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La	
  vision	
  moléculaire	
  du	
  gène	
  et	
  sa	
  place	
  dans	
  la	
  cellule	
  

Séquençage	
  du	
  génome	
  en)er	
  
	
  
+	
  
	
  

Iden)fica)on	
  informa)que	
  de	
  séquences	
  "typiques"	
  de	
  gènes	
  
(séquences	
  consensus	
  de	
  transcrip)on,	
  	
  
épissage,	
  polyadenyla)on,	
  traduc)on...)	
  	
  

	
  
+	
  
	
  

Séquençage	
  "à	
  haut	
  débit"	
  de	
  tous	
  les	
  ARN	
  
	
  
=	
  
	
  

Projet	
  ENCODE	
  

XXIème	
  siècle	
  :	
  une	
  nouvelle	
  ère	
  pour	
  la	
  géné5que	
  



Taille	
  du	
  génome	
  :	
  130Mb	
  
(130	
  million	
  de	
  paires	
  de	
  bases)	
  

≈13600	
  genes	
  Drosophila	
  melanogaster	
  

4	
  paires	
  de	
  chromosomes	
  

100Kb	
  (100	
  000	
  paires	
  de	
  bases)	
  

XXIème	
  siècle	
  :	
  une	
  nouvelle	
  ère	
  pour	
  la	
  géné5que	
  



"Forward	
  gene)cs"	
  =	
  géné)que	
  classique 	
   	
   	
  top-­‐down	
  

"Reverse	
  gene)cs" 	
   	
   	
   	
   	
   	
   	
   	
  bo4om-­‐up	
  

Comprendre	
  comment	
  un	
  processus	
  biologique	
  est	
  contrôlé	
  géné)quement	
  :	
  
Iden)fier	
  les	
  gènes	
  impliqués	
  dans	
  ce	
  processus	
  et	
  étudier	
  leur	
  impact.	
  

Mutagenèse	
  :	
  obten)on	
  de	
  mutants	
  au	
  hasard.	
  
Crible	
  :	
  parmi	
  ces	
  mutants	
  choisir	
  ceux	
  dont	
  le	
  phénotype	
  se	
  rapporte	
  au	
  
processus	
  étudié.	
  

Exemple	
  :	
  crible	
  à	
  grande	
  échelle	
  qui	
  a	
  
permis	
  d'iden)fier	
  les	
  gènes	
  impliqués	
  
dans	
  le	
  développement	
  embryonnaire	
  
précoce	
  de	
  la	
  Drosophile.	
  

Comprendre	
  à	
  quoi	
  sert	
  un	
  gène	
  iden)fié	
  bio-­‐informa)quement.	
  Puisqu'il	
  existe,	
  et	
  à	
  plus	
  forte	
  
raison	
  si	
  il	
  est	
  bien	
  conservé	
  dans	
  les	
  espèces	
  voisines	
  donc	
  soumis	
  à	
  pression	
  de	
  sélec)on,	
  alors	
  
on	
  pense	
  qu'il	
  doit	
  bien	
  servir	
  à	
  quelque	
  chose.	
  

La	
  fonc5on	
  biologique	
  d'un	
  gène	
  ne	
  peut	
  être	
  comprise	
  qu'en	
  étudiant	
  des	
  mutants	
  

François Jacob (1920-2013) 
Jacques Monod (1910-1976) 

Mutagenèse	
  dirigée,	
  sans	
  a	
  priori	
  sur	
  le	
  phénotype	
  du	
  mutant.	
  

Exemple	
  :	
  souris	
  dites	
  "KO"	
  (knockout),	
  obtenues	
  par	
  recombinaison	
  homoloque.	
  

La	
  technologie	
  CRISPR/Cas9	
  permet	
  d'obtenir	
  des	
  mutants	
  vraiment	
  très	
  facilement	
  



Streptococcus	
  
pyogenes	
  

Origine	
  bactérienne	
  du	
  système	
  CRISPR/Cas9	
  :	
  
système	
  de	
  défense	
  adapta5ve	
  contre	
  les	
  infec5ons	
  par	
  les	
  virus	
  



CRISPR	
  =	
  Clustered	
  Regularly	
  Interspaced	
  Short	
  Palindromic	
  Repeats	
  
	
  
Cas	
  =	
  CRISPR-­‐Associated	
  Protein	
  

Origine	
  bactérienne	
  du	
  système	
  CRISPR/Cas9	
  :	
  
système	
  de	
  défense	
  adapta5ve	
  contre	
  les	
  infec5ons	
  par	
  les	
  virus	
  



Origine	
  bactérienne	
  du	
  système	
  CRISPR/Cas9	
  :	
  
système	
  de	
  défense	
  adapta5ve	
  contre	
  les	
  infec5ons	
  par	
  les	
  virus	
  



Origine	
  bactérienne	
  du	
  système	
  CRISPR/Cas9	
  :	
  
système	
  de	
  défense	
  adapta5ve	
  contre	
  les	
  infec5ons	
  par	
  les	
  virus	
  



Jennifer	
  Doudna	
  
&	
  

Emmanuelle	
  Charpen)er	
  
2012	
  

small	
  guide	
  RNA	
  
sgRNA	
  
gRNA	
  

Origine	
  bactérienne	
  du	
  système	
  CRISPR/Cas9	
  :	
  
système	
  de	
  défense	
  adapta5ve	
  contre	
  les	
  infec5ons	
  par	
  les	
  virus	
  



