variation d’un seul gene
avec effet majeur

G B S G G

Une erreur sur les 3 milliards
de perles de notre génome



Limites des techniques “traditionelles” de sequencage d” ADN

L'analyse d'un gene entier est souvent laborieuse
Plusieurs genes sont souvent impliques dans une maladie:

» Cancer du célon héréditaire (8 genes)
» Ataxies (>80 genes)
* Vision/cécité (>100 genes)

» Retard mental (~500 genes)

Problemes de détection des variations structurelles (de
grande talille)

Bases genetiques des maladies complexes peu connues

—  pas de test pour beaucoup de maladies monogéniques
— pas de test pour les maladies complexes






Les différents niveaux d’approche du séquencage



Human Genome
Referencel

Sequencing human genome

UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly
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Human Genome
Referencel

Sequencing of 3 billions bp

UCSC Genome Browser on Human Feb. 2009 (GRChSTihg19) Assembly
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NextGen : The revolution

AR ,%

|

20012002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Clinic
3 billions S/Genome <1000 S/Genome
—_—
13 years = 4745 2 days

days



Next generation sequencing

DNA:

— Blood

— Saliva

— Tissues :
* Normal
* Tumor

— Fresh-frozen or
FFPE tissues

Input DNA
Fragmentation
End repair and adapter ligation

Fragment library

Adapter Fragment A Adapter
Adapter Fragment B Adapter
Adapter Fragment C Adapter

Clonal amplification of each fragment

Sequencing of clonal amplicons in a flow cell

| |

Pyrosequencing
or Reversible Dye Terminators
Sequencing by Ligation

- 7
-

Generation of luminescent or fluorescent images

|

Conversion to sequence



Platforms features

Next Generation Sequencing
platforms from trusted names




Sequencing data : the flood

* One Human Genome sequence at 30X (deep) = 100-150 GigaB

Computational challenges :

Acquisition B W mt e SO

——— - - ———— ————)

Storage
Distribution
Analysis
Privacy




Whole exome sequencing

* Sequencing 1% of the whole genome = Sequencing EXOME
* Interrogating coding regions of 20 000 genes = 180 000 exons

o Cell
- Nucleus
| "%
\ (D } '%4 Chromosome Exon Exon Exon Exon Fxon
if N/ A Intron Intron Intron Intron
- Centromere
}l\ mRNA
Qam Sugar-phosphate
! A Coding DNA = Exome ~ 1%
chrolrsrt;{lds ’/ \ ‘\ |7 Gene
Cytosne Q/, "l[ 85% of genetic diseases
Guanine l 7'

Adenine
Thymine



Whole exome sequencing  WES

Specificity : false-positive rate [FPR]

— not a major issue in NGS,
confirmation by Sanger sequencing

(99,9%) What is

Sensitivity : false-negative rate [FNR]

— Critical outcome parameter

* GCrich regions Exome

* Repeat regions

WES provides coverage for more than SequenCIng A“AG('G*AA

95% of human exons to investigate the

protein-coding regions (CDS) I



séquencage d’exomes

‘Exome’ = ensemble des exons d’'un génome
~1.5 % du génome humain

(Gene

Toutes les parties codantes d’un

géenome humain (>180,000 exons),
sont sequencees lors d’'une seule
experience



Séquencage d’exomes- nombre de variants identifiés

* Nombre total de
variants codants:

~ 12,000

Exonic and cananical splice sites
* Variants privés* (non-
synonymes):

~150-200

All variants detected in an exome

*. jamais identifés localement, absents de la database de SNP

11/



118



WHOLE GENOME SEQUENCING

) Break genome into large
fragments and clone

r3) Break individual clone
into small fragments

&) Generate thousands of
sequence reads

4 Assemble sequence
reads for each clone

Reference genome

Reference Genome

Individual Genome

PPy

J
2§20, 22
RNAL 54

3 Align sequence reads into
a reference genome

Individual genome



Colt du ségquencage nouvelle génération (NGS)
Génome Humain

Cost per Human Genome

$100.000.000

$10.000,000

Moore’s Law
$1.000.000

$10.000

$1.000

genome.gov/sequencingcosts
S100

2001 2002 2003 2004 2005 20006 2007 2008 2009 2010 201




Human genomic data past 30 years

—

1990-2000
Launch of the « Human 2000-2010
Genome Project and ¢ Law
related endeavors ». * Ethics
g ) 2010-2020
\q/ A * Research infrastructures
L HUM N (biobanks) Genetic privacy in  2020......... 2050....2100....
. GENOME . ) , ) response of large
/. * Citizenship and ‘public ;. ternational ceseerds B Big Data
j PROJECT consortia and big data. . Artificial intelligence (Al)
. Gene and cell therapies
. Nanotechnology

Bartha Maria Knoppers , Michael J S Beauvais Three decades of genetic privacy: a metaphoric journey Hum Mol Genet2021 Oct 1;30(R2):R156-R160. doi: 10.1093/hmg/ddab164.



The landscape of genomic technologies in healthcare and biomedical research

DNA ) RNA PrOtein Phenotype

Genomics Transcriptomics Proteomics

Modifications
Epigenomics




PacBio Sequencing
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https://www.youtube.com/watch?v=1_mER5qmaVk

The landscape of genomic technologies in healthcare and biomedical research

Genomics and sequencing of DNA

Whole genome Whole exome sequencing
sequencing (WGS) (WES)



Where we are today

Where we will be in 2030

Clinical applications

Genomics for disease

harmacogenomics (PGx)

Genomics for healthy individuals

HRs

nvironmental influences on health

earable sensors

Primanly limited to rare
disease and select cancers.

Common in cancer and within select
applications of older medications at
select sites.

In research, whole-genome
sequencing and search for
mutations in one of the
ACMGS9 genes, present in
about 3% of people. Variant
interpretation is hard.

Episodic capture from healthcare
without robust genomics support.
EHR data is essentially not portable.

Patient-reported habits and
exposures

Ad hoc use of activity monitors

Genomics is routine. Genetic causes and targeted
therapies are discovered for many “common” diseases.
Microbiome measures are routinely included.

Genome-aware EHRs make PGx easy and automatically
update rules from central guidelines. New PGx
associations discovered from clinical data.

ACMG59 grows to > 200, varant interpretation improved
by huge, diverse sequenced populations.
Cell-free DNA becomes a mainstay of cancer screening

Genome- and device- enabled. Data can be easily moved
between EHRs and to participant apps.

Geocode-based exposure linkage
Real time monitoring of multiple environmental exposures
Precision nutrition

Continuous monitoring of physical activity, sleep,
metabolic parameters

Routine clinical genomics to guide
prevention, diagnosis, and therapy

American College of Medical Genetics and Genomics (ACMG)

Sequencing $15.63.

