






Zinc-finger nuclease 



Homologous recombination repair 



TALEN induced NHEJ mutations in the mouse SRY gene 

Wang et al.  2013. TALEN-mediated editing of the mouse Y chromosome. Nature Biotech. doi:10.1038/nbt.2595  

TALEN:  Transcription Activator-like Effector Nucleases 





CRISPR1 locus from Streptococcus thermophilus 

Spacers: captured 
viral or plasmid 
DNA 

Repeats: contain 
palindromic sequences 









engineered crRNA-tracrRNA chimera 
 
Called a single guide RNA, or sgRNA  



Friedland et al., Nature Methods 10: 741-743 

The Cas9 coding sequence is expressed under the control of 
the strong eft-3 germline promoter, and the Cas9 coding 
sequence is followed by the SV40 nuclear localization signal.  
Thus, it is expressed in the germline and goes to the nucleus. 

The targeting sequence is expressed under the control of the U6 
promoter, which is optimal for producing RNAs due to precise 
initiation and termination of transcription. 

Each is 
incorporated 
into a 
plasmid 





CAAGTGTGGCCTCCTTGGCGTATTTTTCTTCCACGCGGTCCGCTCCAACTTGTCCGC
A CRISPR site is on the opposite strand: 

StyI PAM site Guide RNA 
GCGGACAAGTTGGAGCGGACCGCGTGGAAGAAAAATACGCCAAGGAGGCCACACTTG
Reverse compliment: 

An example of using CRISPR to produce a knockout mutation in spe-47 

The StyI restriction site was used to screen for 
mutations, because non-homologous end-joining will 
create mutations that disrupt the site. 



Here, individual F1 
transformed with the Cas9 
plasmid and the targeting 
plasmid had a small region 
around the CRISPR target site 
amplified by PCR and 
subjected to the StyI restriction 
enzyme.  It was impossible to 
get the restriction reaction to 
go to completion, so some 
uncut DNA is in every lane.  
Look for an alteration in the 
pattern.  There are nearly 300 
F1s analyzed here. The 
asterisks show instances of 
altered patterns, and each was 
a mutation. 

uncut controls 



Pam site 
Sequencing revealed the disruptions in the coding sequence 

zq20 zq21 
Pam site Pam site 

zq19 



This is the location of the spe-47 CRISPR induced mutations.  Our original 
mutation, hc198, is also shown. 



Homology Directed Repair of CRISPR/Cas9 breaks 



Homology Directed Repair of CRISPR/Cas9 breaks PCR primers 



	 			…TGCGGATACGgtaaa*…	

…**cagACAGTA…	…TGCGGATgtaag*…	

a	

Correct	Splicing	

Incorrect	Splicing	

1	

2	

3	

4	

15	C	

53%	

	7%	

40%	

20	C	

15%	

	46%	

	15%	

25	C	

13%	

	40%	

	7%	

5	

6	

7	

	20%	

	7%	

	13%	

C.	elegans	splice	site	consensus	

…AAAGACaagcgt…	 …tgaa*tGATGATA…	

…GCTAGTgtgagaga…	

… A A G g t a a g t t t …
42 56 64 100 100 59 67 76 62 54 52 53 89 98 70 83 100 100 74 

… t t t t c a g R …

…CTAGTgtgagaga…	 …aaatcgcTCAGTGC…	…GTCCTgaagctag…	

	8%	

…AGACGgtaggcac…	

…TCAAAgcagtgac…	
…**cagATGTTTA…	

…ctcggtgATTTGCT…	

5’	 3’	

…AAGCAgtgaccat…	
…**cagATGTTTA…	

…CGGTGgccgagct…	

…AGACGgtaggcac…	

From	C.	elegans	II,	SecDon	on	Cis-
Splicing	in	Worms	



Could we replicate the zq18 temperature sensitive splicing defects in another gene? 

Name: CRISPR guide 3 
Type: CRISPR 
Track: CRISPR Sites 
Length: 23 
Interval: 653 -> 675 
Bases: GTGTTGGAAGATCTTCGTTGA... 
On-target Activity Score: 0.525 
Off-target Score: 100.00% 
# Off-target Sites: 0 (0 in CDS) 



single guide RNA 

Cas9 

spe-44 
target 

The experiment… 

1.  Inject plasmid encoding Cas9 and sgRNA and ssDNA oligo into worm gonads 
2.  Isolate 300 F1 
3.  Analyze F2 for edit by amplifying region containing PAM site and treat with BglII 
4.  If edit found, break out champagne – no edit, cheap whiskey… 

PAM site 
Guide 

Genomic DNA 

ssDNA repair oligo 

Create CRISPR/Cas9  
components 





We got the edit! 