Les	
  systèmes	
  de	
  répara5on	
  des	
  lésions	
  de	
  l'ADN	
  



Cas9	
  :	
  
	
  -­‐	
  l'ARN	
  messager	
  codant	
  la	
  protéine	
  Cas9	
  
	
  -­‐	
  le	
  gène	
  Cas9	
  porté	
  par	
  un	
  vecteur	
  d'expression	
  ou	
  transgène	
  

Mise	
  en	
  oeuvre	
  du	
  système	
  CRISPR/Cas9	
  

Introduire	
  dans	
  une	
  cellule	
  

sgRNA	
  :	
  
	
  -­‐	
  le	
  sgRNA	
  lui-­‐même	
  
	
  -­‐	
  le	
  gène	
  du	
  sgRNA	
  porté	
  par	
  un	
  vecteur	
  d'expression	
  ou	
  transgène	
  

Drosophile	
  :	
  
lignées	
  transgéniques	
  pour	
  Cas9	
  

On	
  y	
  injecte	
  un	
  plasmide	
  exprimant	
  
le	
  sgRNA	
  grâce	
  à	
  un	
  promoteur	
  fort	
  



...ATGGGTTCGCTGCCACAATTGTCGATCGTCAAGGGTCTGC...!

...TACCCAAGCGACGGTGTTAACAGCTAGCAGTTCCCAGACG...!

ebony	
  

Exemple	
  :	
  créer	
  une	
  muta5on	
  dans	
  le	
  gène	
  ebony	
  de	
  la	
  Drosophile	
  



GCCACAAUUGUCGAUCGUCA!

...ATGGGTTCGCTGCCACAATTGTCGATCGTCAAGGGTCTGC...!

...TACCCAAGCGACGGTGTTAACAGCTAGCAGTTCCCAGACG...!

ebony	
  

protospacer	
  

PAM	
  =	
  Protospacer	
  Associated	
  Mo)f	
  

sgRNA	
  

Exemple	
  :	
  créer	
  une	
  muta5on	
  dans	
  le	
  gène	
  ebony	
  de	
  la	
  Drosophile	
  



GCCACAAUUGUCGAUCGUCA!

...ATGGGTTCGCTGCCACAATTGTCGATCGTCAAGGGTCTGC...!

...TACCCAAGCGACGGTGTTAACAGCTAGCAGTTCCCAGACG...!

ebony	
  

protospacer	
  

PAM	
  

Cas9	
  
sgRNA	
  

Exemple	
  :	
  créer	
  une	
  muta5on	
  dans	
  le	
  gène	
  ebony	
  de	
  la	
  Drosophile	
  



ebony	
  

Exemple	
  :	
  créer	
  une	
  muta5on	
  dans	
  le	
  gène	
  ebony	
  de	
  la	
  Drosophile	
  



Un	
  seul	
  sgRNA	
  

Créa)on	
  de	
  pe)tes	
  délé)ons	
  

Un	
  ou	
  deux	
  sgRNA	
  +	
  un	
  plasmide	
  qui	
  
con)ent	
  région	
  génomique	
  ciblée,	
  dans	
  
laquelle	
  on	
  a	
  créé	
  la	
  muta)on	
  voulue.	
  

Créa)on	
  d'une	
  muta)on	
  par	
  
recombinaison	
  homologue	
  :	
  
remplacement	
  de	
  séquence	
  

GFP	
  

Deux	
  sgRNA	
  

Créa)on	
  d'une	
  délé)on	
  
entre	
  les	
  deux	
  coupures	
  

GFP	
  

Diverses	
  stratégies	
  de	
  modifica5on	
  du	
  génome	
  en	
  u5lisant	
  le	
  système	
  CRISPR/Cas9	
  

Thérapie	
  génique	
  de	
  la	
  
myopathie	
  de	
  Duchenne	
  

Etude	
  fonc)onnelle	
  d'un	
  
micro-­‐ARN	
  et	
  de	
  ses	
  cibles	
  

Eradica)on	
  du	
  mous)que	
  



Exemple	
  :	
  dystrophie	
  musculaire	
  de	
  Duchenne	
  

Muta)ons	
  dans	
  le	
  gène	
  qui	
  code	
  la	
  dystrophine,	
  une	
  protéine	
  importante	
  pour	
  la	
  résistance	
  des	
  fibres	
  musculaires	
  

Espoir	
  thérapeu)que	
  :	
  "exon	
  skipping"	
  

U)lisa)on	
  d'oligonucléo)des	
  pour	
  "forcer"	
  un	
  épissage	
  supplémentaire	
  de	
  
l'ARN,	
  afin	
  de	
  restaurer	
  la	
  traduc)on	
  de	
  la	
  par)e	
  distale	
  de	
  la	
  protéine.	
  
	
  
Essais	
  thérapeu)ques	
  en	
  cours,	
  protocole	
  plutôt	
  peu	
  efficace.	
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Cite as: C. Long et al., Science 
10.1126/science.aad5725 (2015).  

 Duchenne muscular dystrophy (DMD) is a fatal muscle dis-
ease affecting 1 in 3500 boys. Cardiomyopathy and heart 
failure are common, incurable and lethal consequences of 
DMD. The disease is caused by mutations in the gene encod-
ing dystrophin (DMD), a large intracellular protein that 
links the dystroglycan complex at the cell surface with the 
underlying cytoskeleton, thereby maintaining integrity of 
muscle cell membranes during contraction (1, 2). In the ab-
sence of dystrophin, muscles degenerate, causing weakness 
and myopathy (3). Many therapeutic approaches for DMD 
have failed, at least in part because of the size of the dystro-
phin protein and the necessity for life-long restoration of 
dystrophin expression in the myriad skeletal muscles of the 
body as well as the heart. 

