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genome engineering

processes of making targeted modifications to the genome,
its contexts (e.g., epigenetic marks), or its outputs (e.g., transcripts).

Genome engineering technologies are enabling
a broad range of applications
engineer cells to
optimize high yield
generation of drug
precursors

reverse genetic
direct in vivo
correction of
genetic or
epigenetic defects
in somatic tissue

create efficient
metabolic pathways for
ethanol production in
algae or corn

algae-derived, silicabased diatoms for
oral drug delivery
confer resistance to
environmental
deprivation or
pathogenic infection

(Hsu et al., Cell, 2014)

gene therapy

transfer of genetic material to a patient to treat a disease

AIM:
2.0 gene therapy
long- term expression of the transferred gene high enough to be
therapeutic
3.0 gene therapy
long- term correction of the ‘edited’ gene high enough
to be therapeutic
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(Xavier M. Anguela and Katherine A. High, Annual Reviews of Medicine 2018)

(a) The goal of gene augmentation is to restore normal cellular function by providing a functional copy of a gene in trans (i.e., without

lentiviral vectors for ex vivo gene transfer into hematopoietic and other stem cells (3)
o-associated viral (AAV) vectors for in vivo gene transfer into postmitotic cell types (4).
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(Fazhan Wang et al., J Gene Med. 2019)

viruses and adeno-associated virus (AAV), coupled with encouraging results in preclinical disease models, led to the initiation of clinical trials
in the early 1990s. Unfortunately, these early
trials exposed serious therapy-related toxicities, including inflammatory responses to the
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Three essential tools for human gene therapy. AAV and lentiviral vectors are the basis of
several recently approved gene therapies. Gene editing technologies are in their translational
Wang et al., J Gene Med. 2019)
and clinical infancy but are expected(Fazhan
to play
an increasing role in the field.
Dunbar et al., Science 359, 175 (2018)
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CRISPR Revolution
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CRISPR/Cas9 - It all started with yogurt

2005-Rodolphe Barrangou discovered that S. thermophilus contained odd chunks
of repeating DNA sequences—Crisprs

CRISPR/Cas9 - as a tool for genetic engineering

2012 : Jennifer Doudna and Emmanuelle Charpentier
discovered S. pyogenes molecular mechanism

Researchers can directly edit the function of DNA
sequences in their endogenous context

(Hsu et al., Cell, 2014)
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CRISPR/Cas9

Protein-DNA specific recognition

Watson-Crick complementary rule

Specifically recognizes the target DNA and
dimeric Fok1 makes DSB

Guide RNA specifically recognizes the
target DNA and Cas9 makes DSB
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Guide RNA and Cas9

Target DNA lenght

14-18 bp

20 bp

Time consumption for
construction

5-7 days

1-3 days

context-dependent binding
(multiple proteins)

high specificity with multiple sgRNAs

Target binding principle
Working mode
Essential components

Multiple targeting

(Adapted from Wei C. et al., Journal of Genetics and Genomics, 2013)

CRISPR/Cas9 technology increased the feasibility
of genome-editing technologies
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. 1 The basic working principle
ofM.,
major
technologies. Meganucleases are engineered restriction enzymes that recognize long stretches
DNA sequences. Each zinc ﬁnger nuclease recognizes triple DNA code whereas each TALE recognizes an individual base. Unlike protein–DNA
ognition in ZFNs and TALENs, simple RNA–DNA base pairing and the PAM sequence determine CRISPR targeting speciﬁcity. All these tools result in
A double-strand breaks, which are repaired either by error-prone non-homology end joining or homology-directed repair. While NHEJ results in random
els and gene disruption at the target site, HDR can be harnessed to insert a speciﬁc DNA template (single stranded or double stranded) at the target site
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Fig. 2 CRISPR-based genome-targeting tools are widely used. Number of
PubMed publications over the last 12 years that had the word “CRISPR” or
“Cas9” in the abstract or title. **Number of publications in 2018 is projected
to be more than 5000
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CRISPR/Cas9

CRISPR system in prokariotes is an
adaptive immunity system
Figure 1. The Three Stages of CRISPR
Immunity
During adaptation, the Cas1-Cas2 complex selects a part of the foreign DNA and integrates it into
the host’s CRISPR array. In the next stage (crRNA
maturation), the CRISPR array is transcribed into a
long pre-crRNA that is further processed by Cas
proteins or, in some cases, by cellular RNases. In
the interference stage, the mature crRNAs guide
Cas nucleases to the cognate foreign DNA. The
Cas proteins cleave the foreign nucleic acid upon
binding of the crRNA to the target sequence. In
class 1 systems, the interference machinery is a
multi-Cas-protein complex, whereas class 2 systems utilize a single Cas protein for target
cleavage.

of a short sequence, called the protospacer adjacent motif (PAM), by both
the adaptation and interference machinery. The presence of a PAM proximal to
the acquired spacer and targeted protospacer and its absence in the CRISPR
array facilitates robust immunity while
averting auto-immune targeting of the
CRISPR array.

(Hille F. et al., Cell, 2018)
evolved to counter CRISPR-Cas are addressed. We also discuss
the regulation of CRISPR-Cas, the roles of these systems
beyond immunity, and other emerging topics in the field.

