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Gene	  therapy	  is	  an	  experimental	  technique	  that	  uses	  genes	  to	  treat	  
or	   prevent	   disease.	   Researchers	   are	   tes*ng	   several	   approaches	   to	  
gene	  therapy,	  including:	  
	  
-‐	  Replacing	  a	  mutated	  gene	  that	  causes	  disease	  with	  a	  healthy	  copy	  
of	  the	  gene.	  
	  
-‐	   Inac*va*ng,	  or	  “knocking	  out,”	  a	  mutated	  gene	  that	   is	  func*oning	  
improperly.	  
	  
-‐	  Introducing	  a	  new	  gene	  into	  the	  body	  to	  help	  fight	  a	  disease.	  
	  

Although	   gene	   therapy	   is	   a	   promising	   treatment	   op*on	   for	   a	   number	   of	   diseases,	   the	   technique	  
remains	  risky	  and	  is	  s*ll	  under	  study	  to	  make	  sure	  that	  it	  will	  be	  safe	  and	  effec*ve.	  	  
	  
Gene	  therapy	  is	  currently	  only	  being	  tested	  for	  the	  treatment	  of	  diseases	  that	  have	  no	  other	  cures.	  
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a)Most	   gene-‐therapy	   clinical	   trials	  
are	  designed	  to	  treat	  cancer	  
	  
b )	   Re t rov i ru s	   vec to r s	   and	  
adenovirus	   vectors	   have,	   so	   far,	  
been	   the	   most	   commonly	   used	  
vectors	  in	  gene-‐transfer	  trials.	  
	  
c)	  Most	  gene	  transfer	  clinical	  trials	  
are	   conducted	   in	   the	   United	  
States.	  	  
	  
d)Most	   gene-‐transfer	   trials	   are	  
designed	   to	  assess	  only	   the	   safety	  
of	   a	   par*cular	   gene-‐therapy	  
approach	   (Phase	   l).	   Few	   gene	  
therapies	   are	   being	   assessed	   in	  
Phase	  ll	  or	  Phase	  lll	  efficacy	  trials.	  	  
	   	  Nature	  Reviews	  gene*cs	  	  
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From	  bacteria	  to	  model	  organisms	  and	  human	  cells,	  genome	  edi*ng	  tools	  such	  as	  zinc-‐finger	  nucleases	  (ZNFs),	  TALENs,	  
and	  CRISPR/Cas9	  have	  been	  successfully	  used	  to	  manipulate	  the	  respec*ve	  genomes	  with	  unprecedented	  precision.	  



Pellega_	  et	  al.	  Arch	  Toxicol	  2015	  
	  

This	  technology	  can	  be	  used	  to	  inves*gate	  the	  func*on	  of	  a	  gene	  of	  interest	  
or	  to	  correct	  gene	  muta*ons	  in	  cells	  via	  genome	  edi*ng,	  paving	  the	  way	  for	  
future	  therapy	  approaches.	  

Timeline	  of	  genome	  engineering	  research	  
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similari*es	  

differences	  
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X-‐linked	   Severe	   Combined	   Immunodeficiency	   (SCIDX1)	   is	   a	   gene*c	   disease	   that	   leaves	   newborns	   at	   high	   risk	   of	   serious	   infec*on	   and	   a	  
predicted	  life	  span	  of	  less	  than	  1	  year	  in	  the	  absence	  of	  a	  matched	  bone	  marrow	  donor.	  The	  disease	  pathogenesis	  is	  due	  to	  muta*ons	  in	  the	  
gene	  encoding	  the	  Interleukin-‐2	  receptor	  gamma	  chain	  (IL-‐2Rg),	  leading	  to	  a	  lack	  of	  func*onal	  lymphocytes.	  

c.468+3A>C	  

This	  specific	  muta*on	  results	  in	  a	  lack	  of	  func*onal	  NK	  cells	  and	  T	  
cells.	  The	  muta*on	  is	  an	  A	  to	  C	  subs*tu*on	  in	  the	  third	  base	  pair	  
of	  intron	  3	  of	  the	  IL-‐2Rg	  gene,	  leading	  to	  aberrant	  splicing	  of	  the	  
IL-‐2Rg	  transcript.	  
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In	   this	   report,	   they	   have	  
demonstrated	   that	   the	  
precise	   correc*on	   of	   a	  
novel	   splice-‐site	   muta*on	  
of	   the	   IL-‐2Rg	   gene	   at	   its	  
endogenous	   genomic	  
locus	   in	   subject-‐derived	  
iPSCs	   resu l t s	   in	   the	  
correc*on	   of	   the	   splicing	  
defect	   of	   the	   IL-‐2Rg	  
t r an s c r i p t	   a nd	   t hu s	  
rescues	  the	  ability	  of	  iPSCs	  
to	   differen*ate	   into	   NK	  
cells.	  