The CRISPR (clustered regularly interspaced short pal-
indromic repeats)/Cas9 (CRISPR-associated protein 9) sys-
tem allows precise modification of the genome and 
represents a potential means of correcting disease-causing 
mutations (4, 5). In the presence of single guide RNAs 
(sgRNAs), Cas9 is directed to specific sites in the genome 
adjacent to a protospacer adjacent motif (PAM), causing a 
double strand break (DSB). When provided with an addi-
tional DNA template, a precise genomic modification is 
generated by homology-directed repair (HDR), whereas in 
the absence of an exogenous template, variable indel muta-
tions are created at the target site via non-homologous end-
joining (NHEJ) (6). Previously, we used CRISPR/Cas9 to 

correct a single nonsense mutation in Dmd by HDR in the 
germ line of mdx mice, which allowed the restoration of 
dystrophin protein expression (7). However, germ line ge-
nomic editing is not feasible in humans (8) and HDR does 
not occur in post-mitotic adult tissues, such as heart and 
skeletal muscle (9), necessitating alternative strategies of 
gene correction in postnatal tissues. Here, we devised a 
method to correct Dmd mutations by CRISPR/Cas9-
mediated NHEJ (termed “Myoediting”) in postnatal muscle 
tissues following delivery of gene editing components using 
adenovirus-associated virus-9 (AAV9), which displays high 
tropism for muscle (10, 11). 

The dystrophin protein contains several domains (fig. 
S1), including an actin-binding domain at the N terminus, a 
central rod domain with a series of spectrin-like and actin-
binding repeats, and WW and cysteine-rich domains at the 
C terminus that mediate binding to dystroglycan, dys-
trobrevin and syntrophin (12). The actin-binding and cyste-
ine-rich domains are essential for function, but many 
regions of the protein are dispensable (3). It has been esti-
mated that as many as 80% of DMD patients could benefit 
from exon skipping strategies that bypass mutations in non-
essential regions of the gene and partially restore dystro-
phin expression (13). CRISPR/Cas9-mediated correction of 
DMD mutations in patients’ induced pluripotent stem cells 
(14) and immortalized myoblasts (15) has validated this ap-
proach in vitro. Similarly, adenovirus-mediated gene editing 

Postnatal genome editing partially restores dystrophin 
expression in a mouse model of muscular dystrophy 
Chengzu Long,1,2,3* Leonela Amoasii,1,2,3* Alex A. Mireault,1,2,3 John R. McAnally,1,2,3 Hui Li,1,2,3 Efrain Sanchez-
Ortiz,1,2,3 Samadrita Bhattacharyya,1,2,3 John M. Shelton,4 Rhonda Bassel-Duby,1,2,3 Eric N. Olson1,2,3† 
1Department of Molecular Biology, University of Texas Southwestern Medical Center, Dallas, TX 75390, USA. 2Hamon Center for Regenerative Science and Medicine, 
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Southwestern Medical Center, Dallas, TX 75390, USA. 4Department of Internal Medicine, University of Texas Southwestern Medical Center, Dallas, TX 75390, USA. 
*These authors contributed equally to this work. 
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CRISPR/Cas9-mediated genome editing holds clinical potential for treating genetic diseases, such as 
Duchenne muscular dystrophy (DMD), which is caused by mutations in the dystrophin gene. To correct 
DMD by skipping mutant dystrophin exons in postnatal muscle tissue in vivo, we used adeno-associated 
virus-9 (AAV9) to deliver gene editing components to postnatal mdx mice, a model of DMD. Different 
modes of AAV9 delivery were systematically tested, including intra-peritoneal at postnatal day (P) 1, 
intra-muscular at P12, and retro-orbital at P18. Each of these methods restored dystrophin protein 
expression in cardiac and skeletal muscle to varying degrees and expression increased from 3 to 12 weeks 
post-injection. Postnatal gene editing also enhanced skeletal muscle function, measured by grip strength 
tests 4 weeks post-injection. This method provides a potential means of correcting mutations responsible 
for DMD and other monogenic disorders after birth. 

First release: 31 December 2015   www.sciencemag.org (Page numb            
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Exemple	
  :	
  dystrophie	
  musculaire	
  de	
  Duchenne	
  



Un	
  seul	
  sgRNA	
  

Créa)on	
  de	
  pe)tes	
  délé)ons	
  

Un	
  ou	
  deux	
  sgRNA	
  +	
  un	
  plasmide	
  qui	
  
con)ent	
  région	
  génomique	
  ciblée,	
  dans	
  
laquelle	
  on	
  a	
  créé	
  la	
  muta)on	
  voulue.	
  