Electronic health record (EHR)

Joshua C Denny 1, Francis S Collins 2 Precision medicine in 2030-seven ways to transform healthcare 2021 Mar 18;184(6):1415-1419.



https://pubmed.ncbi.nlm.nih.gov/?term=Denny+JC&cauthor_id=33740447
https://pubmed.ncbi.nlm.nih.gov/33740447/#affiliation-1
https://pubmed.ncbi.nlm.nih.gov/?term=Collins+FS&cauthor_id=33740447
https://pubmed.ncbi.nlm.nih.gov/33740447/#affiliation-2

netic diagnasis
(PED) Noninvasive
prenatal testing (NIPT)

Iz
' . Newborn
s Fetal medicine . ‘ . e . o
( g screening (NBS) Precision medicine



Superovulation, ponction et ICS]
Technique de I'ICSI

Injection d'un spermatozoide dans
le cytoplasme de |'ovocyte

!

Six embryons au troisieme jour
de développement (stade & cellules)

!

Biopsie embryonnaire ()3)

Aprés perforation de lazone pellucide par
un laser, une a deux cellules sont prélevées
sous contrdle microscopique

!

Diagnostic en 12 a 24 heures
PCR ou FISH

Diagnostic préimplantatoire

* Fécondation in vitro

* Prélevement d’un blastomére au stade
morula

*Test génetique sur 1 cellule

* ADN

Résultats Résultats
moléculaires \ / cytogé nétiques

Transfert intra-utérin de 1 a 3 embryons sains a J4




Blastomere




Preimplantation Genetic Diagnosis (PGD)




Preimplantation genetic (PG) testing

Who benefits from PG testing?

PG testing has two broad categories

PG diagnosis PGscreening

Tests embryos for specific genetic abnormalities that have Tests foraneuploidy in embryos; parents have no

been shown to existin one or both parents diagnosed genetic abnormality

Purpose is to prevent the birth of affected children from Purpose s to identify optimal embryos for uterine transfer
parentswith a known genetic abnormality inan IVF cycle and, in so doing, improve pregnancy success
Widely acknowledged as acceptable for routine clinical in certain patient populations

application Its routine clinical application remains controversial

Brezina PR Brezina DS, Kearns WG Preimplantation genetic testing. BMJ. 2012 Sep 18;345



Preimplantation genetic (PG) testing

What is PG diagnosis?

PG diagnosis is the testing of embryos for specific genetic abnormalities known to
exist in one or both parents

I Diagnosis is appropriate for:
* Autosomal recessive diseases inwhich both parents are

‘knnwn genetic carriers, such as cystic fibrosis or sickle cell
disease

¢ Autosomal dominantdiseases in one or both parents, such
as Huntington's disease

* X linked diseases (such as haemophilia)
* Any parentwho harbours certain balanced chromosomal

Diagnosis is notappropriate for:

* Medical conditions in parents inwhom a definitive genetic
cause has not been identified

* Testing for non-medical phenotypic traits, such as eye or
haircolour

Diagnosis is controversial for: |
* Sexselection forthe purposes of family balancing

* HLA matching forthe purposes of creating a tissue donor
foran existing diseased sibling

Brezina PR Brezina DS, Kearns WG Preimplantation genetic testing. BMJ. 2012 Sep 18;345



Mother's blood with

3 - maternal & foetal DNA
N I PT ! ) Foetal DNA
non-invasive ‘

prenatal test

Maternal DNA

5 ?’
%
Baby and placenta
have foetal DNA

m Plasma = Maternal + Fetal

Maternal + Fetal DNA Genotype L2 fen R
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Maternal DNA Genotype



Diagnostic prénatal non invasif

Clinical information: normal pregnancy, gestational age: 12 weeks, maternal weight: 66kg, maternal height:

163cm.
Results:
Aneuploidy detected (Y/N)
Chromosome 21 No
Chromosome 18 No
Chromosome 13 No Mother’s blood with
Gonosomal chromosomes No maternal & foetal DNA
Fetal Fraction (xx %): 7%
|Fetal gender | male | Foetal DNA

Baby and placenta
have foetal DNA

The analysis did not indicate a trisomy of chromosome 13, 18, or 21 or gonosomal b
abnormalities. P
However, the test cannot entirely exclude this due to the possibility of fetoplacental mosaicism. If the
fetus shows abnormalities on ultrasound investigation, or if a family history of fetal abnormalities or .
other genetic disorders exists, invasive testing and subsequent analysis by karyotyping or additional ‘
genetic analysis should be considered. Qﬁaternal DNA

Sequencing ;;ﬁ'n-ﬁn N g
' 8 »

2«1l _
XX e ek
m;m Plasma = Maternal + Fetal \ Ii—
Maternal + Fetal DNA Genotype

' DDA sne el

Target Fetal ﬁefal Genotype =
D@ﬂ w o g i e DNA Signal Personalized
D@QT- R RN Risk Score
Buffy coat = Maternal

Maternal DNA Genotype



Male infertility............. Genetic factors

The common Cresponsible for male infertility are :

—
Chromosomal abnormalities
30 % percent cases of

Yq microdeletion . s
d male infertility.

Cystic fibrosis.

—

About 40 % cases of male infertility are categorized as idiopathic :

Genetic and genomic abnormalities.

LIETRE TR
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100 e
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Halder A, Kumar P, Jain M, Kalsi AK. Genomics: Tool to predict and prevent male infertility. Front Biosci (Schol Ed).

2017 Jun 1;9:448-508.



Couples with .................... Male infertility

General considerations on genetic testing

Clinical Genetics

O g = —
ey TH

Breas
ovari

=Dy
-

Genetic consuling Clinical Diagnosis

Genetic counseling Genetic testing

Familial history
Clinical-genetic examinations

Genetic counseling, focusing on an extensive evaluation of the familial
history and, if necessary, clinical-genetic examinations, Is required in
order to decide whether and which further genetic testing is appropriate

for the couple.



Male infertility............. Medical Genetics

©by Aiey MAR TN

O Chromosomal abnormal
O Yq microdeletion

d Copy number variations
(CNVs)

 Monogenic
O Multifactorial
O Mitochondrial

O Epigenetic abnormalities.

Chromosome

analysis

FISH

CGH arrays
ACPA

Copy Number
Variations (CNVSs),

DNA sequencing ACTGACTGACTG



GENETIC CAUSES OF MALE INFERTILITY
Testicular failure

Mutations AURKC gene

infertility in men from the Maghrebian
region :
» Morocco,
»Tunisia
» Algeria
(JHomozygous c.144delC AURKC
J Sperm with :
» 4N chromosomal complement,
»large heads
»often multiple tails.

