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Á Targets individual genes

Á Deleting/adding a gene, point mutations

Á Targets genome

Á Modification of genome in large scale
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Recombinant 
DNA technology

History of genome editing
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Plasmid yeast cell integration
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Mario R. Capecch, Sir Martin J. Evansand Oliver Smithies

Homologous recombination in gene targeting 

Ç In 1986, Oliver Smithies and his colleagues were able to achieve specific 
modifications in the genomes of mice by the use of embryonic stem cells.

ÇBy inactivating specific genes, their functions could be determined.

Ç New combinations of DNA sequences during meiosis.

Ç Genetic variation in offspring.

Ç Horizontal gene transfer between strains.

Ç Repair double-strand breaks (DSB).

Ç Gene targeting.

The Nobel Prize in Physiology or Medicine, 2007
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Gene targeting in mice ES cells

khazarUniversity workshop on Designing and application of gene editing with CRISPR technology by Dr. Kaboli



JasinM, Rothstein R (November 2013). "Repair of strand breaks by homologous recombination". Cold Spring 
Harbor Perspectives in Biology. 5 (11): a012740. doi:10.1101/cshperspect.a012740

Yeast meganucleases, I - SceI
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Important trio in recent genome editing 

CRISPR/Cas9

Zinc Finger

Gaj, Gersbach, Barbas III: Trends in Biotechnology, July 2013, Vol. 31, No. 7

TALEN

Beerli et al., 1998Boch et al., 2009

Mojica et al. 2000
Mali et al, Cong et al., 2013
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NHEJ & HDR

Kaboli S., et al. submitted to Molecular Genetics and Genomics.   
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Prokaryotic defense mechanisms 
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CRISPR- Cas as an immune system
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CRISPR- Cas as an immune system

immunization immunity

Spacers Spacers

Repeats

tracrRNA

tracrRNA Cas genes

Cas proteins

Transcription

pre-crRNA

crRNA-tracrRNA
(sgRNA)

RNA/Cas9 complex
formation

Jiang F. AnnuRev Biophys. 2017



Zinc Finger Nucleases ( 2009 ) 
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Transcription Activator Like Effectors 
Nucleases ( 2011 )
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CRISPR- Cas9 harnessed for genome editing
(2013 )

Feng Zhang, Broad Institute of MIT and Harvard, McGovern Institute for Brain Research at MIT, Massachusetts
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History of CRISPR - Cas

Kaboli S., et al. submitted to Molecular Genetics and Genomics.  

next Nobelists in medicine? 
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Heidi Ledford: 
Addgeneshipped >60,000 of 
CRISPR reagents to 83 countries.

http:// www.nature.com/news/crispr-gene-editing-is-just-the-beginning-1.19510

Dr. Zhang' s first advertising!
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Almost all organisms 

High-ranked Journals 

Even politicians!

Global importance of the CRISPR 
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Type II õs CRISPR- Cas Structure 1

Protospacer adjacent motif (PAM)  

Recognition lobe (REC)

Nuclease lobe (NUC) including HNH, RuvC, PI and Wedge domains

Cas9: SpCas9
Wild Streptococcus pyogenes

Forster resonance energy transfer (FRET)



Type II õs CRISPR- Cas Structure 2
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Cas9  

SpCas9 (Streptococcus pyogenes)
Types: IIA, IIB and IIC. 
900-1600 amino acids
NGG, NAG

SaCas9 (Staphylococcus aureus)
1053 amino acids
NNGRRT

NmCas9 (Neisseria meningitides)
NNNNGATT

St1Cas9 (Streptococcus thermophiles)
NNNNGAAW 
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Kaboli S., et al. submitted to Molecular Genetics and Genomics.  

CRISPR paired nickases
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Fast

Accuracy/Specific

Low cost/Simple

Advantages of CRISPR to previous tools



Ethics and risks

Known Risks

Potential Risks 

Å Individuals safetyand international security:  i.e., creating extraordinary 
kids and human enhancement in a military context, respectively. 

Å Environment: f.e., editing animals, plants and microbes and creating bioweapons 
or spreading bad and pathogenic gene into a target population.     

Å International research: spreading incorrect CRISPR result due to the absence of 
international standards of governances and with less stringent oversight.  