Créa)on	
  d'une	
  muta)on	
  par	
  
recombinaison	
  homologue	
  :	
  
remplacement	
  de	
  séquence	
  

GFP	
  

Deux	
  sgRNA	
  

Créa)on	
  d'une	
  délé)on	
  
entre	
  les	
  deux	
  coupures	
  

GFP	
  

Diverses	
  stratégies	
  de	
  modifica5on	
  du	
  génome	
  en	
  u5lisant	
  le	
  système	
  CRISPR/Cas9	
  

Thérapie	
  génique	
  de	
  la	
  
myopathie	
  de	
  Duchenne	
  

Etude	
  fonc)onnelle	
  d'un	
  
micro-­‐ARN	
  et	
  de	
  ses	
  cibles	
  

Eradica)on	
  du	
  mous)que	
  



Chez	
  l'Homme	
  :	
  plus	
  de	
  2500	
  micro-­‐ARN	
  iden)fiés.	
  
Chez	
  la	
  Drosophile	
  :	
  256	
  micro-­‐ARN	
  iden)fiés.	
  

Les	
  microARN	
  (miARN)	
  sont	
  de	
  pe)ts	
  ARN	
  non	
  codants	
  qui	
  ont	
  un	
  rôle	
  régulateur	
  de	
  
l'expression	
  des	
  gènes.	
  On	
  a	
  montré	
  leur	
  implica)on	
  dans	
  tous	
  les	
  processus	
  biologiques	
  

Exemple	
  :	
  étude	
  fonc5onnelle	
  d'un	
  microARN	
  et	
  de	
  ses	
  cibles	
  

UGAGAUCAUUUUGAAAGCUGAUU!

miR	
  bantam	
  
5'	
   3'	
  



Exemple	
  :	
  étude	
  fonc5onnelle	
  d'un	
  microARN	
  et	
  de	
  ses	
  cibles	
  

La	
  régula)on	
  d'un	
  gène	
  peut	
  
se	
  faire	
  à	
  plusieurs	
  niveaux	
  

transcrip)on	
  

matura)on	
  des	
  ARN	
  
(épissage,	
  polyadényla)on)	
  

stabilité	
  des	
  ARN	
  
traduc)on	
  

Régula)on	
  par	
  une	
  classe	
  de	
  pe)ts	
  
ARN	
  non	
  codants,	
  les	
  miARN	
  
(miARN)	
  de	
  22	
  nucléo)des	
  

miRNA	
  

...GUCUUUUUUGGAAUGCACAUUAAUGAUCUCUCACAAUGGAAAUUAAUGAAAAUUGAUCUCCGCAGCUAGCCAAAGUUAAA...!
               |        |||||||||         |      |  ||| |||||||!
           UUAGUCGAAAGUUUUACUAGAGU       UUAGUCGAAAGUUUUACUAGAGU!
           UUAGUCGAAAGUUUUACUAGAGU       UUAGUCGAAAGUUUUACUAGAGU!
!

5'	
   3'	
  

3'	
   5'	
  3'	
   5'	
   bantam	
  

hid	
  mRNA	
  3'UTR	
  

seed	
  
bantam	
  

seed	
  



miR-2! miR-3! miR-4! miR-5!miR-1!miARN!

ARNm cibles!
a! b! c!

From	
  Peter	
  (2010)	
  Oncogene.	
  Targe)ng	
  of	
  mRNAs	
  by	
  mul)ple	
  miRNAs:	
  the	
  next	
  step.	
  

Les	
  microARN	
  et	
  leurs	
  cibles	
  forment	
  des	
  réseaux	
  d'interac)on	
  complexes	
  :	
  
	
  -­‐	
  chaque	
  miARN	
  peut	
  s'associer	
  à	
  plusieurs	
  ARN	
  messagers	
  
	
  -­‐	
  chaque	
  ARN	
  messager	
  peut	
  être	
  reconnu	
  par	
  plusieurs	
  miARN	
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  de	
  ses	
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Si	
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  l'impact	
  biologique	
  des	
  régula)ons	
  médiées	
  par	
  les	
  miARN,	
  il	
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  nécessaire	
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  une	
  interac)on	
  donnée	
  du	
  reste	
  du	
  réseau.	
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  next	
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  CRISPR/Cas9	
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  de	
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  la	
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  de	
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  un	
  miARN	
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  sa	
  séquence	
  de	
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  sur	
  un	
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  in	
  vivo.	
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  et	
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  métamorphose...	
  
	
  
Les	
  mutants	
  ban∆1	
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  structure	
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ACCGGTTTTCGATTTATTAAAACTGTTTTTCATACAAGTATTAATATTTTGAAAGCTGATTTTGTCAATGAATACAACATTCCACATTCCGATGGTCG!
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  Kb	
  

hairpin	
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donor	
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(Addgene	
  49410)	
  

seed	
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  3L	
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  dele)on	
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gRNA transgene (U6:3-gRNA-e), which targets the 5’ end of the 
coding sequence (CDS) of the pigmentation gene ebony (e) (Port et 
al., 2014). Phenotypic assays using this gRNA typically report only 
on out-of-frame Indels, as most in-frame mutations at the gRNA-e 
target site retain protein function (Port et al., 2014). All adult 
progeny expressing U6:3-gRNA-e and cas9 under the control of 
either the actin5c (act) or  vasa promoter had a large proportion of 
cuticle that was dark, demonstrating efficient biallelic disruption of 
e in somatic cells (Figure 1A). In contrast, seven of the nine lines 
tested expressing cas9 under nanos (nos) regulatory elements did 
not have detectable somatic activity when crossed to U6:3-gRNA-e 
(Figure 1A). These findings confirm and extend our previous 
findings on the expression patterns of cas9 driven by these classes 
of regulatory elements (Port et al., 2014). Phenotypic analysis of the 
progeny of cas9 U6:3-gRNA-e flies and e mutant partners revealed 
a wide range of germ line transmission rates of CRISPR/Cas-

induced non-functional e alleles, varying between 0.5% and 49% 
(Figure 1B). act-cas9, vasa-cas9 BL51323 and nos-cas9 
TH00787.N (which we refer to as TH_attP2) gave rise to similar, 
high rates of mutagenesis.  