Homozygous mutation of AURKC

Dieterich K, Soto Rifo R, Faure AK, Hennebicg S, Ben Amar B, Zahi M, Perrin J, Martinez D, Séle B, Jouk PS, Ohlmann T, Rousseaux S, Lunardi J, Ray PF. Homozygous mutation of AURKC
yields large-headed polyploid spermatozoa and causes male infertility. Nat Genet. 2007 May;39(5):661-5. Epub 2007 Apr 15.



http://www.ncbi.nlm.nih.gov/pubmed?term=Dieterich%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Soto%20Rifo%20R%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Faure%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Hennebicq%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Ben%20Amar%20B%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Zahi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Perrin%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Martinez%20D%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=S%C3%A8le%20B%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Jouk%20PS%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Ohlmann%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Rousseaux%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Lunardi%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed?term=Ray%20PF%5BAuthor%5D&cauthor=true&cauthor_uid=17435757
http://www.ncbi.nlm.nih.gov/pubmed/17435757

GENETIC CAUSES OF MALE INFERTILITY

Klinefelter syndrome (47,XXY)

UClinical and cytogenetic heterogeneity :

»>47,XXY
»mos 47,XXY/46,XY ....

UProgeny of XXY men by ICSI (intracytoplasmic sperm

after TESE (testicular sperm extraction) have been described.

U They hav

Testicular failure
Aneuploidy

Taller than
erage heig

li \
J

\/\/\/

risk for gonosomal aberrations.

47 XXY

injection)

X e
S i,
\\;\)@ o-&%\@\\’ ware,

HEREDITARY RISK IN IUCS] WITH SFERM FROM NON-MOSAIC
KLINEFELTER SYNDROME PATIENTS. T. Mik, A Temks®
M. Nagayohi,” 5. Watanabe.” *Saint Mother Hospital, Kitakywsyu, Japom;
" Amstonmical Science, Hirsald Univers ily Ciraduate school of Medicine, Hir
aki, lapom.

OBIECTIVE: Toverily the actus ] risk of hereditary Kline felier Syndrome
(KX hor mcidents] aneuploidy in ICS] restment of KX patier”  vhich ha

heen wamed in previows cylogenelic studies wing ledio” wm BS
petenis
DESIGN: Cyiopenetic amalysis in K5 patien® nd
e livered hahies. ‘_ﬁ»\ >
MATERIALS AND METHODS: 1b k‘\\\' S
e D
trextment of K5 patents n ourhe Q$ \@ &
wing ammicce et of peripb R '\$\ b‘\) & \\cf?"
tridization (FISH) analv’ £ A A oM
.Ilt|.|."_.i:l1l .I'Ihli._l _1:Jt Q“\ \‘\} \\@vf\‘gf: \c@‘» -
aul in morphalogics! N AQS‘ < \}* £ e
identified amd is- 2R ¥ &\\’bx\oo\" L KS pa
liemis, respe ‘\\‘ «ﬁ\‘ SIS nid their par
5 AWV
enk & N ‘Z?’ [ ‘5&3 MMNOSNTE Was
.\\\@A\ﬂ 3 -, acoording to the
S ntracied] froam blood sam

A \\,\\\\ asenl. Multplexed PCR ampli

acucted wsing an Investigator Argus
st was nm on an ABI FRISM 3100
. roducts. The duts obtamed was analyeed

\(\ o chromsomal shoormality was found n 45 K5 pa

\b\ amine. 2} In the most o 5 h‘r]l*'m: 5 lesles examined,
N msv\ 2 showed XY and XXY mosicism. However, the sex chro
mos o constluton of all primary spermatocyles and spermatids was
narmal, suggesting the possibility that XXY spenmstoponis can nol enter
meiaEs. In one case, there were no XXY spemaiogonia. 3) Xechromeo
soma] 5TR DNA proliles were compared among K5 patient and their par
ents. In 3 of the 4 K5 putients, both two X chromosome: were maiemal
origin, showing that an extra X chromosome was kel in an oocyle = a2
resull of chromeramsal npn-disjunction 3t the 1% or P meitic division.
In one ptent, X-chromosymes were inherited from parents, suggesting
that fertilization of XY-sperm is the case of ES. In addition, it wes sur
mised thal 12 cases in 14 patients showed maternal oigmn and & 15 pa
tients were patemally. Alhough the sample number apphied for X
chromesmmal STR DMA profiling is nod encugh, the present dub may indi
cale hat contrbution of XX oocyie to the production of XXY embryos is
grester than XY sperm. Namely, a XX oocyle penetration by a Y spermis
the main cause of K.

CONCLUSIONS: All dets inchicates that the risk of KX haby resulting
Trexm ICST trestment of K5 patient couples may be 2 lol lower than expected
frevm the previcis studies. Cylopenetic analyss with smear of testicular cell
mislure thal was ised in the studies may overestimate chromeosoma] shoor
malily. This finding encourages the opimon that we should @rongly recom
mezndl vignrow trestment with ART for K5 patients.



Couples with infertility

2. Genetic testing in male infertility

Molecular genetic testing

Azoospermia factor

Cystic fibrosis gene mutations

Homozygous or compound heterozygous for CFTR mutations.

Further mutations and syndromes

Several hundred mutations of AR have been described with resultant phenotypes ranging from

testicular feminization to partial androgen insensitivity syndrome to male infertility




GENETIC CAUSES OF MALE INFERTILITY
Testicular failure

Azoospermia factor

Microdeletions of the long arm of
the Y chromosome are now
recognized as a relatively AZFa deletion
common cause of primary
testicular failure (severe
oligospermia and azoospermia),
affecting up to 20% of men with
infertility

AZFbc deletion

AZFb deletion AZFc deletion



A summary of potential gene biomarkers involved in male infertility.

Gene

AZF

CFTR
SHOX
USP8
UED
EPSTI
LRRC32
POE3A
EFCAB4B
COBL
ATPBAT
MASP1
PROEZ
AHRR
MTHFR
UBEZB
CREM
TSPY1
CLU
PRM2
PSG1
HLA-E
FLCD1
ADD1
ACWRLI
AR

ARNT
hCAP18
SPINT
TEX101
PGE2Z
HISTIH2BA
sLC2A14
SPACAS
GAPDHS
AKAP4
SPAGT1E
SAMPI2/SPACAT

Name Location
Azpospermia factor e ¥gli
Cystic fibrosis tmmsmembrane regulator ag 7g31.2
Short stature homeobox . “ Xp22.33; ¥p113
Ubiguitinspecific peptidase 8 ‘\o 15g21.2
Ubiguitin D ‘a 6p21.3

