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Las nuevas técnicas de edición genética.
Comparativa con los sistemas clásicos de 

modificación genética
@LluisMontoliu CNB-CSIC y CIBERER-ISCIII, Madrid

What is a transgenic animal?

+ =

animal transgene transgenic
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Animal models of albinism

What is a transgenic animal?

+ =

animal transgene transgenic
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Transgenic animals with GFP
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What is a transgenic animal?

- =

animal endogenous
gene

Mutant
Knock-out

Modifying the Mammalian Genome
Through Mammalian Embryo Manipulation

Pronuclear microinjection
fertilized oocytes

Embryonic Stem Cells
into blastocysts

ISTTISTT

ISTT

Somatic Cell
Nuclear Transfer

ISTT

Intracytoplasmic
Sperm Injection

Mouse embryos

1980 1986

19991997
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Transgenesis Timeline

1980

Pronuclear
microinjection

1987

ES cell-mediated
Gene targeting

1993

Artificial
Chromosomes

1994

Cre/lox-mediated
Conditional mutants

1997

Cloning SCNT
Transposons SB

1999

ICSI
SMGT

2002

Lentivirus

2009

ZFN

2011

TALEN

2013

CRISPR

Adding a new function: transgenic animals (microinjection)
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Blastocistos (E +4.5 d.p.c)

Isolating Embryonic Stem Cells
(ES cells)

I.C.M. (ES cells)
(Epiblast)
Primitive 
Ectoderm

Trophectoderm
(Trophoblasts)

Zona
pellucida

blastocele Primitive endoderm
(hypoblast)

1981 - Isolation of mouse ES cells
1987 - Generation of knockout mice

Johannes Wilbertz-ISTT
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gene A

x x Initially all ES cells are

Sensible to G418
Resistant to Gancyclovir

NeoRTK
Targeting construct

gene A

gene A
STOP

HOMOLOGOUS RECOMBINATION ES cells are

Resistant to G418
Resistant to Gancyclovir

gen A

RANDOM INTEGRATION ES cells are

Resistant to G418
Sensible to Gancyclovir

General strategy for gene targeting in ES cells
through homologous recombination

gene A

gene A

gene A

gene A

gene A*

neo

neoEGFP

neoGene B

Original allele
Gene A active

knock-out allele
Gene A inactivated

knock-in allele
Reporter gene under the control 
of gene A, gene A inactivated

knock-in allele
Gene B under the control of
Gene A, gene A inactivated

knock-in allele
Gene A “modifiied”  and active

neo

*

Several strategies to inactivate/alter your favourite gene 
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El sistema CRE-loxP  de recombinación sitio-específica

(bacteriofago P1)

+

+

CRE
Recombinasa

específica

loxP loxP

loxP

excisión integración

Conditional
Mutation

CRE-loxP y la generación de ratones KO condicionales

(específicos de tejido)

Recombinación
Homóloga en células ES

CRE

Microinyección
(transgénico)

CRE

CRE

X

CRE

RATÓN CON LA MUTACIÓN SOLAMENTE EN UN TEJIDO



9

gene A

gene A
neo

Original allele
Gene A active

“floxed” allele
Gene A active

gene A
“floxed” allele
Gene A inactive

gene A
knock-out allele
Gene A inactive

gene A*
“knockin floxed” allele
Gene A “modified” active

*

+ CRE

+ CRE

+ CRE

Floxed = “Flanked by LoxP sites”

LoxP

Additional strategies for conditional mutagenesis 

.

CRE ER-LBD*

CRE GR-LBD*

CRE PR-LBD*

Activated by 4-OH-tamoxifene

Not activated by -estradiol

Activated by dexametasone
Not activated by cortisol

Activated by RU486
Not activated by progesterone

Schewnk et al. (1998)

Brocard et al. (1998)

Kellendonk et al. (1996)

hsp90

CRE inactive CRE active

Conditional and inducible mutagenesis

Fusion of LBD from NR with CRE



10

Gene Modification Random or Targeted

X

Homologous Recombination and Nucleases

X

with nucleases without nucleases10‐1 10‐4

X1000‐100000

/10‐6



11

How CRISPR-Cas9 tools work?

GENE

GENE INACTIVATION GENE EDITION

Double Strand Break



12

1995

2001

2011

2013

Mojica and Montoliu, Trends in Microbiology 2016

Prokaryotes Eukaryotes
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1993

2013

The CRISPR-Cas
System in 2012
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The CRISPR-Cas
System in 2019

RNP
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What is a gene-edited animal?

Mutant
animal

Gene-edited
animal

G C
CRISPR-Cas9

What is a gene-edited animal?

Wild-type
animal

Gene-edited
mutant

C G
CRISPR-Cas9
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What is a gene-edited animal?