We also evaluated the cas9 lines with a second gRNA transgene 
(U6:3-gRNA-wls) targeting the essential gene wntless (wls) (Port et 
al., 2014). As expected, cas9 transgenic strains that had somatic 
activity in combination with U6:3-gRNA-e resulted in non-viable 
progeny when crossed to U6:3-gRNA-wls (Figure 1C). The progeny 
of the other seven nos-cas9 lines were viable in combination with 
U6:3-gRNA-wls, although a small proportion of adults from these 
crosses had wing defects indicative of gene targeting in a small 
subset of somatic cells (Figure 1; Suppl. Figure 1). Targeting of wls 
in the germ line was assessed by crossing nos-cas9 U6:3-gRNA-wls 
females to wild-type males. All but two of the nos-cas9 transgenes 

resulted in a high proportion of 
embryos arresting with defective 
segmentation (Figure 1D), a 
phenotype associated with biallelic 
disruption of wls in the female germ 
line (Bänziger et al., 2006; 
Bartscherer et al., 2006). All crosses 
gave rise to some viable offspring, 
with genotyping of the wls locus 
from these flies revealing substantial 
variation in the frequency of germ 
line transmission of CRISPR/Cas-
induced mutations (Figure 1C). In 
two cases, all analysed offspring 
(10/10) received a modified wls 
allele. Together these results reveal 
that the cas9 lines differ substantially 
in their somatic and germ line 
activity. Whereas act-cas9 and vasa-
cas9 lines can directly reveal null 
mutant phenotypes in the soma when 
combined with gRNA transgenes, a 
subset of nos-cas9 lines (e.g. CFD2, 
TH00788.N (referred to as 
TH_attP40) and TH_attP2 (inserted 
on the X, 2nd and 3rd chromosomes, 
respectively)) can efficiently generate 
Indel mutations in both essential and 
non-essential genes in the germ line. 

Another important application of 
CRISPR/Cas is the precise 
modification of the genome by 
homology directed repair (HDR). 
This involves Cas9-mediated 
induction of DSBs at the target site in 
the presence of exogenous donor 
DNA. Three strategies are 
particularly appealing in Drosophila 
because of their relative simplicity. 
Embryos that are transgenic for both 
cas9 and gRNA can be injected with 
donor DNA (Port et al., 2014), 
transgenic cas9 embryos can be 
injected with a mixture of donor 
DNA and gRNA-encoding plasmid 

Figure 2: Assessing strategies for generating knock-in alleles with CRISPR/Cas-mediated HDR. (A) nos-cas9 
female flies of the indicated strain were crossed to U6:3-gRNA-wg males and a donor plasmid encoding RFP was 
injected into the embryonic progeny at the indicated concentrations. Due to a pre-existing X-linked RFP insertion in 
the CFD2 stock only male G0 and F1 flies could be analysed. For consistency we only analysed male flies in all other 
HDR experiments. G0 males that give rise to RFP positive offspring were designated ‘founders’. The percentage of 
male progeny with RFP expression relative to all offspring (i.e. from fertile founder and non-founder G0 males) is 
indicated below. N, total number of males analysed. (B) Donor and U6:3-gRNA-wg plasmids were injected into nos-
cas9 embryos. In B and C, plasmids were mixed to give an injection mix containing the concentrations shown. (C) 
Non-transgenic w1118 embryos were injected with donor DNA and a single plasmid containing both hsp70-cas9 and 
U6:2-gRNA-wg. The attention sign indicates that unintended integration of this plasmid at the gRNA target site 
could create an autonomous gene drive. Propagation of a gene drive is not possible in our experiment as 
integration at the gRNA-wg target site would create a lethal allele. Suppl. Table 2 contains detailed results for all 
HDR experiments. 
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  injec)on	
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  :	
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  (Addgene	
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gRNA transgene (U6:3-gRNA-e), which targets the 5’ end of the 
coding sequence (CDS) of the pigmentation gene ebony (e) (Port et 
al., 2014). Phenotypic assays using this gRNA typically report only 
on out-of-frame Indels, as most in-frame mutations at the gRNA-e 
target site retain protein function (Port et al., 2014). All adult 
progeny expressing U6:3-gRNA-e and cas9 under the control of 
either the actin5c (act) or  vasa promoter had a large proportion of 
cuticle that was dark, demonstrating efficient biallelic disruption of 
e in somatic cells (Figure 1A). In contrast, seven of the nine lines 
tested expressing cas9 under nanos (nos) regulatory elements did 
not have detectable somatic activity when crossed to U6:3-gRNA-e 
(Figure 1A). These findings confirm and extend our previous 
findings on the expression patterns of cas9 driven by these classes 
of regulatory elements (Port et al., 2014). Phenotypic analysis of the 
progeny of cas9 U6:3-gRNA-e flies and e mutant partners revealed 
a wide range of germ line transmission rates of CRISPR/Cas-

induced non-functional e alleles, varying between 0.5% and 49% 
(Figure 1B). act-cas9, vasa-cas9 BL51323 and nos-cas9 
TH00787.N (which we refer to as TH_attP2) gave rise to similar, 
high rates of mutagenesis.  