)
Epithelial-5tromal intera 9 139133
Leucine-rich repeat cun%-b ’ “e 11913.5q14

Phosphodiesterase 3A e 12p12
EF-hand calcium-binding domain 48 12p13.32
Cordon-bleu WH2 repeat protein \ “ ip121
ATPase, arnlnclphcl:-'.phclllpu:lt et r (APLT), class | member 1 4p13
Mannan -binding Iectln t||:|a:-'.E 1 3q27-28
Prokineticin 2 ‘ 3p13

Aryl- |'I'[,|'I:|FEIE.EF|:IEII'I 1:|r repressor “0 S5p15.3

Methylenetetrahydrofolate reductase

Ubiguitinconjugating enzyme E2B ; 66 ; 5g31.1

cAMP resporsive element modulator 10p11.21

Testis-specific protein, Y-linked 1 Yp112
Clusterin 8p21-pi12
Protamine 2 16p13.2
Pregnancy-specific beta-1-glycoprotein 1 19g13.2
Major histocompatibility complex, class |, E 6p21.3
Phospholipase C, delta 1 3p22-p21.3
Adducin 1 {alpha) 4p16.3
Activin a receptor type II-like 1 1213.13
Androgen receptor X012
Aryl hydrocarbon receptor nuclear tran:—’.l-ncatu 1921
cAMP cathelicidin antimicrobial peptide 3p21.3
Spindlin 1 9g22.1
Testis expressed 101 19g913.31
Phosphoglycerate kinase 2 7 - 6p12.3
Histone cluster 1, H2ba : 6p22.2
Solute carrier family 2 (facilitated glucose transporter), member 14 12p13.31
Sperm acrosome associated 3 17g11.2
Glyceraldehyde-3-phosphate dehydrogenase, spermatogenic 19g13.12
A kinase (PREA) anchor protein 4 Ap112
Sperm-associated antigen 11B 8p23.1
Sperm acrosome associated 1 6g15

Kovac Blomarkers off male factor infertility. Fertdl Stenl 2013



Diagnostic strategy

FISH postnatal (CEP X, LSI SRY,, ...) Hyb”g'éﬁ;‘r’r”asgays :

Whom to test? Testing Strategy test?
Male infertility panel

Men
AR, CATSPER1, CFTR, FSHR, LHCGR
> Genetic
o Tg counseling
Ko = | Global infertility panel %S
o] oY t;
=
g AR, CATSPER1, CFTR, FSHB, FSHR, HESX1, LHB, S
"5 LHCGR, NR5A1, POU1F1, SRY © 8
c
> O .
> Modify
treatment

Women Female infertility panel

BMP15, CYP21A2, FSHR, LHB, LHCGR, ZP1

Turnaround time: 20 days ,




Dépistage néonatal de la surdité
Stratégie « Génétique Médicale »

Surdité non
syndromigue

35delG of the gene
of the connexin 26

Surdité
syndromigue

. <

Consultation de
Génétique

-

Analyse ADN ciblée

Génes
GJB2/GJB6/
GJB3

Non-Syndromic
Hearing Loss
Panel

'

Analyse « Panel de génes »
93 GENES




Famille HNPCC
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0 cancer hépatique (sur foi sain?)
[ colite interstitielle sans caractére spécifique ou tumoral Dc .
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t t ie digesti
ymptomatologie digestive en cours

Résultats

MYH (-) MSI Mutation MLHT



> Oncol Lett. 2011 Mar;2(2):389-393. doi: 10.3892/0l.2011.248. Epub 2011 Jan 21.

Genetic testing and first presymptomatic diagnosis
in Moroccan families at high risk for breast/ovarian

cancer

Fatima Zahra Laarabi ', Imane Cherkaoui Jaouad, Karim Ouldim, Nisrine Aboussair, Abdelouahed Jalil,

Brahim El Khalil El Gueddari, Noureddine Benjaafar, Abdelaziz Sefiani

Affiliations + expand
PMID: 22866093 PMCID: PMC3410606 DOI: 10.3892/0l.2011.248
Free PMC article
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© ocuaire Diagnostic presymptomatique:
Présence de la mutation
@ si 185delG

D——i 47 ans U
Sein i
Dc: 31 ans Age: 37 ans
Dcd: 32 ans Dc: 35ans

. &

Sein

Mutation BRCAL : 185delAG

Premier diagnostic presymptomatique au Maroc

P.e.c : Premiére expérience marocaine

|

Tum utilisable sur biopuce
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Fievre méditerranéenne familiale (FMF)
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ONCOGENETIRUE TUMEUYS

Cytogénétique moléculaire (FISH )

. L]

Cancer du sein >

3

-L manteau, t(11;14) * .

HER2 amplifié



11111

TG AGTACAACCTGCGCTCGCGCAC CGTGEC TGT GC

Molecular biology

Il “ ““ ““" ! “” DNA sequencing ~ ACTGACTGACTG

Oncohématologie
Moelle osseuse et

sang, ganglions..

Oncogénétique tumorale: Oncogénétique constitutionelle :

Mutation somatique Mutation constitionnelle

Tumeurs Sang



Oncogénétique
Biologie moléculaire

PCR conventionnelle PCR en temps réel



Pathologie?

Morphologie Anomalies

HE genétiques
des tumeurs

Colo spé




Parmacogéneétique en cancerologie

Pharmacogénétigue:

Mutation constitionnel

Sang

Table 2 | Selected germline pharmacogenomic markers.

Pharmacogenomic marker Drug (s)

BIM Imatinib

CYP2B6 Cyclophosphamide
CYP2D6 Tamoxifen

DPYD Capecitabine, fluorouracil
G6PD Rasburicase

MLH1, MSH2, MSH6, PMS2 Fluorouracil

SLCO1B1 Methotrexate

SLC28A3 Anthracyclines

TCL1A Aromatase inhibitors
TPMT Mercaptopurine, thioguanine, cisplatin
UGT1A1 Irinotecan

*Commercially available multi-marker tumor panels.
Arup Laboratories (http.//itd.aruplab.com/Tests/Pub/2007991).

AsuraGen (http.//asuragen.com/products-and-services/genomic-services/next-generation-sequencing-services/).

Foundation Medicine (http.//www.foundationone.comy).