Wild-type
animal

C

Gene-edited
animal

C

=

Disrupting a gene: KO
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Deletions

Inversions
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Duplications

Point mutations

*

*
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Knock-ins

Doudna & Charpentier (2014) Science
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Activating a gene

dCas9

Inactivating a gene

dCas9
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Albinism

DNA coding sequences represent 2% genome

DNA non-coding sequences represent 98% genome

DNA non-coding sequences contain mainly:
DNA repetitive elements, mobile elements and 
DNA regulatory elements

The non-coding genome
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Using CRISPR-Cas9 genome editing
to target Tyr regulatory elements

CRISPR-Cas9 genome editing

Regulatory
Element

Deleting Tyr regulatory elements with CRISPRs in vivo
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Comparing different Tyr
5’ Boundary targeted 
alleles with similar 
phenotypes reveals the 
location of the 
functionally relevant 
endogenous regulatory 
DNA sequences

Seruggia et al. 2015 NAR

Genetic 
analysis
now possible
in mice!

“Avatar” mice

CRISPR
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11 22

neoneotktk

loxP loxP

22neoneo

22

Cre

11 22

11 22

*

“Classical” versus CRISPR-mediated mutagenesis

11 22

*

CRISPR-Cas9

PattyOCA4 (SLC45A2) c.986delC



25

Treatments

Off-target effects

On-target
effects

Mosaicism

HDR is
not the

preferred
repairing
pathway

Related to
CRISPR

Unrelated to
CRISPR

Limitations of CRISPR-Cas9 technology
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Oliveros et al. Nucleic Acids Res. 2016

Improved design of RNA guides for optimized CRISPR experiments

http://bioinfogp.cnb.csic.es/tools/breakingcas/

Google for “Breaking Cas”

CRISPR gene-edited founder mice are mosaic
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• Founder animals are 
nearly always complex
mosaic

• Many different alleles
can be present

• Not all of them might
transmit through
germline

One 8-cell embryo = 16 possible alleles

On-targets: the real problem

Reference: AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACGGTAGGGTTGATTTCAGGAAATGTAA
B9040.1 AACATTGGAGGAGCTGC ACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAG-----------GTAGGGTTGATTTCAGGAAATGTAA
B9040.2 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGGTAGGTAGG-TTGATTTCAGGAAATGTAA
B9040.3 AACACTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAG-----------GTAGGGTTGATTTCAGGAAATGTAA
B9040.4 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGC-----AGGGTTGATTTCAGGAAATGTAA
B9040.5 CAAGCTCCTGCCCCACTTTCAAAGCTGTACTGAACTGCAGTTTCTTCTCCACCCAGATTCCTGCAAGACCTTGCACCGGGG------------(437bp)------------------
B9040.6 --------------------------------------------(561bp)-------------------------------------------------------------------
B9041.1 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCTGTTACCTAGGGTTGATTTCAGGAAATG
B9041.2 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAAC--------AGGGTTGATTTCAGGAAATGTAA
B9041.3 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAGTGTAA
B9041.4 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACG----GGTAGGGTTGATTTCAGGAAATGTAA
B9041.5 AACATTGGAGGAGCTGCCACTGCTATTTGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
B9042.1 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACGGTAGGGTTGATTTCAGGAAATGTAA
B9042.2 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT---------------GGTAGGGTTGATTTCAGGAAATGTAA
B9042.3 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAA-TGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACGGTAGGGTTGATTTCAGGAAATGTAA
B9042.4 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT---------------GGTAGGGTTGATTTCAGGAAGTGTAA
B9043.1 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT---------------GGTAGGGTTGATTTCAGGAAGTGTAA
B9043.2 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACACTGGTAGGGTTGATTTCAGGAAGTG
B9043.3 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTCCCAATCAGGAGTTGAGAAAAAT---------------GGTAGGGTTGATTTCAGGAAGTGTAA
B9043.4 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGATAGACATGTCGAGGA------(134bp)--------------------
B9044.1 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT---------------GGTAGGGTTGATTTCAGGAAATGTAA
B9044.2 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCGATCAGGAGTTGAGAAAAATGGTAGGTAAC--------AGGGTTGATTTCAGGAAATGTAA
B9045.1 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTTGTTTAT-------------------------------CAAGGTAGGGTTGATTTCAGGAAATGTAA
B9045.2 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAAT--------------------GGTTGATTTCAGGAAATGTAA
B9045.3 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTTGTTTAT-------------------------------CAAGGTAGGGTTGATTTCGGGAAATGTAA
B9046.1 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACCTAGGTAGGGTTGATTTCAGGAAATG
B9046.2 AACATTG--------------------------------(87bp)-------------------------------------------------TAGGGTTGATTTCAGGAAATGTAA
B9046.3 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCAATGGTAGGGTTGATTTCAGGAAATGTA
B9046.4 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCACCTAGGTAGGGTTGATTACAGGAAATG
B9060.1 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
B9060.2 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAGATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
B9060.2 GACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
B9060.3 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCT-------GTTGATTTCAGGAAATGTAA
B9060.4 AACATCGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACA----GGTAGGGTTGATTTCAGGAAATGTAA
B9064.1 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCAAAAATGGTAGGTAGGGTTGATTTCAGG
B9064.2 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTA-----------GGTAGGGTTGATTTCAGGAAATGTAA
B9064.3 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAGTGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGCAAAAATGGTAGGTAGGGTTGATTTCAGG
B9064.4 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCAGGAGTTGAGAAAAATGGTAGGTAACAGC-----AGGGTTGATTTCAGGAAATGTAA
B9064.5 AACATTGGAGGAGCTGCCACTGCTATTGGGGACCCACCAAATGTTATCATTGTTTCCAATCA------------------------------GGTAGGGTTGATTTCAGGAAATGTAA

sgRNA‐A476

ssDNA

Multiple alleles present in CRISPR founder gene-edited mice
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CRISPR-Cas9

Large deletions after DSB induced by CRISPR-Cas9

Kosicki et al. 2018 Nature Biotech.
Adikusuma et al. 2018 Nature Comm.