We also evaluated the cas9 lines with a second gRNA transgene 
(U6:3-gRNA-wls) targeting the essential gene wntless (wls) (Port et 
al., 2014). As expected, cas9 transgenic strains that had somatic 
activity in combination with U6:3-gRNA-e resulted in non-viable 
progeny when crossed to U6:3-gRNA-wls (Figure 1C). The progeny 
of the other seven nos-cas9 lines were viable in combination with 
U6:3-gRNA-wls, although a small proportion of adults from these 
crosses had wing defects indicative of gene targeting in a small 
subset of somatic cells (Figure 1; Suppl. Figure 1). Targeting of wls 
in the germ line was assessed by crossing nos-cas9 U6:3-gRNA-wls 
females to wild-type males. All but two of the nos-cas9 transgenes 

resulted in a high proportion of 
embryos arresting with defective 
segmentation (Figure 1D), a 
phenotype associated with biallelic 
disruption of wls in the female germ 
line (Bänziger et al., 2006; 
Bartscherer et al., 2006). All crosses 
gave rise to some viable offspring, 
with genotyping of the wls locus 
from these flies revealing substantial 
variation in the frequency of germ 
line transmission of CRISPR/Cas-
induced mutations (Figure 1C). In 
two cases, all analysed offspring 
(10/10) received a modified wls 
allele. Together these results reveal 
that the cas9 lines differ substantially 
in their somatic and germ line 
activity. Whereas act-cas9 and vasa-
cas9 lines can directly reveal null 
mutant phenotypes in the soma when 
combined with gRNA transgenes, a 
subset of nos-cas9 lines (e.g. CFD2, 
TH00788.N (referred to as 
TH_attP40) and TH_attP2 (inserted 
on the X, 2nd and 3rd chromosomes, 
respectively)) can efficiently generate 
Indel mutations in both essential and 
non-essential genes in the germ line. 

Another important application of 
CRISPR/Cas is the precise 
modification of the genome by 
homology directed repair (HDR). 
This involves Cas9-mediated 
induction of DSBs at the target site in 
the presence of exogenous donor 
DNA. Three strategies are 
particularly appealing in Drosophila 
because of their relative simplicity. 
Embryos that are transgenic for both 
cas9 and gRNA can be injected with 
donor DNA (Port et al., 2014), 
transgenic cas9 embryos can be 
injected with a mixture of donor 
DNA and gRNA-encoding plasmid 

Figure 2: Assessing strategies for generating knock-in alleles with CRISPR/Cas-mediated HDR. (A) nos-cas9 
female flies of the indicated strain were crossed to U6:3-gRNA-wg males and a donor plasmid encoding RFP was 
injected into the embryonic progeny at the indicated concentrations. Due to a pre-existing X-linked RFP insertion in 
the CFD2 stock only male G0 and F1 flies could be analysed. For consistency we only analysed male flies in all other 
HDR experiments. G0 males that give rise to RFP positive offspring were designated ‘founders’. The percentage of 
male progeny with RFP expression relative to all offspring (i.e. from fertile founder and non-founder G0 males) is 
indicated below. N, total number of males analysed. (B) Donor and U6:3-gRNA-wg plasmids were injected into nos-
cas9 embryos. In B and C, plasmids were mixed to give an injection mix containing the concentrations shown. (C) 
Non-transgenic w1118 embryos were injected with donor DNA and a single plasmid containing both hsp70-cas9 and 
U6:2-gRNA-wg. The attention sign indicates that unintended integration of this plasmid at the gRNA target site 
could create an autonomous gene drive. Propagation of a gene drive is not possible in our experiment as 
integration at the gRNA-wg target site would create a lethal allele. Suppl. Table 2 contains detailed results for all 
HDR experiments. 
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Exemple	
  :	
  étude	
  fonc5onnelle	
  d'un	
  microARN	
  et	
  de	
  ses	
  cibles	
  

Résultats	
  des	
  injec)ons	
  dans	
  des	
  embryons	
  



From	
  Peter	
  (2010)	
  Oncogene.	
  Targe)ng	
  of	
  mRNAs	
  by	
  mul)ple	
  miRNAs:	
  the	
  next	
  step.	
  

Les	
  microARN	
  et	
  leurs	
  cibles	
  forment	
  des	
  réseaux	
  d'interac)on	
  complexes	
  :	
  
	
  -­‐	
  chaque	
  miARN	
  peut	
  s'associer	
  à	
  plusieurs	
  ARN	
  messagers	
  
	
  -­‐	
  chaque	
  ARN	
  messager	
  peut	
  être	
  reconnu	
  par	
  plusieurs	
  miARN	
  

Exemple	
  :	
  étude	
  fonc5onnelle	
  d'un	
  microARN	
  et	
  de	
  ses	
  cibles	
  

banm2! miR-3! miR-4! miR-5!miR-1!miARN!

ARNm cibles!
a! b! c!

...GUCUUUUUUGGAAUGCACAUUAAUGAUCUCUCACAAUGGAAAUUAAUGAAAAUUGAUCUCCGCAGCUAGCCAAAGUUAAA...!
               |        |||               |      |  ||| |!
           UUAGUCGAAAGUUUUA      U       UUAGUCGAAAGUUUUA      U!
           UUAGUCGAAAGUUUUAUAAUUAU       UUAGUCGAAAGUUUUAUAAUUAU!
!