Interference in Class 1 CRISPR-Cas
Systems
Type I
Type I systems are the most widespread
CRISPR-Cas systems (Koonin et al.,
2017; Makarova et al., 2015) and employ
a crRNA-bound multiprotein complex
termed CRISPR-associated complex for
antiviral defense (Cascade) for target
recognition, as well as the nuclease
Cas3 for target cleavage (Figure 2)
(Brouns et al., 2008). Cas3 is the hallmark
protein of type I systems and is recruited
upon target binding by Cascade to cleave
the foreign DNA. Although the overall architecture of Cascade is conserved, its composition can vary between different subtypes and homology of the subunits has often
been established on the basis of functional similarities rather
than sequence similarities (for details, see Koonin et al., 2017;

Engineered CRISPR-Cas9 system consists of a fusion between
a crRNA and a part of the tracrRNA sequence: sgRNA
CRISPR system in prokariotes
is an adaptive immunity system

Naturally occurring
CRISPR-Cas9 systems

Engineered
CRISPR-Cas9 systems

Complemented to
foreign DNA

(Sander D. and Joung K., nature biotechnology, 2014)

CRISPR/Cas9 Genome editing tool exploit
endogenous DNA repair machinery
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(Ran et al, Nat Protoc. 2013)

DSB repair promotes gene editing. DSBs induced by Cas9 (yellow) can be repaired in one
of two ways. In the error-prone NHEJ pathway, the ends of a DSB are processed by
endogenous DNA repair machinery and rejoined, which can result in random indel
mutations at the site of junction. Indel mutations occurring within the coding region of a

CRISPR/Cas9 Genome editing tool exploit
endogenous DNA repair machinery

(Gaj T. at al., Trends Biotechnol, 2013)

Cas9 nuclease from S. pyogenes is targeted to genome by an
sgRNA consisting of a 20-nt guide sequence and a scaffold

an et al.
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Genetic GPS

(Ran et al, Nat Protoc. 2013)

1.
The onlyFigure
restriction
for targeting is
Schematic of the RNA-guided Cas9 nuclease. The Cas9 nuclease from S. pyogenes (in
that theyellow)
sequence
must be followed
is targeted to genomic DNA (shown for example is the human EMX1 locus) by an
by PAM sgRNA
motif consisting of a 20-nt guide sequence (blue) and a scaffold (red). The guide sequence

pairs with the DNA target (blue bar on top strand), directly upstream of a requisite 5′-NGG
adjacent motif (PAM; pink). Cas9 mediates a DSB ~3 bp upstream of the PAM (red
triangle).

NHEJ, resulting in indels at the site of editing. In the
presence of a separate DNA template containing
sequences homologous to the regions flanking the
Table 1. Properties of Some of the Naturally Occurring and
DSB,
HDR can result in incorporation of the repair
Engineered CRISPR Enzymes that Have Been Used for Genome
template
into the genomic
DNA.
Editing in Mammalian
Cells
(B) ZFNs, TALENs, and CRISPR-based nucleases
have also been used to introduce programmable,
sequence-specific DSBs. The ability of Cas9 to be
reprogrammed to bind a new sequence (the protospacer and PAM) by designing a new sgRNA,
rather than by engineering a new DNA-binding
protein (such as ZF or TALE), has transformed the
genome-editing field.

RNA-programmed endonucleases offer
a variety of genome editing-options
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The amazing CRISPR enzyme clan

Cas9 | The OG
Good at cutting DNA,
great for knockouts.
Already being replaced
by newer base pair
editors with more finetuned control.
Cas3 | The Gobbler
Cas3 gives zero f***. It
offers no repair
mechanism—once it finds
that target DNA sequence
it just starts cutting till
there ain’t no DNA left.
(Wired, march 2019)

Cpf1 | The Stickler
Like Cas9 but not as
sloppy. It leaves
“sticky” DNA ends,
which are easier to
work with when
making edits.

Cas13 | The Cowboy
Cuts RNA not DNA. Could
knock down protein levels
without permanently
changing your genome. Pair
it with a reporter signal and
you’ve got a diagnostic.
CasX/CasY | The X/Y
Factor
Just discovered in an
abandoned silver
mine, we don’t know
yet what these tiny
enzymes’
superpowers will be.

RNA-programmed endonucleases offer
a variety of genome editing-options
PRO

CONS

- Target design simplicity;
- Higly efficiency
- Fast (4 weeks for mice);

- fidelity
- delivery
- targeting scope

- OPEN QUESTIONS:
- Immunogenicity of nucleases in vivo (?)
- Ethics (?)

I - targeting scope

Table 1. Properties of Some of the Naturally Occurring and
Engineered CRISPR Enzymes that Have Been Used for Genome
Editing in Mammalian Cells
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III – delivery

Figure 5. Strategies for In Vivo Delivery of
CRISPR-Based Genome-Editing Agents

(A) Viral (red)-, lipid-nanoparticle (green)-, and
direct-nucleic-acid-injection (blue)-mediated delivery of CRISPR-based genome-editing agents
have all been successfully used to achieve in vivo
genome editing.
(B) These methods have been used to deliver
genome editing agents to a variety of mammalian
organs shown. The genes that were modified
within each organ are shown in a color corresponding to the delivery method used, matching
the colors in (A).