Genome

Germline
Germline
Germline
Germline
Germline
Germline
Germline
Germline
Germline
Germline
Germline

Outcome

Efficacy
Toxicity
Efficacy
Toxicity
Toxicity
Efficacy
Toxicity
Toxicity
Toxicity
Toxicity
Toxicity

Multi-tumor marker*

No
No
No
No
No
Yes
No
No
No
No
No



Parmacogénetique en cancérologie

Pharmacogénétique:
Mutation Somatigue
Tumeurs




Somatic mutations in cancer pharmacogenomics

Drug
Cetuximab

Erotinib
Exemestane
Gefitinib

Imatinib

Lapatinib
Letrozole
Panitumumab
Tamonxifen

Trastuzumab

Drug target
EGFR
EGFR

Aromatase

EGFR
BCR-ABL. KIT and PDGFRa

tyrosine kinases

ERBEZ receptor

Aromatase

EGFR

Oestrogen receptor

ERBB2 receptor

@ sTupY DESIGNS

VOLUME 14 |JANUARY 2013

Cancer type (or types)
Colorectsl, head and neck
Lung, pancreatic

Breast

Lung

Chronic myeloid leukaemia,
gastrointestinal

Breast
Breast
Colorectal
Breast

Breast, stomach

Somatic markers

EGFR and KRAS
EGFR

ESR1,E5R2 and PGR
EGFR

Philadelphia chromozome,

KIT and PFDGFRA
EREB2

ESR1,E5R2 and PGR
EGFR and KRAS
ESR1,E5RZ and PGR
ERBB?

NATURE REVIEWS | GENETICS

-

Cancer pharmacogenomics:
strategies and challenges

Heather E. Wheeler'?, Michael L. Maitland™?3, M. Eileen Dolan'-%, Nancy J. Cox"*#

and Mark J. Ratain'-22



HEMATOLOGIE
Syndromes Myéloprolifératifs

Leucémie myeéloide chronique (LMC)

t(9;22)(q34.1 ;q11.2)

i (=10l (or-{{e | Complete (CHR}) WBC <10 x 10%/L
Basophils < 5%
No myelocytes, promyelocytes, myeloblasts in the differential
Platelet count < 450 x 10%/L
Spleen non palpable
[@itol-1-1 1 1ite Complete (CCgR) No Ph+ metaphases

Partial (PCgR) 1-35% Ph+ metaphases
Minor {(mCgR) 36-65% Ph+ metaphases
Minimal (minCgR)  66-95% Ph+ metaphases
None {noCgR}) >95% Ph+ metaphases

Molecular Complete (CMolR)  Undetectable BCR-ABL mRNA transcripts by real time
quantitative and/or nested PCR in two consecutive blood
samples of adequate quality (sensitivity > 104)

Major (MMoIR}) Ratio of BCR-ABL to ABL (or other housekeeping genes) <0.1%
on the international scale

Baccaraniet. al., JCO 2009; 10.1200/JC0O.2009.25.0779



US FDA-approved oncology drugs with package inserts containing
pharmacogenetics and pharmacogenomics information

Edward D Esplint,1, Ling Oeit,1 & Michael P Snyder*,1 Pharmacogenomics (2014) 15(14), 1771-1790



US FDA-approved oncology drugs with package inserts containing
pharmacogenetics and pharmacogenomics information.

Edward D Esplint,1, Ling Oeit,1 & Michael P Snyder*,1 Pharmacogenomics (2014) 15(14), 1771-1790



US FDA-approved oncology drugs with package inserts containing
pharmacogenetics and pharmacogenomics information.

Edward D Esplint,1, Ling Oeit,1 & Michael P Snyder*,1 Pharmacogenomics (2014) 15(14), 1771-1790



US FDA-approved oncology drugs with package inserts containing
pharmacogenetics and pharmacogenomics information.

Edward D Esplint,1, Ling Oeit,1 & Michael P Snyder*,1 Pharmacogenomics (2014) 15(14), 1771-1790



Breast ovarian cancer panel

CDH1, PTEN, STK11, TP33

Breast ovarian cancer panel PLUS

ATM, BARD1, BRIP1, CHEK2, MEN1, MLH1, MRE11A,

MSH2, MSH6, MUTYH, NBN, PALB2, PMS1, PMS2,
RADS0, RAD51C, RADS51D, XRCC2

Homozygous/
Validation Discovery heterozygous

Gene* Location cDNA change Protein change dbSNP138 HGMD Variant type cohort cohort of total
BRCAT Ex. O7 C.503A=C p.(K168T) rs273901743 — Uncertain 1 o 0/1 of 210
BRCAI Ex. O7 C.536A=G p.(Y179C) rs56187033 CM030786 Uncertain 1 4 0/5 of 210
BRCAT Ex. 10 C.1456T=C p.(F486L) rs55906931 — Uncertain 1 % 0/5 of 210
BRCAI Ex. 10 C.A648A>C p.(N5S50H) rs56012641 CM025218 Uncertain 1 & 0/5 of 210
BRCAI Ex. 10 €.2071del p.(R691fs) rs80357688 (D982486 Definitely pathogenic 1 o 0/1 of 210
BRCAI Ex. 10 €.3569C>T p.(P1190L) - — Likely pathogenic 1 o 0/1 of 210
BRCAT Ex. 12 c.4236del p-(Al1412fs) - — Likely pathogenic 1 o 0/1 of 210
BRCAT Ex. 15 C.45356G>T p-(51512I) rs18007 44 CM960183 Uncertain 1 o 0/1 of 210
BRCAI Ex. 16 C.4TBTC>A p-(51596*) - — Likely pathogenic 2 3 0/5 of 210
BRCAI Int. 16 C.4986+2T>A p-(?) - - Likely pathogenic 1 o 0/1 of 210
BRCAT Ex. 17 €.50626=>T p-(V1688F) - - Likely pathogenic 1 o 0/1 of 210
BRCAT Ex. 18 50966 A p-(R16990Q) rs41293459 CMO34007  Likely pathogenic 1 o 0/1 of 210
BRCAT Ex. 19 €.5177_5180del p-(1726_1727del) rsBO357975 CD972067 Definitely pathogenic 1 o 0/1 of 210
BRCAT Ex. 20 c.5266dup p-(Q1756fs) rs80357906 (1941841 Definitely pathogenic 1 2 0/3 of 210
BRCAT Int. 23 C.5468-100=A p.(?) rs8176316 (5086718 Uncertain 1 o 0/1 of 210
BRCAZ Ex. 03 c.122C=T p-(P41L) — — Likely pathogenic 1 1 0/2 of 210
BRCAZ Ex. 05 C.467_468insT p.(D156fs) - CIoz0251 Definitely pathogenic 1 o 0/1 of 210
BRCAZ Ex. 10 €.965_968del p.(322_323del) - — Likely pathogenic 1 o 0/1 of 210
BRCAZ Ex. 10 €.1151C>T p.(5384F) rs41293475 CM065036 Uncertain 1 o 0/1 of 210
BRCAZ Ex. 10 €.1550A>G p.(N5175) rsBO358439 - Uncertain 1 o 0/1 of 210
BRCAZ Ex. 10 C.1792A>G p-(T598A) rs28B97710 CM035689 Uncertain 1 1 0/2 of 210
BRCAZ Ex. 10 €.1813dup p.(I605fs) rs80359308 (1972557 Definitely pathogenic 1 o 0/1 of 210
BRCAZ Ex. 11 C.2803G>A p-(D935N) rs28897716 CM994285 Uncertain 1 o 0/1 of 210
BRCAZ Ex. 11 €.3318C>6 p-(51106R) — — Likely pathogenic 1 o 0/1 of 210
BRCAZ Ex. 11 €.3503T=C p-(M1168T) - - Likely pathogenic 1 o 0/1 of 210
BRCAZ Ex. 11 C.42586=T p.(D1420Y) rs28897727 CM003133 Uncertain 1 o 0/1 of 210
BRCAZ Ex. 12 C.6935A=T p-(D2312V) rs80358916 (5119639 Likely pathogenic 1 o 0/1 of 210
BRCAZ Int. 13 C.7008-62A>G6 p.(?) rs76584943 (5014426 Uncertain 1 1 0/2 of 210
BRCAZ Ex. 14 C.7068_7069del p.(2356_2357del) — — Likely pathogenic 1 o 0/1 of 210
BRCAZ Ex. 15 C.T5440T p.(T25151) rs2BBOTT44 CM994287 Uncertain 1 o 0/1 of 210
BRCAZ Ex. 18 C.B187G>T p.(K2729N) rs80359065 CM021957 Uncertain 1 o 0/1 of 210
BRCAZ Ex. 22 C.BB51G>A p-(A2951T) rs11571769 CM970186 Uncertain 1 1 0/2 of 210
BRCAZ Int. 22 c.8954-3C>G p-(?) rsB1002B44 (5124767 Likely pathogenic 1 o 0/1 of 210