•  The	  CRISPR-‐Cas9	  complex,	  consis*ng	  of	  the	  Cas9	  protein	  and	  the	  guideRNA	  (gRNA),	  
is	  based	  on	  the	  adapta*ve	  immune	  system	  of	  Streptococcus	  Pyogenes	  .	  	  

	  
•  Type	  II	  system	  was	  adapted	  for	  genome	  engineering	  in	  many	  organisms.	  	  
	  
•  Cas9	  protein	  can	  introduce	  ds	  break	  or	  ss	  nick.	  	  
	  
•  Provides	  substrate	  for	  error	  prone	  repair	  or	  HR	  using	  recombinant	  DNA	  template	  

for	  custom	  modifica*on.	  
	  
•  Can	  also	  mutate	  directly	  by	  injec*on	  into	  zygote.	  
	  

PAM	  
	  site	  

(Trans-‐encoded	  CRISPR	  RNA)	  

CRISPR:	  Clustered	  Regularly	  Interspaced	  Short	  Palindromic	  Repeats	  
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Why	  is	  bejer	  Crispr-‐Cas9	  system?	  

Haoyi	  Wang	  et	  al.,	  Cell	  2013	  



Patrick	  D.	  Hsu	  et	  al,	  Cell	  	  2014	  

History	  of	  the	  CRISPR-‐Cas9	  system	  
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	  John	  van	  der	  Oost	  et	  al.	  ,Nature	  Reviewers	  2014	  

There	  are	  at	  least	  	  11	  different	  CRISPR-‐Cas	  systems,	  which	  have	  been	  grouped	  into	  three	  major	  types	  (l-‐lll)	  
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The	  type	   ll	   system	   from	  Streptococcus	  pyogenes	   	   is	  one	  of	  
the	  best	  characterized	  consis*ng	  of	  :	  
	  
-‐the	  nuclease	  Cas9,	  	  
	  
-‐the	  crRNA	  array	  that	  encodes	  the	  guide	  RNAs	  (sgRNAs),	  
	  
-‐a	   required	   auxiliary	   trans-‐ac*va*ng	   crRNA	   (tracrRNA)	   that	  
facilitates	   the	   processing	   of	   the	   crRNA	   array	   into	   discete	  
units.	  
	  
	  

The	  type	  ll	  system	  	  
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The	   dual	   tracrRNA:crRNA	   has	   been	   engineered	   as	   a	  
sgRNA	  containing	  two	  cri*cal	  features:	  
	  
-‐ a	   DNA	   complementary	   guide	   sequence	   (*pically	   20	  
nucleo*des)	  	  

-‐ the	   double-‐stranded	   structure	   at	   the	   3’side	   of	   the	  
guide	  sequence	  that	  bind	  	  Cas9	  
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  Cas9	   nuclease	   has	   an	   RNA	  

binding	   domain,	   an	   α-‐helical	  
recogni*on	   lobe	   (REC),	   a	  
nuclease	   lobe	   that	   includes	   the	  
RuvC	   and	   HNH	   nuc lease	  
domains	  for	  DNA	  cleavage	  and	  a	  
PAM-‐interac*ng	  site.	  

  The	   PAM	   is	   a	   3	   base	   pair	  
sequence	   that	   lies	   adjacent	   to	  
the	  3’end	  of	  the	  DNA	  target	  site	  
and	   faci l itates	   the	   target	  
recogni*on.	  

	  
	  
  The	  HNH	  domain	  of	  Cas9	  is	  used	  

to	   cleave	   the	   DNA	   strand	  
complementary	   to	   the	   crRNA	  
and	  the	  RuvC	  domain	  is	  used	  	  to	  
cleave	  the	  opposite	  DNA	  strand	  

The	  CRISPR-‐Cas9	  technology	  uses	  the	  Cas9	  protein	  to	  introduce	  
site-‐specific	  DSBs	  in	  the	  target	  DNA	  sequence.	  
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The	  forma*on	  of	  RNA-‐DNA	  heteroduplex	  is	  ini*ated	  at	  the	  PAM	  site	  and	  the	  binding	  of	  the	  PAM	  
and	  the	  presence	  of	  a	  matching	  target	  DNA	  leads	  to	  Cas9	  nuclease	  ac*vity.	  