But there was no phenotype associated with it even at 25 °C 



“To investigate the potential of CRISPR-Cas9–mediated in vivo genome editing in adult animals, we used 
a mouse model of hereditary tyrosinemia type I (HTI), a fatal genetic disease caused by mutation of 
fumarylacetoacetate hydrolase (FAH), the last enzyme in the tyrosine catabolic pathway.” 

Genome editing with Cas9 in adult mice corrects a disease mutation and 
phenotype 
Hao Yin1,9, Wen Xue1,9, Sidi Chen1, Roman L Bogorad1, Eric Benedetti2, Markus Grompe2, Victor Koteliansky3, Phillip A 
Sharp1,4, Tyler Jacks1,4,5 & Daniel G Anderson1,6–8 
 
nature biotechnology advance online publication: published online 30 March 2014; corrected online 31 March 2014; doi:
10.1038/nbt.2884 

They built three plasmids that express both an sgRNA and Cas9… 

The mutation is a single G->A substitution that 
causes failure of intron splicing. 
 
Patients experience a buildup of toxic compounds 
that cause liver damage. 

… that target PAM sites near the mutation.  



They also included a ssDNA molecule for homologous repair 

They injected mixes into mice:  “Adult Fahmut/mut mice were given hydrodynamic tail vein injections with: 
 (i) saline 
 (ii) the ssDNA oligo alone 
 (iii) ssDNA oligo plus pX330 expressing Cas9 only (‘unguided Cas9’) 
 (iv) ssDNA oligo plus pX330 expressing Cas9 and one of the sgRNAs (FAH1–3)” 

NTBC [2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-
cyclohexanedione]:  Prevents liver damage in mutant 
mice.  Mice were kept on NTBC until treatment. 

Hydrodynamic injection:  a total 1.5-2 ml, equivalent to 8-10% of body weight, is rapidly infused, within 5 to10 seconds  





Liver damage markers 



Immunohistochemistry for Fah protein 

RT-PCR for Fah transcript from liver RNA extracts 



HIV infection 



The Berlin Patient: he received a bone marrow transplant from a person who was a 
CCR5-Δ32 homozygote 

stem cell transplant 

If you can knock out the CCR5 gene in bone 
marrow, it should be possible to cure HIV 
infection. 

Highly active antiretroviral therapy  

HIV 
RNA 
in 
blood 





Each line represents a guide RNA site 

The researchers took hematopoietic stem cell lines and attempted to knock out 
the CCR5 gene in them 



wt 

deletions 



Results for D + Q targeting (green*: wt/wt; yellow*: heterozygous; red*: del/del) 

Why not try a dual targeting approach? 

target sites in red used in dual targeting 



Gene activation/inactivtion with a catalytically dead Cas9 protein 

Here, the Cas9 is bound 
to a repressor of 
transcription: KRAB 
The ideal CRISPR. 
target site is 25-100 bp 
downstream of the 
transcriptional start site 
(TSS). 

Here, the Cas9 is bound 
to activators of 
transcription (Sun Tag) 
to induce over-
expression.  The ideal 
CRISPR target site is 
50-400 bp upstream of 
TSS. 

Gene expression can be modulated between 0x and 
1000x of the original expression level 





CRE-lox system 

Used to alter genome in specific cells/tissues 
 
Involves two factors: 
 

 1.  CRE recombinase from P1 bacteriophage 
 
 
 
 
 
 
 
 
 

 2.  loxP sites 
       -these have an 8 bp internal sequence 
         flanked by inverted repeats 

loxP sequence 



CRE-recombinase causes recombination between two loxP sites 

CRE is put under a  
specific promoter 

When CRE is 
expressed the gene in 
this case is deleted. 

Here, it causes a deletion event when the gene is floxed with loxP sites in the same orientation 



Here, a novel gene product is produced when a stop site is floxed with loxP sites in the same 
orientation 

CRE is put under a specific 
promoter 

The novel gene product is 
under a universal promoter, 
but is only expressed when 
the stop site is removed 



Here, a novel gene product is produced when a stop site is floxed with loxP sites in the same 
orientation 



Here, a floxed gene is inverted 

Here, CRE recombinase causes translocation between loxP sites on two different DNA molecules 