— Likely pathogenic 1 o 0/1 of 210

BRCAZ Ex. 23 €.9097_9098insT p.(T3033fs) —



Oncogenetics
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Cancer héréditaire

v'Age précoce du cancer

v'Plus d'un membre de la famille atteint d’un cancer

v'Association de deux cancers ou plus chez le méme individu (Cancer du colon / Cancer de
I’endomeétre, Cancer du Sein/ Cancer de I'ovaire, Mélanome / Cancer du pancréas...)

v'Plusieurs générations atteintes d’un cancer

v'Cancer bilatéral (cancer du sein bilatéral...)

v'Cancers rares

v'Lésions précancéreuses

v'Associations avec d’autres manifestations (dysmorphie, taches café-au-lait, hamartomes,
macrocéphalie...)

v'Cancer du sein chez ’homme a tout age

v'Cancer médullaire de la thyroide a tout age

v'Polypes adénomateux du célon (10 ou plus) surtout si la découverte des premiers polypes avant
I'dge de 50 ans

v'Uorigine ethno-géographique




Famille 1

BRCA1- 185delAG (c.68 69delAG)

l1l-2: 48 ans, Cancer du sein

l11-10: 42 ans, Tumeur de |I'ovaire
T2NOMO



Famille 2

BRCA2 - ¢c.5073dupA; p.Trpl1692Metfs X3
Suivi:
dExamen clinique semestriel
dMammographie et IRM mammaire annuelles
QEchographie transvaginale



_ Liste des tests et panels |
Panels « séquencage a haut débit . NGS Panel

® Breast ovarian cancer panel (NGS Panel; ATM, BARD1, BRIP1, CDH1, CHEK2,

MRE11A, MSH6, NBN, PALB2, PTEN, RAD51, RAD51C, STK11, TP53)

* Fanconi anemia panel (NGS Panel; BRCA2, BRIP1, FANCA, FANCB, FANCC, FANCD2,

FANCE, FANCF, FANCG, FANCI, FANCL, FANCM, PALB2, SLX4, XRCC2)
* Neurofibromatosis panel (NGS Panel; NF1, NF2, SPRED1)

* Pheochromocytoma panel (NGS Panel; MAX, PRKAR1A, SDHA, SDHAF2, SDHB,
SDHC, SDHD, TMEM127, VHL)

D’autres panels spécifiques aux patients marocains peuvent étre développés



Z. Dlamini et al. Artificial intelligence (Al) and big data in cancer and precision oncology, Computational and Structural Biotechnology Journal
18 (2020) 2300-2311
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Integrating Artificial Intelligence and Nanotechnology for Precision Cancer Medicine

Single Biomarker Sensing @

- Classification
by threshold Diseased /
’I Healthy

Liquid Nanosensor detects Data (output)
biopsy single biomarker collection
(input)

Progress Towards
Big Data
Analysis

Multiplex Sensing

ot Diseased
assification
T s (subtypes and

——  staging) /

Healthy
Liquid Nanosensor array
biopsy detects different (output)
(input) molecules
Artificial Neural
Network

Omer Adir et al Integrating Artificial Intelligence and Nanotechnology for Precision Cancer Medicine adma.2. Epub 2019 Jul 9.



https://pubmed.ncbi.nlm.nih.gov/?term=Adir+O&cauthor_id=31286573

Candidate drugs

;
In silico drug screening

Using Al-based omics
analysis

>

”

selection

=

4

-

In situdrug screening

Testing single-drug and
combinatoric effects

7

Treatment
selection

I

7

‘

Nanotheranostics

Monitoring drug release,
dosing and efficacy

Omer Adir et al Integrating Artificial Intelligence and Nanotechnology for Precision Cancer Medicine adma.2. Epub 2019 Jul 9.



https://pubmed.ncbi.nlm.nih.gov/?term=Adir+O&cauthor_id=31286573
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The landscape of genomic technologies in healthcare and biomedical research

/"\

Nutrigenetics
Your GENES affect how your

body responds to food

- —®

Nutrigenomics

Nutrigenomics
(or nutritional genomics)

VASSILIOS FANOS
METABOLOMICS
AND MICROBIOMICS

PERSONALIZED MEDICINE FROM

THE FETUS TO THE ADULT

Microbiome analysis
(microbiomics)



The landscape of genomic technologies in healthcare and biomedical research

e Cell-free DNA (cfDNA): germline DNA, fetal DNA, cancer DNA,

or potentially pathogen DNA,ease.
 Single cell sequencing (scSeq)
* Epigenomics

* Transcriptomics

Plasma and cell-free DNA

* Proteomics

J White blood cells
] Red blood cells

OMICS






' Discovery of genetic Definition of
4basis,omew ‘dm
syndrome defined mechanisms in

! by genetics model systems

»

Linked to mutations M tinle

in gerfes: after
TSC2 in 1993 m, siEnrEe)
TSC1in 1997 gene discovery

SCN1A loss-of-
function mutations
identified as major
cause in 2001

PR P e




Real-life examples of more complex PM scenarios.