(Komor A.C. et al., Cell, 2017)

Delivery of Genome-Editing and Epigenome-Editing
Agents

of interest, including hematopoietic stem
cells and some primary cells (i.e., cells
taken directly from tissue, rather than
replicated in culture), even ex vivo delivery using a wide variety of methods has
proven challenging (Amsellem et al.,
2003; Lombardo et al., 2007).
Viral delivery of genome-editing agents
has been explored using lentivirus, adenovirus, and adeno-associated virus (AAV)
(Gori et al., 2015) (Figure 5A). Lentiviruses
are able to infect non-dividing cells
and have been used in vivo to efficiently
transduce a variety of specific target
organs (Cockrell and Kafri, 2007). Furthermore, the packaging limit of lentivirus is
!8.5 kb (although inserts larger than
!3 kb are packaged less efficiently), sufficient to package most Cas9 genes, guide
RNA expression constructs, and required
promoter and regulatory sequences (Kumar et al., 2001; al Yacoub et al., 2007). Lentiviruses have been successfully used to

III – delivery
Lentivirus:
- infects non dividing cells;
- Packaging limit ~8.5 kb (package Cas9 genes,
gRNA, promoter and regulatory sequences)
Adenovirus:
- infects dividing and non dividing cells;
- Do not integrate DNA;
- Elicits strong immune response in animals;
AAV variants:
- infect both dividing and non-dividing cells;
- do not integrate;
- do not elicit immune response in the host;
- A variety of serotypes of AAV are known,
(Komor A.C. et al., Cell, 2017)

- AAV has a packaging limit of ~4.5 kb of foreign
DNA
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Table 1 Naturally occurring major CRISPR-Cas enzymes

spCas9

Size
1368

PAM sequence
NGG

Size of sgRNA guiding sequence
20 bp

Cutting site
~ 3 bp 5′ of PAM
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~
~
~
~

St3Cas9

1409
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20 bp

~ 3 bp 5′ of PAM

CjCas9
AsCPf1

984
1307

NNNNACAC
TTTV

22 bp
24 bp

~ 3 bp 5′ of PAM
19/24 bp 3′ of PAM

LbCpf1

1228

TTTV

24 bp
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Cas13

Multiple orthologs

RNA targeting

28 bp

(Adli M., Nature communications, 2018)
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1,366 aa, which creates a particular therapeutic delivery challenge
due to the limited packaging capacity of AAV. Thus, smaller Cas9
variants have greater therapeutic potential. To this end, the discoveries of 1082 aa Cas9 from Neisseria meningitides (NmCas9)
53, 1053 aa Cas9 from Staphylococcus aureus (SaCas9)54,55, and
984 aa Cas9 from Campylobacter jejuni (CjCas9)56 are major
forward steps toward this goal. However, the tradeoff is that these
smaller Cas9 proteins require more complex PAM sequences. The
SaCas9 requires a 5′-NNGRRT-3′ PAM sequence54,55,57 whereas
CjCas9 requires a 5′-NNNNACAC-3′ PAM sequence56. Therefore, these smaller Cas9 proteins have relatively limited targeting
scope and ﬂexibility in genome targeting compared to SpCas9
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- more transient
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(A) Viral (red)-, lipid-nanoparticle (green)-, and
direct-nucleic-acid-injection (blue)-mediated delivery of CRISPR-based genome-editing agents
have all been successfully used to achieve in vivo
genome editing.
(B) These methods have been used to deliver
genome editing agents to a variety of mammalian
organs shown. The genes that were modified
within each organ are shown in a color corresponding to the delivery method used, matching
the colors in (A).

(Komor A.C. et al., Cell, 2017)

Delivery of Genome-Editing and Epigenome-Editing
Agents

of interest, including hematopoietic stem
cells and some primary cells (i.e., cells
taken directly from tissue, rather than
replicated in culture), even ex vivo delivery using a wide variety of methods has
proven challenging (Amsellem et al.,
2003; Lombardo et al., 2007).
Viral delivery of genome-editing agents
has been explored using lentivirus, adenovirus, and adeno-associated virus (AAV)
(Gori et al., 2015) (Figure 5A). Lentiviruses
are able to infect non-dividing cells
and have been used in vivo to efficiently
transduce a variety of specific target
organs (Cockrell and Kafri, 2007). Furthermore, the packaging limit of lentivirus is
!8.5 kb (although inserts larger than
!3 kb are packaged less efficiently), sufficient to package most Cas9 genes, guide
RNA expression constructs, and required
promoter and regulatory sequences (Kumar et al., 2001; al Yacoub et al., 2007). Lentiviruses have been successfully used to

targeting speciﬁcity of CRISPR-Cas9 systems by re-engineering
the existing spCas9 variants. In one study, researchers identiﬁed
speciﬁc point mutations that signiﬁcantly increase the speciﬁcity
of SpCas972. Similarly structure-guided rational designs resulted
in Cas9 variants with enhanced targeting speciﬁcity73. In addition
to such re-engineering efforts on the Cas9 structure, researchers
are utilizing alternative targeting approaches to substantially
reduce the off-target binding and cleavage activity of Cas9. One of

targeting and some of the recent approaches that have been utilized to monitor or improve the targeting speciﬁcity of CRISPRCas9. Due to its robustness and ﬂexibility, CRISPR is becoming a
versatile tool with applications that are transforming not only
genome-editing studies, but also many other genome and chromatin manipulation efforts. As summarized in Fig. 3, these
alternative application areas are largely possible because of the
programmable targeting capacity of catalytically inactive dead

CRISPR/Cas9 technologies beyond genome
editing are based mainly on dead-Cas9
CRISPR technology: Beyond genome editing
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Fig. 3 Major
application
areas of CRISPR-Cas-based
technologies beyond genome editing. While WT Cas9 enables genome editing through its guidable
(Adli
M., Nature communications,
2018)
DNA cleavage activity, catalytically impaired Cas9 enzymes have been repurposed to achieve targeted gene regulation, epigenome editing, chromatin
imaging, and chromatin topology manipulations. Furthermore, the catalytically impaired nickase Cas9 enzyme has been used as a platform for base editing
without double strand breaks. In addition to DNA-targeting Cas proteins, novel RNA-targeting CRISPR/Cas systems have been described as well
NATURE COMMUNICATIONS | (2018)9:1911
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CRISPR/Cas9
APPLICATIONS

CRISPR/Cas engineering is enabling
a broad range of applications

Cellular models

Animal models

Somatic gene modifications

Genome-scale functional screening

Live imaging

Temporal control of dynamic
cellular processes

(Hsu et al., Cell, 2014)

COS-7 cells (ATCC, CRL-1651) were cultured in DMEM/high glucose (HyClone)
with 10% FBS, penicillin (100 U/ml) and streptomycin (100 mg/ml); 2 3 106 cells
were electroporated (BioRad Gene Pulser XL) with four micrograms of Cas9
expression plasmids and two micrograms of pGL3-U6-sgRNA-PGK-Puro.
Empty pGL3-U6-sgRNA-PGK-Puro plasmid was used as control. Cells were
collected 72 hr postelectroporation.