Imaging	  studies	  suggest	  that	  the	  complex	  composed	  of	  Cas9	  and	  the	  RNA-‐DNA	  heteroduplex	  leads	  to	  
Cas9	  ini*a*ng	  DNA	  strand	  separa*on	  via	  an	  unknown	  mecchanism	  and	  subsequently	  leads	  to	  a	  DSB.	  
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The	  process:	  

1	   2	   3	  

4	   5	  
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Ran	  et	  al.,	  Nature	  Protocol	  2013	  

	  	  	  	  	  	  	  	  	  NHEJ	  (non-‐homologous	  end	  joining	  )	  is	  an	  error-‐
prone	  process	  that	  involves	  direct	  linking	  of	  the	  
broken	  ends	  and	  can	  result	  in	  the	  introduc*on	  of	  
inser*on/dele*on	  muta*ons	  (indels)	  that,	  if	  
present	  in	  coding	  exons,	  can	  lead	  to	  frame-‐shio	  and	  
premature	  stop-‐codon	  forma*on.	  

Cas9-‐induced	  DSBs	  can	  be	  repaired	  by	  endogenous	  DNA	  repair	  	  pathways	  
present	  in	  all	  cell	  types	  and	  organism:	  

	  	  	  	  	  	  	  	  HDR	  (homology-‐directed	  repair)	  frequently	  repairs	  
DBSs	  during	  the	  S	  and	  G2	  phases	  of	  cell	  cycle	  and	  
uses	  homologous	  DNA	  sequences	  as	  templates	  for	  
repair	  and,	  by	  supplying	  an	  exogenous	  repair	  
template,	  HDR	  can	  be	  exploited	  to	  precisely	  edit	  
genomic	  sequence	  or	  insert	  exogenous	  DNA.	  
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ssODN	   Circular	  	  
donor	  vector	  

Yang	  et	  al.,	  Nature	  Protocol	  2014	  

	  
For	  HDR,	  we	  have	  2	  different	  strategies	  based	  on	  the	  recombinant	  region	  size	  :	  
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Design	  sgRNA	  

hjp://crispr.mit.edu/	  
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	  The	  CRISPR	  design	  tool	  is	  a	  
	  web	  tool	  craoed	  to	  simplify	  
	  the	  process	  of	  CRISPR	  guide	  
	  selec*on	  in	  an	  input	  DNA	  
	  sequence	  by:	  
	  
  discovering	  possible	  

oqargets	  genome-‐wide,	  
  highligh*ng	  guides	  with	  

high	  target	  specificity,	  	  
  flagging	  guides	  with	  

numerous	  or	  genic	  
oqargets	  in	  target	  
genomes.	  



Ran	  et	  al.,	  Cell	  2013	  

Double-‐nicking	  strategy	  for	  minimizing	  	  off-‐target	  
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Ran	  et	  al.,	  Nature	  Protocol	  2013	  

Procedure	   for	   the	  
genera*on	  of	   gene-‐
modified	  cell	  line	  by	  
CRISPR-‐Cas9	  
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Yang	  et	  al.,	  Nature	  Protocol	  2014	  

	  Procedure	  for	  the	  
genera*on	  of	  gene-‐
modified	  mice	  by	  
CRISPR-‐Cas9	  
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Yang	  et	  al.,	  Nature	  protocol	  2014	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
CRISPR-‐Cas9	  system	  
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collec*ng	  fer*lized	  eggs	  

Genotyping	  	  

in	  detail	  …in	  vivo	  

	  zygote	  injec*on	  	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
CRISPR-‐Cas9	  system	  

DNA	  extrac*on	  
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	  Single-‐stranded	  oligodeoxynucleo*de	  (ssODN)	  as	  a	  template	  for	  HDR-‐mediated	  gene	  repair	  
	  
	  

EX2" 	  
	   	  	  EX2" EX3"INT2!

	  
	  

EX3"

	  
sgRNA	  

INT1!

	  
	  
	  
	  

PA	  

	  
	  EX1"

49nt	  

HDR	  

	  
	  EX2"

	  
	  

	  
	  

M
AZ	  

M
AZ	  

1°example	  HDR:	  poliA	  inser*on	  

Gene	  target	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
CRISPR-‐Cas9	  system	  
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EX2"
	  
	   	  	  EX2" EX3"INT2!

	  
	  

EX2" 	  	  EX3"

	  sgRNA	  

HDR	  

INT1!	  
	  EX1"

14
0n

t	  

Another	  strategy?	  