A
Clinical Discovery of genetic | | Definition of Establishing Trials in humans:
description of || basis, or new disease rational or RCT
syndrome in syndrome defined mechanisms in precision N-of-1
humans by genetics model systems treatment Other

No previous KCNA2 de novo 3 other unique !.I Patient intolerant of

syndromic mutation-related o inherited prolonged ECG/EEG,

description DEE = varianteon | ajmaline not possible.

WES husic: N Relevance of
GoF in mutant Reversed in IEand y5|:. *variant? Cause of
protein vitro by 4-AP CACNAIC LoF increased seizures?

C

Focal-onset Treatment-resistant Surglcgl No benefit from

seizures to Normal high- resection asPM | | surgery

bilatera! resolution MR Trial of

convulsions; no Life-threatening and WGS reveals everolimus?

ID; family life-limiting seizures inherited DEPDC5

history stop gain variant
D

Brothers with | [Homozygous mutation| | Cerebral _ Seizures

severe epilepsy | |identified in GAMT at | | creatine Creatine _ stopped, ASD

& ID; symptom | [age 26 years. metabolism supplementation withdrawn

onset age 7 years| [First described 1996 | | disorder :

No RCT for this PM
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Published m final edited form as:
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Precision Medicine and Obesity
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Ceme Phenatype
FI BN, waist cimmmmference, far percenmpe, exmeme obesiny
MR BMT, waist circumferencs | axtrems obesity
MR, SLCA4 T Ohesity
BIDNF, TMEMTSR BMI, exdreme ohesity
DN WECERT, POSET, GNP 2, MAPTETS, SECTAR BMNI

Epizenetfically modified zene: **

Cene Phenobyps
OO NPE ST CHA S WMOCHRT Creerall obesity
FIQY LW, IRS J, TMEMTE Fat disiribastion
PR Perceminge body fai
rep iChoerall ohessty, St distribuiion, BRI

SNFs-diet nteractions *
Cene Dhet Inferaction Potative disease risk
FI High Fat and High carblrydrace iDihasity
LT Dlairy prodhucts
PR RG AR High £
T Lowr witanuin E Ahdominal obesity
MR Western diefary paitern and high sanmated Sty acids
Aoas High &
Mletabalic symdnomnes
TCFALY High sahmared fatty acids
AoCE Aoad T Westarn dietary patterm
Deregulaied metybolic sznytores =
MMetabolic pathway Phenotype

Bramrhed-rhain amsme-acid metakalizm iObesziy and insulin resistancs
Androzen symibesis Childhood ohecity

Common SNPs, Epigenetically M odified Genes, SNPs-diet I nteractions and Metabolic Pathways

Associated with Obesity and Obesity Traits.




Medical
tourism

surveillance

Chmes VT

Harmonized pathogen surveillance using metagenomics.



Abukari Mohammed Yakubu , Yi-Ping Phoebe Chen Ensuring privacy and security of genomic data and functionalities Brief Bioinform. 2020 Mar 23;21(2):511-526.
doi: 10.1093/bib/bbz013.



1. Encryption/ Trusted Authority o Decry/ption keys
decryption keys i. Key management
/

ii. Access control

3. Query request@

|

2. Encrypted genome !

4. Result E}E‘*

v

Data owner (e.g. hospital) Cloud (untrusted 3" party) Data user (e.g reseacher)

. Constrained storage i. High-end compute and storage ' G.enomic analys?s. _

i. Constrained compute ii. Secure outsourced storage B D!sease susceptibility @ 4
power iii. Secure outsourced testing =

iii. Genomic aggregation

computation Data owner n

Public metadata Techniques

Adversary infers
Surname, age, sex 1. Inference techniques

e ] victims:
2. Statistical techniques 1. DNA

\__/\_;./\._./
N
S S S’

| | 2. Disease condition

3. Inference

Apply techniques
|

2. Anonymized or 4I 7.

partially leaked v

VNSRRI Vi

5. De-angnymized

Computation servers
Joint computation on
D1, D2...Dn

1. Genomic testing

2. Genomic aggregation —
gregat DNA Victim’s
3. Seauence comparison Nata nwmnar L 6. Inference SNP 8 )
Abukari Mohammed Yakubu , Yi-Ping Phoebe Chen Ensuring privacy and security of genomic data and functionalities Brief Bioinform. 2020 Mar 23;21(2):511-526. doi: > * |disease
10.1093/bib/bbz013. > p <0.1 —> .
1. Woogle genomics = condition
2. Microsoft genomics Public data
3. AWS genomics 1. GWAS results

2. SNP-Trait association



M behavioral /
sciences @’fy

Review

CyberGenomics: Application of Behavioral Genetics
in Cybersecurity

Ingrida Domarkiené "*, Laima Ambrozaityté ', Linas Bukauskas (", Tautvydas Rancelis !, Stefan Siitterlin >,

Benjamin James Knox **?, Kaie Maennel *, Olaf Maennel *(, Karen Parish ®, Ricardo Gregorio Lugo *°
and Agné Brilingaite 2

a

(W B R
=

it

T

Genetic GxE
variants interactions

Inheritance Heritability Genomic

regions Mechanisms

Does the trait run in family? What are the candidate genetic factors? Are there any interactions?
What is the fraction of What are the genes and What are the mechanisms?
genetic component? the variants?
Processing

refrontal cortex Adrenal gland Glucocorticoid receptor

G _ET 00 T B

Feedback




Oncogénétique clinique : consultation et conseil génétique
Prédispositions héréditaires au cancer
Cancer du sein
Cancer de 'ovaire
Cancer du colon
Cancer de la thyroide...

e 22— O
my

ok & Srm B || wmemy BB 5O
b dhod b bob o ddodN o
T 0

Dc: 44 ans 7 D :38p

Iy T4 L A S N
@ COLORECTAL CANCER

YV V V V

6 ans 22 mois AG 5 mois

Famille marocaine : Cancer du colon héréditaire (mutation du géne hMLH1)



Z. Dlamini et al. Artificial intelligence (Al) and big data in cancer and precision oncology, Computational and Structural Biotechnology Journal
18 (2020) 2300-2311



NGS and molecular profiling

1st Generation
1. DNA fragmentation

B 050670
5080, B

- - - A »

2. Cloning
O Gene.
Pt \
ST Roavend

3. Cycle sequencing

CGTAGTTACGTTAA
GCATCAAT

CGTAGTTA

CGTAGTTAGD@®
ceTAGTTA GO

CGTAGTTA

CGTAGTIA m
CGTAGTTA

4. Electrophoresis

60
00

2nd Generation
1. Library preparation - DNA fragmentation

gosn 8

- - - -~ »

2. In vitro adapter ligation

RSN

3. Clonal amplification

[l <>

Bridge PCR

4, Cyclic array amplification

Pyrosequencing (454 sequencing)
Sequencing by ligation (SOLID platform)
Sequencing by synthesis (Solexa technology)
Reversible dye terminator (lllumina)