Different samples, including cells, placenta, umbilical cord, and ear punch tissues, were collected and digested in lysis buffer (10 mM Tris-HCl, 0.4 M NaCl,
2 mM EDTA, 1% SDS, and 100 mg/ml Proteinase K). The genomic DNA was extracted from lysate by phenol-chloroform recovered by alcohol precipitation.
Genomic DNA from cultured embryos was amplified by REPL1-g Single Cell
Kit (QIAGEN, 150343) according to the manufacturer’s instructions. T7EN1
cleavage assay was performed as described (Shen et al., 2013). In brief, targeted fragments were amplified by PrimerSTAR HS DNA polymerase (Takara,
DR010A) from extracted DNA, and purified with PCR cleanup kit (Axygen, APPCR-50). Purified PCR product was denatured and reannealed in NEBuffer 2
(NEB) using a thermocycler. Hybridized PCR products were digested with
T7EN1 (NEB, M0302L) for 30 min and separated by 2.5% agarose gel. To
detect T7EN cleavage products of Nr0b1 (localized on chromosome X) in

CRISPR/Cas9 system can be used in other mammals?
In vivo

In Vitro Transcription
In vitro transcription was performed as described (Zhou et al., 2014). Briefly,
the pST1374-Cas9-N-NLS-flag-linker vector was linearized by Age1 enzyme
and in vitro transcribed using T7 Ultra Kit (Ambion, AM1345). Cas9-NNLS-flag-linker mRNA was purified by RNeasy Mini Kit (QIAGEN, 74104).
sgRNA oligos were annealed into pUC57-sgRNA expression vector with

(Niu et
Figure 3. sgRNA:Cas9-Mediated Modifications of Ppar-g and Rag1 in Founder Cynomolgus Monkeys

al., Cell 2013)

(A) Photographs of 14-day-old founder infants A and B.
(B) PCR products of the target region of Ppar-g and Rag1 in founders. Targeted region of Ppar-g and Rag1 loci were PCR amplified from the umbilical cord
genomic DNA of A and B founders. M, DNA marker; Con, control umbilial cord from wild-type cynomolgus monkey, which was born 9 days after birth of A and B.
(C) Detection of sgRNA:Cas9-mediated on-target cleavage of Ppar-g and Rag1 by T7EN1 cleavage assay. PCR products from (B) were subjected to T7EN1
cleavage assay.
(D) Sequences of modified Ppar-g and Rag1 loci detected in founders. At least 18 TA clones of the PCR products were analyzed by DNA sequencing. The PAM
sequences are underlined and highlighted in green; the targeting sequences in red; the mutations in blue, lower case; deletions (!), and insertions (+). N/N
indicates positive colonies out of total sequenced. See also Figure S2 and S4.

CRISPR/Cas can be used to insert multiple genes
mutations in monkeys zygotes
Cell 156 , 836–843, February 13, 2014 ª2014 Elsevier Inc. 841

Can CRISPR/Cas9 be used for correct genetic disorders?

(Wu et al., Cell 2013)

1 bp deletion in exon 3 of Crygc gene leads to cataract

Can CRISPR/Cas9 be used for correct genetic disorders?
In vitro

(Wu et al., Cell 2013)

Can CRISPR/Cas9 be used for correct genetic disorders?
In vitro

Supplemental Tables:

sgRNA leads to
HDR mediated
Table S1. CRISPR-Cas9-mediated gene editing in normal and mutant ESCs. Related
to
repair

Figure 1 and Table 1.
sgRNA

mCrygc (Crygc+/-) ESC clones

E14 ESC clones
Cleavage at 1

Cleavage at 2

Cleavage at WT

Cleavage at

HDR-mediated

Allele/Total

Alleles/Total

Allele/Total

Mutant

Repair/Total

Allele/Total
sgRNA-1

4/36

0/36

0/36

10/36

7/36

sgRNA-2

23/36

7/36

17/36

25/36

2/36

sgRNA-3

3/36

0/36

0/36

7/36

5/36

sgRNA-4

0/36

0/36

0/36

11/36

16/36

sgRNA-5

4/36

26/36

27/36

26/36

0/36

Plasmids encoding Cas9 and each of 5 sgRNAs targeting WT or mutant allele of Crgyc gene
were transfected into WT E14 ESCs or heterozygous mutant ESCs (termed mCrygc ESCs).
(Wu et al., Cell 2013)

For each targeting experiment, PCR products corresponding to the putative target region were
amplified from 36 ESC clones and sequenced.

sgRNA4 show high specificity for mCrygc allele and mediates HDR

Can CRISPR/Cas9 be used for correct genetic disorders?
In vivo

(Wu et al., Cell 2013)

CRISPR/Cas9 system leads to gene correction via HDR
using wt allele on the homologous chromosome

Can CRISPR/Cas9 be used for correct genetic disorders?