2°example	  HDR:	  intron	  dele*on	  

Gene	  target	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
CRISPR-‐Cas9	  system	  

	  Single-‐stranded	  oligodeoxynucleo*de	  (ssODN)	  as	  a	  template	  for	  HDR-‐mediated	  gene	  repair	  
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Example	  NHEJ	  

EX2"
	  
	   	  	  EX2" EX3"INT2!

EX2" X3"

	  sgRNA	  

INT1!	  
	  

EX1" Gene	  target	  
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This	  system	  is	  not	  accurate	  
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50nt HR: gcaaaagatcagctcggagagaaGgaagagtgctgccccagacacaCcgC 
 
 
INT2:GGAAGAGCCAGAACTGTGTGCAATCCTGGGCTGGCCAGCGATGGGCTCTGGGACTCTTGTG
AGATTGATGAAGGCTGATGAGGCTGCTCTGTCCCCTGCCAC 
 

 
 
50nt HR: gtgccccatcttcttcaggcatcagcaatgaaagacctcggctgacttca 
 
 
 
5’ SPLICE SITE mutation: 
 
wt  GCGGGTAA 
mut CCGCGGAA (SACII) 
	  

3’	  SPLICE	  SITE	  mutation	  

	  wt	  :	  AG	  

mut	  :	  AC	  

EX2"
	  
	   	  	  EX2" EX3"INT2!

	  sgRNA	  

INT1!	  
	  EX1"

3°example	  HDR:	  splice	  site	  muta*on	  	  
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	  Single-‐stranded	  oligodeoxynucleo*de	  (ssODN)	  as	  a	  template	  for	  HDR-‐mediated	  gene	  repair	  
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4°example:	  inser*on	  with	  2	  Cas9	  proteins	  	  

EX2"
	  
	   	  	  EX2" EX3"INT2!INT1!	  

	  EX1"

	  sgRNA	  

Problem:	  	  
Cas9	  protein	  
does	  not	  cut	  

EX2"
	  
	   	  	  EX2" EX3"INT2!

EX3"

	  sgRNA1	  

INT1!	  
	  EX1"

	  sgRNA2	  

We	  can	  use	  two	  
Cas9	  proteins	  at	  
the	  same	  *me	  

PAM1	   PAM2	  

	  sgRNA1	  

	  sgRNA2	  
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Examples	  of	  cell	  types	  and	  organism	  that	  have	  been	  
engineered	  using	  Cas9	  

Future	  applica*ons	  in	  biomedicine	  and	  biotechnology	  

Doudna	  and	  Charpen*er,	  Science	  2014	  
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Examples	  of	  
TALENs	  and	  
CRISPR/Cas9-‐
mediated	  

genome	  edi*ng	  
in	  human	  cells	  

Niu	  et	  al.,Mol	  Biotechnol	  2014	  
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v
v	  



CRISPR-‐Cas9	  revolu*on	  
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2014	  

Today	  	  
The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  

CRISPR-‐Cas9	  system	  



	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	  	  
	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	  	  

28/05/15	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  In	  vivo	  animal	  studies	   	  	  	  	  	  	  	  	  	  	  Cell-‐based	  studies	  

Crygc-‐associated	  cataract:	  1bp	  dele*on	  
in	  exon3	  	  

HIV-‐1	  resistance:	  edi*ng	  CCR5	  

Fah	  muta*on-‐related	  tyrosinemia	  in	  
hepatocytes:	  point	  muta*on	  in	  exon	  8	  

β-‐thalassemia:	  correc*on	  of	  human	  
hemoglobin	  β-‐associated	  β-‐thalassamia	  
muta*ons	  	  

Reduc*on	  cholesterol	  levels:	  PCSH9	  
knockout	  mice	  

Cys*c	  fibrisis	  transmembrane	  conductor	  
receptor	  (CFTR):	  CFTR	  exon	  11	  	  

Duchenne’s	  muscular	  dystrophy	  (DMD):	  
dmd	  dystrophin	  gene	  correc*on	  

Duchenne’s	  muscular	  dystrophy	  (DMD):	  
dmd	  dystrophin	  gene	  correc*on	  
	  

Pellaga_	  et	  al.,Arch	  Toxicol	  2015	  	  	  

Gene	  terapy	  with	  Crispr-‐Cas9	  system	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
CRISPR-‐Cas9	  system	  
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The	  X-‐linked	  muscle-‐was*ng	  disease	  
Duchenne	  muscular	  dystrophy	  is	  caused	  by	  
muta*ons	  in	  the	  gene	  encoding	  dystrophin.	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
CRISPR-‐Cas9	  system	  
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In	  vivo	  animal	  studies	  