Å Off-target changes, mosaicism and epigenetic effects
Å Biological terrorism: for example, making bacteria with higher toxicity or virus 

with higher pathogenicity. 
Å Human embryo and germ-line enhancements. Modified embryos in China and UK 

even with very restricted rules! 
Å Sometimes CRISPR is done by a nonspecialist person and by accident problems 

happens.
Å Mistakenly creating new class of infectious pathogenic organisms!  Or  

Intelligently hacking human codes.

doi:10.4172/2155-9627.1000266 https:// www.ncbi.nlm.nih.gov/pmc/articles/PMC5733851/
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CRISPR versus GMOs
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Versatility of CRISPR - Cas

Kaboli S., et al. submitted to Molecular Genetics and Genomics.  
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CRISPRõs application
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Indel mutation

Ex1 Ex2 Ex3
Wild-type

Ex1 Ex2 Ex3
Indels

CRISPR/Cas9 & NHEJ

Guide

Wild-type

Indels

PCR amplification
& Sequencing^
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2017

CRISPR- Cas Studies
(anti - viral therapy)

Ç CCR5 and CXCR4 are an essential         
co-receptors of HIV infection. 

In vitro and ex vivo cell therapy

ü Electroporation of (Cas9 + sgRNA)

ü Knockout of genes CCR5 and CXCR4 in 
primary human CD4+Tcells or 
hematopoietic stem/progenitor cells 
(HSPCs),

ü Transplanting gene-edited cells back to the 
patients or to mice.

In vivo therapy in human body is inhibited. 
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CRISPR- Cas Studies
(antitumor therapy)

ü Limiting T cells activity in peripheral tissues at the time of inflammatory response to infection.
ü Inhibition of cell growth and cytokine secretion.
ü Its expression increases in presence of PD-L1/PD-L2.
ü CRISPR-Knockout to create CAR T Cell lacking PD-1 with high antitumor activity.  

ÇPD-1:



Ex1 Ex2 Ex3
Wild-type

Ex1 Ex3
Deletion

CRISPR/Cas9 & NHEJ

Wild-type

Indels

PCR &
Sequencing

Guide1

Guide2

Ex1 Ex2 Ex3
Indels

Deletion

^ ^

Deletion mutation
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CRISPR/Cas9-mediated deletion of 725 kb in 
Duchenne muscular dystrophy (DMD):

ü DMD: 2.3 megabases

ü Mutation from exon 45 to 55 

ü DMD-derived hiPSCs

ü Reframed DMD hiPSCs differentiated to cardiac and skeletal 
muscle express dystrophin in in vitro and in vivo.

ü Mice 

CRISPR- Cas Studies
(segmental deletion)

Despite the potential of CRISPR/Cas9-mediated gene editing for the long-term treatment of DMD, its translation into the 
clinic is currently challenging by issues such as off-targeting, immune response activation, and sub-optimal in vivo delivery.

Lim KRQ, J Pers Med. 2018    
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Ex1 Ex2 Ex3
Wild-type

Guide

*

Ex1 Ex2 Ex3
Indels

CRISPR/Cas9 & HDR

*

Wild-type

Indels

PCR amplification
& Sequencing

*

Substitution

^

Oligo donor

Point mutation
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Ex1 Ex2

Wild-type Guide

CRISPR/Cas9 & HDR

Ex2

Gene x

Gene x

PCR/
Seq.

5Ω PCR

3Ω PCR

Full-length PCR

Reporter insertion with a plasmid donor

KO/RK-in
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CRISPR- Cas Studies
(GFP- tagging)

ü Cell-based regenerative medicine VS artificial prosthesis.

ü Human induced pluripotent stem cells (hiPSCs)
(pluripotency and proliferative activity)

ü Cartilage tissue engineering

ü Lowefficiency and variability of chondrogenesis.

ü Monitoring chondrogenic differentiation. 

ü COL2A1πGFPknockπin hiPSCline to identify a purified progenitor 
population with improved chondrogenic potential.

Articular Cartilage Damage
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CRISPR- Cas Studies
(gene correction)

ü Co-delivery of Cas9 mRNA, sgRNA and an 
DNA template to mutant mouse zygotes.

ü HDR-mediated gene repair

Germ-line therapy Ex vivo therapy using patient-derived iPScells

Haemophilia A

ü iPScell line harboring a chromosomal inversion 
mutation (introns 1 and 22) in the factor 8 gene.   

ü Cas9-sgRNA complex targeted two different sites to 
induce reinversion.

Cataract



ü Mutation in exon 1 of the Rb1 gene.

ü HDR- based cell modeling.

ü RB1-/ - hESCsinitiated extremely large teratomas, similar to those of trilateral retinoblastoma 
tumors.

ü Rb1-null hESCs

ü Drug Screenings revealed an RB1-/ - specific cell sensitivity to carboplatin.

CRISPR- Cas Studies
(cell model generation)

Retinoblastoma
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CRISPR- Cas Studies
(organoids)

ü Two plasmids expressing Cas9 and sgRNAwere co-delivered into 
patient-derived iPScells

ü Repaired iPScells were then differentiated into mature airway 
epithelial cellswith recovery of CFTR expression

3D cultures from 
adult or pluripotent 

stem cells. 

ü Application of the CRISPR in 
creation of the stem cell 
organoids initiated in 2013
for the Cystic Fibrosis. 