(Wu et al., Cell 2013)

NHEJ events can lead to correct reading frame

Is it possible to improve CRISPR/Cas9
sgRNA4 gene correction?

(Wu et al., Cell 2013)

Insertion of Oligo-1 that mimic wt allele and Oligo-2
that contains specific in frame mutation

Can CRISPR/Cas9 be used for gene therapy?
Duchenne Muscolar Dystrophy (DMD):
– most common hereditary disease;
– progressive muscle wasting;
– no effective treatment
DMD molecular mechanism:
– out of frame mutations in dystrophin gene (loss
of function);
– common deletions in the exons 45-55 maintain
correct reading frame (still functional dystrophin)

(Yoshitsugu Aoki et al. PNAS 2012)

(Ousterout et al. Nature communications 2015)

Targeting hotspot region (45-55 Ex) of dystrophin gene
with sgRNA to restore correct reading frame

Can CRISPR/Cas9 be used for gene therapy?

(Ousterout et al., Nature communications, 2015)

sgRNA are designed to restore dystrophin reading frame

Is possible to correct specific mutations in DMD
patient myoblasts cell lines?
HEK293T cells

DMD myoblasts

(Ousterout et al., Nature communications, 2015)

In DMD sorted cells there is detectable
level of sgRNA activity

SURVEYOR ASSAY

PCR amplification

Reannealed slowly

recognizes
and cleaves
mismatches

Only reannealed
heteroduplex cleaved

(Adapted from Ran F.A. et al., Nature protocols, 2013 )

Are the indels created by NHEJ able
to restore dystrophin expression?

Sanger sequencing

differentiated DMD
myoblasts
(Ousterout et al., Nature communications, 2015)

sgRNA CR3 is able to restore dystrophin reading frame
by the introduction of indels within exon 51

Is it possible to develop a single method
that can address different common patients deletions?

(Ousterout et al., Nature communications, 2015)

Multiplexed CRISPR/Cas9 is able to generate
efficient deletion of the exon 45-55 locus

Can CRISPR/Cas9 be used for correct DMD in vivo?

(Ousterout et al., Nature communications, 2015)

DMD sgRNAs treated myoblasts implanted in nude mice
express human spectrin and dystrophin

Can CRISPR/Cas9 be used for correct DMD in vivo?

Target
region
adjacent to
the exon 51
SAC
(Walmsley G.L., et al., PlosOne, 2010)

(Amoasii L. et al., Science, 2018)

Can CRISPR/Cas9 be used for correct DMD in vivo?

(Amoasii L. et al., Science, 2018)
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(Amoasii L. et al., Science, 2018)

Can CRISPR/Cas9 be used for correct DMD in vivo?
Fig.
3.
Immunostaining
of
dystrophin following intravenous
delivery of AAV9-encoded gene
editing components. Dystrophin
immunohistochemistry staining of
cranial tibialis, semitendinosus,
biceps, triceps, diaphragm, heart
and tongue muscles of wild type
dog, untreated ∆Ex50 dog, and
∆Ex50 dogs injected systemically
with AAV9-Cas9 and AAV9-sgRNA
at 2x1013vg/kg (total virus 4x1013
vg/kg, referred as ∆Ex50-Dog #2AAAV9s) and 1x1014 vg/kg (total virus
2x1014 vg/kg, referred as ∆Ex50Dog #2B-AAV9s) for each virus.
Downloaded from http://science.sciencemag.org/ on October 22, 2018

(Amoasii L. et al., Science, 2018)

CRISPR/Cas9 can be used for correct DMD in vivo?

(Amoasii L. et al., Science, 2018)

Downloaded from http://science.sciencemag.org/ on October 22, 2018

Fig. 4. Western blot of
dystrophin
and
muscle
histology following intravenous
delivery of AAV9-encoded gene
editing
components.
(A)
Western
blot
analysis
of
dystrophin (DMD) and vinculin
(VCL) of cranial tibialis, triceps,
biceps muscles of wild type,
untreated ∆Ex50, and ∆Ex50
injected with AAV9-Cas9 and
AAV9-sgRNA at 2x1013 vg/kg for
each virus (total virus 4x1013
vg/kg, referred as ∆Ex50-Dog
#2A-AAV9s). (B) Quantification
of dystrophin expression from
blots after normalization to
vinculin. (C) Western blot
analysis of dystrophin (DMD) and
vinculin (VCL) of cranial tibialis,
triceps, biceps, diaphragm, heart,
tongue muscles of wild type,
untreated ∆Ex50, and ∆Ex50
injected with AAV9-Cas9 and
AAV9-sgRNA at 1x1014 vg/kg
(total virus 2x1014 vg/kg, referred
as ∆Ex50-Dog #2B-AAV9s). (D)
Quantification of dystrophin
expression from blots after
normalization to vinculin. (E)
Hematoxylin and eosin (H&E)
staining of cranial tibialis,
diaphragm and biceps muscles of
wild type, untreated ∆Ex50, and
∆Ex50 injected with AAV9-Cas9
and AAV9-sgRNA at 2x1013 vg/kg
for each virus (total virus 4x1013
vg/kg) and 1x1014vg/kg for each
virus (total virus 2x1014 vg/kg).
Scale bar: 50µm.

Can CRISPR/Cas9 sustain long term
dystrophin expression?
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‘Gene editing has to learn from 1.0 gene therapy’
Ronald Cohn, Hospital for Sick Children, Toronto
at XVII Conferenza internazionale sulla distrofia muscolare
di Duchenne e Becker,
Rome, February 15-17

CRISPR/Cas9 correction in human embryos?