Doudna & Charpentier (2014) Science

CRISPR-Cas is the future
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Gene Therapy with CRISPR

*

CRISPR-Cas9 RNP = crRNA+tracrRNA+Cas9

single-strand DNA oligonucleotide with the correct sequence



CRISPR and human embryos

• >3 studies from China using 3n/2n embryos

• Many different alleles are produced

• Most edited embryos are mosaic

• Anticipate potential off-target effects

• Need for careful risk/benefit analysis

• Consider alternative technologies (PGD: preimplantation
genetic diagnosis)

• Need to be cautious before applying

• Poses Ethics dilemas (art 13 and art. 18, Asturias 
Convention, 1997)
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He Jiankui (Shenzhen, China)

Lunes, 26 Noviembre 2018

IN VIVO EX VIVOSOMATIC
GENE

THERAPY

© Peter Bull Art Studio
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CRISPR‐Cas9 and in vivo somatic gene therapy

Amoasii et al. Science 2018
3-92% correction

Increasing number of animal models of rare
monogenic diseases corrected via CRISPR

• Duchenne muscular distrophy (DMD)
• Ornithine transcarbamylase (OTC) deficiency
• Hereditary tyrosinemia I (FAH deficiency)
• Congenital cataract (CRYGC)
• Chronic granulomatous disease (CGD)
• Retinitis pigmentosa (RP)
• Leber congenital amaurosis (LCA)
• Hungtinton Disease (HD)
• …
• Alsomany iPS cells models correcting gene mutations via

CRISPR strategies

Preclinical animal models
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Associated Press, 15 Nov 2017

• UCSF Benioff Children's Hospital in 
Oakland, California

• IV injection of viral particles with ZFNs
• Approved by NIH
• Sangamo
• Hunter’s syndrome (I2S gene) 

Mucopolysaccharidosis II (MPS II)
• Lysosomal storage disease
• Injected on 13 Nov 2017
• No therapeutic effect seen
• No toxicity detected

First genome editing (driven by ZFN) somatic gene therapy in a patient
IN VIVO 

IN VIVO

Human retina

Correcting a point mutation in CEP290 gene with NHEJ CRISPR

Leber’s congenital amaurosis type 10

In vivo
December 2018
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Correcting a point mutation in CEP290 gene with NHEJ CRISPR

Leber’s congenital amaurosis type 10

December 2018

Ex-vivo immunotherapy: targeting PD-1 gene with CRISPR tools

2016: China
2019: USA
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Ex-vivo CRISPR targeting of BCL11A enhancer for
Sickle cell anemia and beta-thalassemia

Bauer Lab (Dana Farber-Boston Children’s)

First ex-vivo CRISPR therapy
approved in Europe

CRISPR tools and somatic gene therapy 
of human rare diseases

Adeno Associated Virus
AAVAAV

1

hCas9

AAV
2

sgRNA donor

Different serotypes
with diverse tropism  

to different cellular types
Cargo ~4.7 kb
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Nishimasu et al. 2015 (Cell)

Smaller Cas9 variants found (useful for gene therapy approaches)

Cas9: Bang Wong, Broad Institute of Harvard and MIT, Cambridge, MA

• Cas9 antibodies
found in human 
serum

• Anti‐Cas9 T 
lymphocites found in 
human blood

• 79% individuals have
antibodies against
SaCas9

• 65% individuals have
antibodies against
SpCas9

• 46% individuals have
anti‐Cas9 T cells

• Immunosupression or
alternative Cas 
proteins

5 Jan 2018 – 28 Jan 2019 Nature Med.

Cas9
Streptococcus pyogenes
Staphylococcus aureus
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CRISPR systems from other bacteria…

Alternative Cas‐like proteins

Feng Zhang’s lab (Zetsche et all. Cell, Sep 2015)

Cas12a Francisella tularensis 
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Diversity of CRISPR-Cas systems

An updated evolutionary classification
of CRISPR–Cas systems
Makarova et al.  Nature Rev. Microbiol. 2015

CRISPR‐derived
BASE EDITORS

(BE3)

C U  T
A I  G

David Liu Lab

Kim et al. Nat Biotech. 2017
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What is a transgenic animal?

+ =

animal transgene transgenic

This is a transgenic animal



40

This is NOT a transgenic animal

Mutant
animal

Gene-edited
animal

G C
CRISPR-Cas9

Lluís Montoliu’s Lab at CNB

http://www.cnb.csic.es/~montoliu
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www.cnb.csic.es/~montoliu/CRISPR/

Google  CNB + CRISPR

Additional information about CRISPR