‘fré » 3rd Generation
5 1. Pacific biosciences
o
» .
« Fluorescence detection
of gamma-labelled
phosphonucleotides
Emission
llumination 2. Direct inspection
T C
Tunneling Tunneling
emission emission
spectra spectra
Conductive tip ————— '
Tunneling current

Extended ssDNA — GCGTATCG ~ GCGTATCG
Atomically flat — s
conductive substrate

Move up and collect new spectra

Oxford Nanopore
. L ) N
Translocation of U Fueus e i oft
nucleotides across “~ L B
a pore driven by . Sl .
ion concentration e
P
IBM DNA Transistor
Individual bases are read as the ———,

ssDNA passes through the
aperture based on the molecules | \A.LL_LLLLLLLLL[

unique electronic signature —_——

Z. Dlamini et al. Artificial intelligence (Al) and big data in cancer and precision oncology, Computational and Structural Biotechnology Journal 18 (2020) 2300-2311




Artificial intelligence : Cancer therapy

B Single
strand

break  Damaged base

Inter strand
crossed

” Mismatmb&sew m

Double Intra strand crossed
strand break

)

Tumor progression Altered miRNA
expression
Transcription
Resumption of Cell Death
0« C-Myc and cyclin cell cycle and and antitumor
expression cancer advancement response

Z. Dlamini et al. Artificial intelligence (Al) and big data in cancer and precision oncology, Computational and Structural Biotechnology Journal 18 (2020) 2300-2311
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Integrating Artificial Intelligence and Nanotechnology for Precision Cancer Medicine

Single Biomarker Sensing @

- Classification
bythreshold  Diseased /
’I Healthy

Liquid Nanosensor detects Data (output)
biopsy single biomarker collection
(input)
Progress Towards
Big Data
Analysis

Multiplex Sensing

o Diseased
assification
byt (subtypes and

——  staging) /

Healthy
Liquid Nanosensor array
biopsy detects different (output)
(input) molecules
Artificial Neural
Network

Omer Adir et al Integrating Artificial Intelligence and Nanotechnology for Precision Cancer Medicine adma.2. Epub 2019 Jul 9.



https://pubmed.ncbi.nlm.nih.gov/?term=Adir+O&cauthor_id=31286573

Diagnastic best Advanimges ismaalvantages
Firecet PR Simple Depemds on hypothesis
Fapad Fegueres primsers that may naot always work
Inexpersmve Limsed to a very small portion of genome

Fotential for guantitatrve PCRE

Multiplex FCR

Fapad
Able i detect mulisple orgamesms

Low specusnity and lalse posmirves bor mamy organisms due to difficaley

N quamiiatiaon

Dfien reguires more than ooe ampliiEcaon
Limsed to a small portion of genome
Kequeres primeers. that may nol always work

Targeted wniversal
muuliiplex PR (eg-. 165,
I'TSp for Samper seguencing

Can dileremtzate mubisple species
wilhin one pathogen tbype

Kegqueres primeers. that may not always work
Limsied o a very small porhon of genome

Targeted wniversal
muudltaplexs PO (eog. 165,
I'Ts) For MNOS

Can dieremizate mubisple species
within one pathogen tvpe
hultrplexmg capability

Fotential for quantitatsom

Kequeres primeers. that may not always work
Exprnsive and ime consummg

DHen reguires more than ooe ampliiEcalon
Limsted to a very small porion of genome

Targeted NS

Senxifive detecison For selected
OrZamEm bypes

Potential for quantitalyon
Potential o be combmmed wath
155 NS [ sece above )

Segquencing hbrary preparabion more complex, tymcally with more than

ome arrgplificatiomn

Limsed to a small portion of genome

Expensive and ime consummg

Prone o conlamimation with environmental species

Metagenomic MilES Hypothesas-iree., or unbeased, M=t al=o sequence human host background
lexiing Expenzive
Mscovery of new or uneapectod Time consummg
DT ES IT1S Mot all genomes are availlabde
Fotential for quantitatsom Prone o conlamination with environmental species
Ability 1o detect any porison of
ECTHMTIE

Serelogy Potential for daagoosis afber acute May bee megative dunng carly imfection

mfectron

Fake-pegatives im bumoral immune debiciencies

Inexpersme Fake-positives
Alicrvscopy mnal staindimg Fapad Low sensatrvity unless there is a high burden of dizsease
jeg., Ciram simin, Inexpersmve Low specilscity

wrra i n e—rhodmmine,
caleaflusr-w hite)

Culinre

Ahle i acoommodate lree
sample volumes

Inexpersmne
Wizl studied

Sersanvity limited by use of antibioiscs and antifungals
Semimvity limited bor fastsdsous organisms

Limsed use i viral testing

Lomg tmes 1o resull, espocially im acid-fast apd fungal oultures

Matrix-mmxisted laser
desorptiomficnizntion time-
ai-fAight mass specirmemetry

Hugh specaitacity
Fapsd afier culture

Reguires culture-positive 1solate

bVbbreviations: TS, imtermal transcnbed spacor; MNGE, next-genemtion sequencing; PCR, polyneorase chann reaction.
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Diagnostic Diagnostic prénatal
préimplantatoire DPN Invasif et non
invasif Pédiatrie Médecine Adulte
/l: ‘ ' Prevention
Prévention ( ( Nﬂfj 2 Diagnostic
préconception S Prise en charge et suivi
Pharamcogénomique
DNN programme Oncogenetique
National Microbiologie microbieome
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Registry Biobank Telemedicine National Network Bioinformatics

Data drug Clinical trials



Genomics

8

DNA Transcriptomics

!
RNA

Proteomics

! Metabolomics
Proteins
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Analyse génomique

Sujets normaux (médecine préventive): Génomique a la demande

Génome blastomére, foetus, ADN foetal circulant chez |la mere: DPI,

DPN

Génome des tumeurs : diagnostic, un pronostic et d’optimiser les

cibles thérapeutiques

Diagnostic des maladies héréditaires

Adaptation thérapeutique en fonction du fond génomique:

pharmacogénomique (oncologie +++++).



Big Data, Artificial Intelligence and Health
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Precision medicine
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Clinical trials

Bioinformatics
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Cours de Génétique Médicale

1¢'¢ année médecin 2023 / 2024
Faculté de médecine et de Pharmacie d'Errachidia
Les acides nucléiques et Génome Humain
Réplication et systemes de réparation de ’ADN
Transcription
Traduction
Controle de I'expression génique
Cytogénétique classique et moléculaire
Types et mécanismes des anomalies chromosomiques
Techniques d’analyse de I'’ADN

Mutations et leurs conséquences en pathologie
humaine

10. Mode de transmission des Maladies héréditaires

=

so L sl b ) s