Recombinant adeno-associated viruses (AAV) have gained major interest in the past decade as suitable tools for investigating the functional
role of individual genes, but also due to their therapeutic potential in
vivo with selective tissue-tropism and persistent expression of the
transgene in post-mitotic tissues (Zacchigna et al., 2014). In combination with the recent development of strategies targeting the endogenous mutation, mutant pre-mRNA or mutant mRNA, it is now possible
to envision prevention or cure of inherited cardiomyopathy resulting
from MYBPC3 mutations, particularly of infants with bi-allelic truncating
mutations with generally lethal consequences within the ﬁrst year of
life, without alternative therapeutic treatment options except heart
transplantation.
Several targeting approaches have been developed in the past decade (Hammond and Wood, 2011; Doudna and Charpentier, 2014).
The most recent is genome editing to correct a mutation by CRISPR/
Cas9 technology (for review see (Hsu et al., 2014)). Naturally existing

packaged in tandem in AAV serotype 9, which has a predominant
cardiotropism in mice. They induced the removal (i.e. skipping) of
exons 5 and 6 and therefore an in-frame deletion, allowing the expression of an alternatively spliced Mybpc3 mRNA variant, already present at
low level in wild-type mice. Systemic administration of AAV-based
AONs to Mybpc3-targeted knock-in newborn mice prevented both systolic dysfunction and left ventricular hypertrophy, at least for the duration of the investigated period (Gedicke-Hornung et al., 2013). For the
human MYBPC3 gene, skipping of 6 single exons or 5 double exons
with speciﬁc AONs would result in shortened in-frame cMyBP-Cs,
allowing the preservation of the functionally important phosphorylation and protein interaction sites (Fig. 3). With this approach, about
half of missense or exonic/intronic truncating mutations could be removed, including 35 mutations in exon 25.
Another strategy is the spliceosome-mediated RNA trans-splicing.
Hereby, two independently transcribed molecules, the mutant pre-

CRISPR/Cas9 correction in human embryos?
MYBPC3 mutations account for ~40% of all genetic defects causing
hypertrophic cardiomyopathy

Fig. 3. Schematic representation of MYBPC3 gene, mutations and options for causal therapy. MYBPC3 encompasses 21 kbp and is composed of 35 exons. Exonic missense mutations (blue,
total 129) and exonic and intronic truncating mutations (red, total 202) are shown on top of each exon. Causal therapies are shown as a reverse pyramide: i) CRISPR/Cas9 targeting single
(Carrier L. et al., Gene review, 2015)
or a few mutations (purple dotted line), ii) exon skipping targeting all mutations present in one or two exons and associated introns (dark gray), iii) trans-splicing targeting either all 5′
mutations (exons 1 to 21; left yellow box) or 3′ mutations (exons 22 to 35; right yellow box), and ﬁnally iv) gene replacement targeting all mutations at once by gene transfer of the fulllength MYBPC3 cDNA (green box). Abbreviations used: CRISPR/Cas9, clustered regularly interspaced short palindromic repeat-associated system. A number of mutations are taken from
(Behrens-Gawlik et al. 2014).

Heart failure in healthy individuals
Mostly autosomal dominant

CRISPR/Cas9 correction in human embryos?
correct a heterozygous dominant 4 bp deletion in MYBPC3 (MYBPC3ΔGAGT)

RESEARCH ARTICLE

(Ma H., et al., Nature 2017)

CRISPR/Cas9 correction in human embryos?

RCH ARTICLE
CRISPR–Cas9

a

Mut MYBPC3 Δ GAGT
WT
WT Mut

WT Mosaic

WT Mut

Mosaic embryo

S-phase

CRISPR– Cas9
was co-injected
with sperm into
MII oocytes
during ICSI

Mut
CRISPR–Cas9
MYBPC3 ΔGAGT
WT
WT Mut

WT HDR

M-phase

Targeting outcomes
WT/WT

c

WT/NHEJ

27.6%
(16/58)
72.4%
(42/58)

M-phase-injected embryos

(Ma H., et al., Nature 2017)
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| Gene correction in M-phase-injected human embryos.
atic of MYBPC3∆GAGT gene targeting in MII oocytes. CRISPR–
s co-injected with sperm into MII oocytes during ICSI. This allows
editing to occur when a sperm contains a single mutant copy
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M-phase-injected (n = 58) embryos. Significance established with onetailed Fisher’s test. d, HDR outcomes with or without ssODN. e, HDR
efficiencies in S- and M-phase-injected embryos compared to controls.
In the S-phase-injected group, each mosaic embryo (green) contained
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Fertilization and preimplantation development of CRISPR–Cas9-injected oocytes
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Figure 4 | Preimplantation development of CRISPR–Cas9-injected
embryos. a, Fertilization of CRISPR–Cas9-treated (n = 22) and control
(n = 10) MII oocytes and their subsequent development to the eight-cell
and blastocyst stage embryos. Number of oocytes/embryos/blastocysts

Corrected
ES
sequencing (WGS) analysis of the patient’s genomic DNA by
digested genome sequencing (Digenome-seq)25,26. Potential offfrom blastocysts
target sequences were identified by digestion of iPSC-derived, cell-free
genomic DNA with CRISPR–Cas9 followed by WGS. Sequencing
reads of CRISPR–Cas9-digested genomic DNA are vertically aligned at
on-/off-target
sites
in IGV viewer25,27. By contrast, undigested genomic
(Ma
H., et al., Nature
2017)
sites are aligned in a staggered manner at those loci. In addition,
improved Digenome-seq provides DNA cleavage scores for poten-

Blastocysts

shown in bars; percentage shown above bars. Error bars are mean
± s.e.m. Significance established using Student’s t-test. b, Representative
images showing normal morphology of CRISPR–Cas9-injected pronuclear
stage zygotes, eight-cell embryos and blastocysts.