Our	   results	   show	   that	   CRISPR/Cas9-‐
mediated	  genomic	  edi*ng	  is	  capable	  of	  
correc*ng	   the	   primary	   gene*c	   lesion	  
responsible	  for	  muscular	  dystrophy	  and	  
p r e v e n * n g	   d e v e l o p m e n t	   o f	  
characteris*c	  features	  of	  this	  disease	  in	  
mdx	  mice.	  	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
CRISPR-‐Cas9	  system	  
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Cell-‐based	  studies	  

Following	   gene	   edi*ng	   in	   DMD	  
Pa*ent	   myoblast,	   dystrophin	  
expression	   is	   restored	   in	   vitro.	  
Human	   dystrophin	   is	   also	  
d e t e c t e d	   i n 	   v i v o 	   a o e r	  
transplata*on	   of	   gene*cally	  
corrected	   pa*ent	   cells	   into	  
immunodeficient	  mice.	  	  
	  
Impor tan t l y ,	   t he	   un ique	  
m u l I p l e x 	   g e n e -‐ e d i I n g	  
capabiliIes	   of	   CRISPR-‐Cas9	  
system	   facilitate	   the	   generaIon	  
of	   a	   single	   large	   deleIon	   that	  
can	   correct	   up	   to	   62%	   of	   DMD	  
mutaIons.	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
CRISPR-‐Cas9	  system	  
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54	   28	  71	   4	  

Embryo	  n°	  

Successful	  
clevage	  

HDR	  

Cell-‐based	  studies	  

World's	  first	  gene.c	  
modifica.on	  of	  human	  
embryos	  reported:	  

	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
CRISPR-‐Cas9	  system	  
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I	   think	   that	   human	  
germline	   engineering	  
is	  inevitable,	  and	  there	  
will	   be	   basically	   no	  
e ff e c * v e	   w a y	   t o	  
regulate	  or	  control	  the	  
use	   of	   gene	   edi*ng	  
technology	   in	   human	  
reproduc*on.	  	  

Current	   methods	   for	  
g e n e	   e d i * n g	   a r e	  
inefficient	   in	   primary	  
ce l l s	   and	   r equ i r e	  
selec*on	   of	   a	   small	  
frac*on	   of	   the	   treated	  
c e l l s	   b ea r i n g	   t he	  
desired	  edit.	  This	  is	  not	  
easily	   applicable	   to	  
germline	   engineering,	  
especially	  in	  humans.	  

YES	   NO	  	  
	  
	   Annelien	   Bredenoord:	   	   I	   am	  
inclined	   to	   say	   that	   inheritable	  
gene*c	   modifica*on	   is	   on	   the	  
horizon,	   but	   perhaps	   the	   first	  
applica*on	  of	  germline	  modifica*on	  
would	   be	   mitochondrial	   dona*on	  
(also	   known	   as	  mitochondrial	   gene	  
therapy),	   which	   does	   not	   involve	  
gene-‐edi*ng	   techniques.	   Recently,	  
the	   UK	   Parliament	   legalized	   this	  
technique	   	  aimed	  at	  prevenOng	   the	  
transmission	   of	   mitochondrial	   DNA	  
mutaOons	  from	  mother	  to	  child.	  	  

MAYBE	  



	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	  	  
	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	   	   	   	  
	   	   	   	   	   	  	  

28/05/15	  

Conclusions:	  	  

-‐Further	  inves*ga*on	  of	  the	  molecular	  mechanisms	  of	  CRISPR/Cas9-‐mediated	  
gene	  edi*ng	  in	  human	  model	  is	  sorely	  needed.	  
	  
	  
-‐	  In	  par*cular,	  off-‐target	  effect	  of	  CRISPR/Cas9	  should	  be	  inves*gated	  thoroughly	  
before	  any	  clinical	  applica*on.	  

The	  new	  fron*ers	  of	  gene	  therapy:	  	  	  	  	  
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-‐Crispr-‐Cas9	  technology	  can	  be	  used	  to	  inves*gate	  the	  func*on	  of	  a	  gene	  of	  interest	  
or	  to	  correct	  gene	  muta*ons	  in	  cells	  via	  genome	  edi*ng,	  paving	  the	  way	  for	  future	  
therapy	  approaches.	  

-‐	  In	  the	  last	  2	  years,	  over	  600	  ar*cles	  have	  been	  published	  on	  CRISPR-‐Cas9	  applica*ons.	  
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…the end 