ü CFTRmutation correction in 
stem cell organoid.



CRISPRõs application
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Dead Cas9
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CRISPRõs application
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dCas9 applications
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Gene delivery systems
Cell Type

Vector Type

Co-microinjection 
Lance array 
nanoinjection
Electroporation
Hydrodynamic injection

Retroviral
Adenoviral
Adeno-associated Viral (AAV)
Lentiviral
Herpes simplex

Liposome
Cationic polymers
Lipid-polymer
DNA nanoclew

Electroporation
Ultrasounds
Particle bombardment
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Zygote cells 

Any cell lines
(plant or bacteria, etc.)

Somatic Cells

CRISPR- Cas delivery methods

Saeed Kaboli and Hasan Babazada. CRISPR Mediated Genome Engineering and its Application in Industry.
Current Issues Molecular Biology 2017 Sep 7;26:81-92. doi: 10.21775/cimb.026.081

In vivo Therapy
Doi: 10.1093/bfgp/elw032
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× Synthesis of DNA nanoclew

× Loading Cas9/sgRNAon DNA nanoclew

× PEI coating

2015

üPlasmid containing Cas9/sgEGFP

In vitro: 36% low florescence

In vivo: 25% low expression

DNA nanoclew was suitable for both in vitro and in vivo.  
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2017

üCas9 protein/sgPTENand  
üCas9 protein/sgAAVS1

In vitro:      Hella cell line              
90% delivery      and      ~30% indel mutation

With increasing E-Tag to the end of Cas9, delivery efficiency of the nanoparticle was increased. 
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National Institutes of Health in the USA grants for 

CRISPR-based projects over 1 billion in 2017.  

CRISPR Regional Market Analysis



~6,200 genes, 16 chromosomes
~5,100 are non-essential 

genes

Single mutation will 
not affect cell growth

What does genetic interaction mean? 

A B

C

Genes

Phenotype
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Completion of a genetic interaction map is one of the 

biggest challenges

Large scale genetic interaction mapping studies  
were pioneered in Saccharomycescerevisiae

It helps us to interpret how genes interact with one 
another to produce a given phenotype

Tong et al. 2001

Benfeyet al.,2008
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Tucker et al.,2003

Viable Viable Viable Lethal

Synthetic lethality:

one of the most important genetic interactions

Identifying genes whose product buffer one another 
or affect same essential biological process

Studies of synthetic lethality

Non-essential gene
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×
MATh MATa

Cross
Sporulation

Double mutant selection 

Gene aD Gene bD

Synthetic Genetic Array (SGA)

Close loci (tightly linked genes)

aD

bD

Low probability of crossover

Synthetic lethal interaction 
between tightly linked gene pairs remain unknown

Double disruptant

Anatasia et al., 2013

Few double disruptant

Tend to be removed from data set

Tong et al.,2001

Gene aDbD
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Detection of synthetic lethal gene pairs 

(method used in this study)

Essential gene

Non-essential gene
Haploid Cell 

Simultaneous deletion of two or 
several physically lined genes
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Objective

To discover hidden lethal genetic interaction of 

linked gene pairs

To discover synthetic haplo-insufficient/proficient 

genes and strain breeding
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Chr. I
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XIII 

XIV

XV

XVI 

Regions containing non-essential genes (110)

Number of non-essential genes: 9 47

Size of regions: 10 71 kb

Centromere

rDNA 

Mapping of 110 chromosomal regions harboring only non-

essential gene
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1. Transformation

2. Deletion

PCR-mediated chromosomal 
deletion technology (PCD)

Sugiyama et al., 2008

Marker

CEN4

Giaever et al., 2002.

Essential genes 1100

Non-essential genes 5100

S. cerevisiae has ~6200 genes



0 200 400 600 800 1000 1200 1400 1600kb

Chr. I

II 

III 

IV

V

VI

VII

VIII

IX

X

XI 

XII

XIII 

XIV

XV

XVI 

Centromere

rDNA 

Undeletable region  
(77/110)                        

Deletable region    (33/110)

77 out of 110 regions are undeletable based upon the PCD
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Creation of mini-chromosome by PCS method

Probe

Example: Region5 on Chr. IV

494kb  28kb                  1010kb

PFGE   Southern  
Sugiyama et al., 2005

1. Transformation

2.  Split 

3. 
Split   

Mini-chromosome

PCR-mediated chromosomal 
splitting technology (PCS)

CEN4

Marker

1010 kb

494 kb

28 kb

1532 kb

(Total 1,532kb)