CRISPR–Cas9-injected embryos (lanes 4 and 7 in Extended Data Table 6).
All of these sites contained repeated sequences such as poly-A or
poly-GT repeats (lanes 5 and 8), suggesting that indels found at these
sites were caused by sequencing errors rather than Cas9-catalysed,
off-target DNA cleavage. These WGS results support our Digenomeseq conclusions that gene correction did not induce any detectable
off-target mutations in selected blastomeres (Extended Data Table 6).
We also investigated whether CRISPR–Cas9 targeting induced global

CRISPR/Cas9 correction in human embryos?
ARTICLE RESEARCH
No off targets events analyzed by:
- Whole genome deep sequencing;
- BLESS
- GUIDE-Seq
- Digenome-Seq

(Ma H., et al., Nature 2017)

Έτσι, δεν γνωρίζω’
Socrate

He Jiankui

Lulu and Nana

nature

The CCR5 protein is expressed on the surface of some immune cells, and HIV takes
advantage of it to sneak into the cells. In 1996, scientists identified a mutation, known
as CCR5-Δ32, that makes carriers highly resistant to HIV
found naturally in about 10% of Europeans
Scientists analysing his presentation slides say that, instead, He seems to have
produced three different mutations in the girls. It is expected that these mutations
will have disabled the gene.
Slides from He's presentation suggest that both copies of the gene were disabled in
one of the twins. The other twin seems to have at least one working copy

nature

CCR5 also helps to protect the lungs, liver and brain during some other serious infections
and chronic diseases.
Philip Murphy, an immunologist at the National Institute of Allergy and Infectious
Diseases in Bethesda, Maryland, has done experiments that show that people without a
functional CCR5 gene are four times more likely than those with the gene to develop
these serious conditions. “CCR5 deficiency is not benign,” he says.
Influenza could also pose a greater risk to the twins . Work in mice has shown that the
CCR5 protein helps to recruit key immune cells to fight the virus in the lungs
Scientists have also found that, among people with multiple sclerosis, those with
the CCR5-Δ32 deletion are twice as likely to die early than are people without the
mutation

nature

Brain enhancement?

Ccr5+/- mice show enhanced memory
in multiple memory tasks.
(Zhou M., Elife, 2016)

https://www.youtube.com/watch?v=tLZufCrjrN0&feature=youtu.be&t=1644

https://www.youtube.com/watch?v=th0vnOmFltc

2019 - beta-thalassemia

first authorized clinical trial - turn the fetal hemoglobin gene back on
https://clinicaltrials.gov/ct2/show/NCT03655678

Can we use CRISPR without permanently
modify the genome?

targeting speciﬁcity of CRISPR-Cas9 systems by re-engineering
the existing spCas9 variants. In one study, researchers identiﬁed
speciﬁc point mutations that signiﬁcantly increase the speciﬁcity
of SpCas972. Similarly structure-guided rational designs resulted
in Cas9 variants with enhanced targeting speciﬁcity73. In addition
to such re-engineering efforts on the Cas9 structure, researchers
are utilizing alternative targeting approaches to substantially
reduce the off-target binding and cleavage activity of Cas9. One of

targeting and some of the recent approaches that have been utilized to monitor or improve the targeting speciﬁcity of CRISPRCas9. Due to its robustness and ﬂexibility, CRISPR is becoming a
versatile tool with applications that are transforming not only
genome-editing studies, but also many other genome and chromatin manipulation efforts. As summarized in Fig. 3, these
alternative application areas are largely possible because of the
programmable targeting capacity of catalytically inactive dead

CRISPR/Cas9 technologies beyond genome
editing are based mainly on dead-Cas9
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Fig. 3 Major
application
areas of CRISPR-Cas-based
technologies beyond genome editing. While WT Cas9 enables genome editing through its guidable
(Adli
M., Nature communications,
2018)
DNA cleavage activity, catalytically impaired Cas9 enzymes have been repurposed to achieve targeted gene regulation, epigenome editing, chromatin
imaging, and chromatin topology manipulations. Furthermore, the catalytically impaired nickase Cas9 enzyme has been used as a platform for base editing
without double strand breaks. In addition to DNA-targeting Cas proteins, novel RNA-targeting CRISPR/Cas systems have been described as well
NATURE COMMUNICATIONS | (2018)9:1911
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Limits of CRISPR TGA system in vivo
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Utilizing CRISPR-Cas9 beyond genome editing
So far, the review has focused on the basic mechanism of CRISPR
targeting and some of the recent approaches that have been utilized to monitor or improve the targeting speciﬁcity of CRISPRCas9. Due to its robustness and ﬂexibility, CRISPR is becoming a
versatile tool with applications that are transforming not only
genome-editing studies, but also many other genome and chromatin manipulation efforts. As summarized in Fig. 3, these
alternative application areas are largely possible because of the
programmable targeting capacity of catalytically inactive dead
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alytically impaired Cas9 enzymes have been repurposed to achieve targeted gene regulation, epigenome editing, chromatin
ology manipulations. Furthermore, the catalytically impaired nickase Cas9 enzyme has been used as a platform for base editing
ks. In addition to DNA-targeting Cas proteins, novel RNA-targeting CRISPR/Cas systems have been described as well

AAV variants:
-

infect both dividing and non-dividing cells;
do not integrate;
do not elicit immune response in the host;
A variety of serotypes of AAV are known,

- AAV has a packaging limit of ~4.5 kb
of foreign DNA

(Komor A.C. et al., Cell, 2017)