5'	
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gRNA transgene (U6:3-gRNA-e), which targets the 5’ end of the 
coding sequence (CDS) of the pigmentation gene ebony (e) (Port et 
al., 2014). Phenotypic assays using this gRNA typically report only 
on out-of-frame Indels, as most in-frame mutations at the gRNA-e 
target site retain protein function (Port et al., 2014). All adult 
progeny expressing U6:3-gRNA-e and cas9 under the control of 
either the actin5c (act) or  vasa promoter had a large proportion of 
cuticle that was dark, demonstrating efficient biallelic disruption of 
e in somatic cells (Figure 1A). In contrast, seven of the nine lines 
tested expressing cas9 under nanos (nos) regulatory elements did 
not have detectable somatic activity when crossed to U6:3-gRNA-e 
(Figure 1A). These findings confirm and extend our previous 
findings on the expression patterns of cas9 driven by these classes 
of regulatory elements (Port et al., 2014). Phenotypic analysis of the 
progeny of cas9 U6:3-gRNA-e flies and e mutant partners revealed 
a wide range of germ line transmission rates of CRISPR/Cas-

induced non-functional e alleles, varying between 0.5% and 49% 
(Figure 1B). act-cas9, vasa-cas9 BL51323 and nos-cas9 
TH00787.N (which we refer to as TH_attP2) gave rise to similar, 
high rates of mutagenesis.  

We also evaluated the cas9 lines with a second gRNA transgene 
(U6:3-gRNA-wls) targeting the essential gene wntless (wls) (Port et 
al., 2014). As expected, cas9 transgenic strains that had somatic 
activity in combination with U6:3-gRNA-e resulted in non-viable 
progeny when crossed to U6:3-gRNA-wls (Figure 1C). The progeny 
of the other seven nos-cas9 lines were viable in combination with 
U6:3-gRNA-wls, although a small proportion of adults from these 
crosses had wing defects indicative of gene targeting in a small 
subset of somatic cells (Figure 1; Suppl. Figure 1). Targeting of wls 
in the germ line was assessed by crossing nos-cas9 U6:3-gRNA-wls 
females to wild-type males. All but two of the nos-cas9 transgenes 

resulted in a high proportion of 
embryos arresting with defective 
segmentation (Figure 1D), a 
phenotype associated with biallelic 
disruption of wls in the female germ 
line (Bänziger et al., 2006; 
Bartscherer et al., 2006). All crosses 
gave rise to some viable offspring, 
with genotyping of the wls locus 
from these flies revealing substantial 
variation in the frequency of germ 
line transmission of CRISPR/Cas-
induced mutations (Figure 1C). In 
two cases, all analysed offspring 
(10/10) received a modified wls 
allele. Together these results reveal 
that the cas9 lines differ substantially 
in their somatic and germ line 
activity. Whereas act-cas9 and vasa-
cas9 lines can directly reveal null 
mutant phenotypes in the soma when 
combined with gRNA transgenes, a 
subset of nos-cas9 lines (e.g. CFD2, 
TH00788.N (referred to as 
TH_attP40) and TH_attP2 (inserted 
on the X, 2nd and 3rd chromosomes, 
respectively)) can efficiently generate 
Indel mutations in both essential and 
non-essential genes in the germ line. 

Another important application of 
CRISPR/Cas is the precise 
modification of the genome by 
homology directed repair (HDR). 
This involves Cas9-mediated 
induction of DSBs at the target site in 
the presence of exogenous donor 
DNA. Three strategies are 
particularly appealing in Drosophila 
because of their relative simplicity. 
Embryos that are transgenic for both 
cas9 and gRNA can be injected with 
donor DNA (Port et al., 2014), 
transgenic cas9 embryos can be 
injected with a mixture of donor 
DNA and gRNA-encoding plasmid 

Figure 2: Assessing strategies for generating knock-in alleles with CRISPR/Cas-mediated HDR. (A) nos-cas9 
female flies of the indicated strain were crossed to U6:3-gRNA-wg males and a donor plasmid encoding RFP was 
injected into the embryonic progeny at the indicated concentrations. Due to a pre-existing X-linked RFP insertion in 
the CFD2 stock only male G0 and F1 flies could be analysed. For consistency we only analysed male flies in all other 
HDR experiments. G0 males that give rise to RFP positive offspring were designated ‘founders’. The percentage of 
male progeny with RFP expression relative to all offspring (i.e. from fertile founder and non-founder G0 males) is 
indicated below. N, total number of males analysed. (B) Donor and U6:3-gRNA-wg plasmids were injected into nos-
cas9 embryos. In B and C, plasmids were mixed to give an injection mix containing the concentrations shown. (C) 
Non-transgenic w1118 embryos were injected with donor DNA and a single plasmid containing both hsp70-cas9 and 
U6:2-gRNA-wg. The attention sign indicates that unintended integration of this plasmid at the gRNA target site 
could create an autonomous gene drive. Propagation of a gene drive is not possible in our experiment as 
integration at the gRNA-wg target site would create a lethal allele. Suppl. Table 2 contains detailed results for all 
HDR experiments. 
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homozygote in a process known as ‘homing’. Through this mechanism, 
the frequency of an HEG can rapidly increase in a population. Naturally 
occurring HEGs can in principle be adapted to function as a gene drive 
system in mosquitoes because they can be re-engineered to recognize 
mosquito genes2. An HEG expressed in the male mosquito germline that 
recognizes an artificially introduced recognition site shows high rates 
of super-Mendelian inheritance and rapidly invades a caged popula-
tion2. The increased transmission rate provided by endonuclease-based 
gene drive systems could theoretically outweigh the fitness costs arising 
from the cleavage activity and disruption of the targeted sites. If this 
proviso is met, a drive construct can spread through a population until 
it reaches an equilibrium frequency, with a reduced mean fitness for 
the population1.