Chr. 4

28 kb
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Inviable Viable

If essential If non-essential

URA3

5-FOA medium

Mini-chromosome

Mini -chromosome loss assay to confirm the essentiality

5-FOA medium

5-FOA medium

5-FOA is converted to 
a toxic material by URA3

Mini-chromosome loss

MAT aURA3+

a!¢ ʰ URA3-

Region 5 on Chr. IV is essential

a!¢ ʰ  
(URA3 marked mini-chromosome)

a!¢ ŀκʰ  
(URA3 marked mini-chromosome)

Example: Region 5 on Chr. IV (28 kb)
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Chr. I

II 

III 

IV

V

VI

VII

VIII

IX

X

XI 

XII

XIII 

XIV

XV

XVI 

Non-essential region (44/110)

Essential region(56/110)

Mini-chromosome not obtained (10/110)

Harboring SGA lethal pairs (7/56)

0 200 400 600 800 1000 1200 1400 1600kb

These results indicate that these 49 essential regions may harbor unidentified 
synthetic lethal gene pairs.

Fifty -six out of 110 regions are indeed essential
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Deletion of two deletable regions leads to tolerance to 

high-temperature

YPDA EtOH

Scҟ(Chr1-1)
Scҟ(Chr1-3)
Scҟ(Chr2-1)

WT

WT

Scҟ(Chr2-9)

Scҟ(Chr3-1)

Scҟ(Chr4-1)

Scҟ(Chr4-10)
Scҟ(Chr4-11)
Scҟ(Chr5-1)
Scҟ(Chr6-1)

Scҟ(Chr9-1)
Scҟ(Chr9-4)
Scҟ(Chr9-5)
Scҟ(Chr9-6)

Scҟ(Chr11-1)
Scҟ(Chr16-9)

WT

WT
Scҟ(Chr3-2)
Scҟ(Chr4-4)
Scҟ(Chr7-3)
Scҟ(Chr7-4)

WT
Scҟ(Chr10-4)
Scҟ(Chr12-2)
Scҟ(Chr13-1)

Scҟ(Chr15-11)
Scҟ(Chr16-5)
Scҟ(Chr16-7)
Scҟ(Chr16-8)

30ᴈ 13ᴈ 41ᴈ 4%                6%                 8%
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Lactic acid Sulfuric acid

Scҟ(Chr1-1)
Scҟ(Chr1-3)

Scҟ(Chr2-1)

WT

WT

Scҟ(Chr2-9)
Scҟ(Chr3-1)

Scҟ(Chr4-1)

Scҟ(Chr4-10)
Scҟ(Chr4-11)

Scҟ(Chr5-1)
Scҟ(Chr6-1)

Scҟ(Chr9-1)

Scҟ(Chr9-4)

Scҟ(Chr9-5)
Scҟ(Chr9-6)

Scҟ(Chr11-1)
Scҟ(Chr16-9)

WT

WT
Scҟ(Chr3-2)
Scҟ(Chr4-4)
Scҟ(Chr7-3)

Scҟ(Chr7-4)

WT
Scҟ(Chr10-4)
Scҟ(Chr12-2)
Scҟ(Chr13-1)

Scҟ(Chr15-11)
Scҟ(Chr16-5)
Scҟ(Chr16-7)
Scҟ(Chr16-8)

4% 5% 6%               pH2.5 pH2.4          pH2.3

Deletion of three deletable regions confer tolerant 

phenotype under lactic acid condition
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ResultScҟ(Chr1-1)

Scҟ(Chr1-3)

Scҟ(Chr2-1)

Scҟ(Chr2-9)

Scҟ(Chr3-1)

Scҟ(Chr4-1)

Scҟ(Chr4-10)

Scҟ(Chr4-11)

Scҟ(Chr5-1)

Scҟ(Chr6-1)

Scҟ(Chr9-1)

Scҟ(Chr9-4)

Scҟ(Chr9-5)
Scҟ(Chr9-6)

Scҟ(Chr11-1)

Scҟ(Chr16-9)
WT WT

Scҟ(Chr3-2)

Scҟ(Chr4-4)

Scҟ(Chr7-3)

Scҟ(Chr7-4)

Scҟ(Chr10-4)

Scҟ(Chr12-2)

Scҟ(Chr13-1)

Scҟ(Chr15-11)

Scҟ(Chr16-5)

Scҟ(Chr16-7)

Scҟ(Chr16-8)

Deletion of some regions confers sensitivity to SDS,

acetic acid, formic acid, NaCl, CaCl2, furfural and sorbitol
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How to design a CRISPR Knock out 
project?

Special GENE that has an unknown Function
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ÅOr a gene that Its function is already known. 
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sgRNA design

Different tools :
CHOPCHOP

Benchling

Broad institute GPP

CasOFFinder

Crispor

Deskgen

E-CRISP

And é
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CHOPCHOP

RefSeq/ ENSEMBL/gen
e name or genomic 

coordinates.
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CHOPCHOP

U6
T7
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