Is it possible to increase the TGA efficiency?
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(Liao H.K., et al, Cell, Oct 2018)

Adapted module with dead guide RNA (Cas9/MS2dgRNA)

Is it possible to increase the TGA efficiency?
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Cas9/MS2dgRNA shows high levels of TGA

Figure S1. Systematic Improvement of the CRISPR/Cas9 Gene Activation System, Related to Figure 1

(A) Sequence of the original and modified MS2gRNAs. Target base pairing region (blue), MS2-binding stem-loops (green), and modified nucleotides (purple)

Is it possible to increase the TGA efficiency?
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but is smaller and works in vivo

Is it possible to use MS2dgRNA for TGA of a reporter gene
in vivo with AAV?
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Figure 2. In Vivo CRISPR/Cas9-Mediated Targeted Gene Activation of Reporters in Different Organs of Cas9 Mice
(A) AAV-tLuc-mCherry and AAV-dgLuc-CAG-MPH vectors.
(B) In vivo TGA of Luc reporter in Cas9 mice by IM injection at P2.5.
(C) Luciferase imaging of Cas9 mice at P15 after IM injection of AAV-tLuc-mCherry and AAV-dgMock-MPH (dgMock) (left) or AAV-dgLuc-MPH (dgLuc) (right).
(D) In vivo TGA of Luc reporter in Cas9 mice by intra-cerebral injection at P0.5.
(E) Luciferase imaging of Cas9 mice at P21 after intra-cerebral injection of AAV-tLuc-mCherry and AAV-dgMock-MPH (left) or AAV-dgLuc-MPH (right).

AAV9-MS2dgRNAs induces transcription of a reporter gene in vivo

Is it possible to use MS2dgRNA for TGA of
an endogenous gene and cause a phenotype?
Follistatin o/e increases muscle mass
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Figure 3. Enhancement of Skeletal Muscle Mass by Cas9/dgRNA-MPH-Mediated Follistatin Overexpression
(A) The mouse follistatin (Fst) gene. dgRNA targets are indicated (red arrows). Cas9-expressing N2a cells were transfected with indicated dgRNAs and MPH.
Levels of Fst expression were analyzed using qRT-PCR 3 days after transfections (n = 3).
(B) In vivo TGA in neonatal Cas9 mice via IM injection of AAV-dgFst-T2-MPH (dgFst) or AAV-dgMock-MPH (dgMock) into hind limbs bilaterally at P2.5.
(C) Cas9 mice received IM injections of AAV-dgFst-T2-MPH at P2.5, and qRT-PCR analysis of hindlimb muscle at P21 or 3 months for Fst induction. Gene
expression fold-changes were quantified relative to AAV-dgMock-MPH controls (n = 3).

AAV9-MS2dgRNAs induces sustained phenotypic changes after 3 months

Is it possible to use MS2dgRNA for
ameliorate mouse models of human diseases?
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Figure 4. Induction of IL-10 or Klotho Expression via CRISPR/Cas9 TGA System Ameliorates Acute Kidney Injury
(A) Schematic of AAVs administration to Cas9 mice via tail-vein injection to prevent cisplatin-induced acute kidney injury (AKI).
(B) qRT-PCR analyses of Il10 and klotho expression in liver tissues from mice injected with AAV-dgIL-10-MPH (n = 3) or AAV-dgKlotho-MPH (n = 3). Fold
enrichments were calculated relative to dgMock controls.
(C) AAV-dgKlotho-MPH increased serum levels of Klotho protein relative to dgMock controls in cisplatin-treated mice (n = 6). Data are means ± SD.
(D) Blood urea nitrogen (BUN) and serum creatinine (S-cre) levels in cisplatin-induced AKI mice were reduced by AAV-mediated IL-10 or Klotho overexpression.

TGA of Klotho/IL-10 is sufficient to provide a prophylactic interventions
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Is it possible to use TGA for in vivo
cell transdifferentiation?
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Figure
Amelioration
of Dystrophic
Phenotypes of Mdx Mice Using a Dual AAV-CRISPR/Cas9 TGA System that Includes AAV-Cas9 and
Figure 7. Amelioration of Dystrophic Phenotypes of Mdx Mice Using a Dual AAV-CRISPR/Cas9 TGA System that Includes AAV-Cas
AAV-dgRNA-MPH
(A) Neonatal IM co-injection of AAV-SpCas9 AAV-dgRNA-MPH
and AAV-dgFst-T2-MPH (dgFst-T2) or AAV-dgUtrn-T2-MPH (dgUtrn-T2) to treat mdx mice.

(A) Neonatal
IMmass
co-injection
of AAV-SpCas9
andco-injected
AAV-dgFst-T2-MPH
(dgFst-T2)
or AAV-dgFst-T2
AAV-dgUtrn-T2-MPH
(dgUtrn-T2)
to treat mdx mice.
(B) Three months post IM injection, gross hindlimb
muscle
was increased
in mdx mice
with AAV-SpCas9
and
compared
with
(B) Three months post IM injection, gross hindlimb muscle mass was increased in mdx mice co-injected with AAV-SpCas9 and AAV-dgFst-T2 compare
AAV-dgMock controls.
AAV-dgMock
controls.
(C) TA muscle weight was increased in male mdx
mice (3 months
old) co-injected (IM) with AAV-SpCas9 and dgFst-T2 compared with no treatment and dgMock
(C) TA muscle weight was increased in male mdx mice (3 months old) co-injected (IM) with AAV-SpCas9 and dgFst-T2 compared with no treatment and d
controls (n = 4 for each group).

TGA of AAV-Cas9 + AAV-dgRNA ameliorates Dystrophic phenotypes of Mdx Mice
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