Any nuclease with a sufficiently long recognition sequence could 
hypothetically be redesigned to function as a gene drive system akin 
to an HEG, provided that it can be engineered to recognize and insert 
in a specific genomic locus. For example, we have previously shown 
that modular nucleases such as zinc finger nucleases or transcription 
activator–like effector nucleases (TALENs), for which the DNA-binding 
specificity of each module is well-characterized, can be combined to 
function as a synthetic selfish element in Drosophila, albeit with low 
replication fidelity owing to their repetitive nature3. More recently, the 
development of the CRISPR-Cas9 (clustered, regularly interspaced, 
short palindromic repeats (CRISPR) and CRISPR-associated protein 
(Cas)) system4–6 has radically simplified the process of engineering 
nucleases that can cleave specific genomic sequences. A guide RNA 
(gRNA) complementary to a DNA target site directs the activity of 
the Cas9 endonuclease to that sequence, providing a means to edit 
almost any chosen DNA sequence without the need to undertake 
complex protein engineering and selection procedures. In addition to 
applications in genome editing, the specificity and the flexibility of the 
CRISPR-Cas9 system offers unprecedented opportunities to expedite 
the development of gene drive systems for the control of insect vec-
tors of disease7. In a proof-of-principle experiment for such a use, a 
CRISPR-based construct was used to demonstrate gene drive activity 

Gene drive systems that enable super-Mendelian 
inheritance of a transgene have the potential to modify 
insect populations over a timeframe of a few years. We 
describe CRISPR-Cas9 endonuclease constructs that 
function as gene drive systems in Anopheles gambiae, 
the main vector for malaria. We identified three genes 
(AGAP005958, AGAP011377 and AGAP007280) 
that confer a recessive female-sterility phenotype upon 
disruption, and inserted into each locus CRISPR-Cas9 
gene drive constructs designed to target and edit each 
gene. For each targeted locus we observed a strong gene 
drive at the molecular level, with transmission rates to 
progeny of 91.4 to 99.6%. Population modeling and 
cage experiments indicate that a CRISPR-Cas9 construct 
targeting one of these loci, AGAP007280, meets the 
minimum requirement for a gene drive targeting female 
reproduction in an insect population. These findings 
could expedite the development of gene drives to 
suppress mosquito populations to levels that do not 
support malaria transmission.

Synthetic gene drive systems using site-specific endonucleases to spread 
traits into a population were first proposed more than a decade ago1. 
This proposal was initially inspired by the action of a class of natural 
selfish genetic elements, found in many single-cell organisms, named 
homing endonuclease genes (HEGs). HEG-encoded proteins can recog-
nize and cleave a 15- to 30-bp DNA sequence. HEGs are located within 
the DNA recognition sequence, rendering it resistant to further cleavage. 
However, when the HEG comes into contact with a chromosome con-
taining the uninterrupted recognition sequence, the double-strand break 
(DSB) induced by the cleavage is often repaired using the homologous 
chromosome as a template, effectively converting a heterozygote into a 

A CRISPR-Cas9 gene drive system targeting female 
reproduction in the malaria mosquito vector Anopheles 
gambiae
Andrew Hammond1, Roberto Galizi1, Kyros Kyrou1, Alekos Simoni1, Carla Siniscalchi2, Dimitris Katsanos1, 
Matthew Gribble1, Dean Baker3, Eric Marois4, Steven Russell3, Austin Burt1, Nikolai Windbichler1,  
Andrea Crisanti1 & Tony Nolan1
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  site-­‐spécifique	
  

•	
  D'autres	
  systèmes	
  peuvent	
  être	
  encore	
  plus	
  performants,	
  ne	
  pas	
  nécessiter	
  de	
  PAM...	
  

•	
  Thérapie	
  génique	
  :	
  modifier	
  le	
  génome	
  humain	
  (soma)que)	
  (myopathie	
  de	
  Duchenne)	
  

•	
  Transforma)on	
  de	
  l'Homme	
  (germinal)	
  



Les	
  avantages	
  de	
  cete	
  nouvelle	
  technologie	
  sur	
  les	
  technologies	
  
de	
  modifica)on	
  des	
  génomes	
  déjà	
  existantes	
  

Les	
  raisons	
  du	
  succès	
  

•	
  Efficacité,	
  polyvalence	
  

•	
  Avantages	
  sur	
  la	
  sélec)on	
  en	
  agriculture	
  :	
  facilité,	
  rapidité	
  

•	
  Avantages	
  sur	
  les	
  OGM	
  :	
  s'affranchir	
  des	
  transgènes	
  

•	
  Avantages	
  en	
  thérapie	
  génique	
  :	
  s'affranchir	
  de	
  la	
  nécessité	
  de	
  vecteurs	
  d'intégra)on	
  

Le	
  système	
  CRIPSR/Cas9	
  pour	
  modifier	
  les	
  génomes	
  "à	
  volonté"	
  



Conclusion	
  


