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Summary 

1. Pyruvate Kinase Deficiency 

2. Gene Editing Strategies 

3. “Proof of concept”: PKDiPSC 

4. Gene editing in Hematopoietic progenitors 

a. “Old tools” 

b. Patient-specific gene editing tool 

c. Gene editing to correct all PKD patients 
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PKLR gene 
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 Modified from Zanella, Fermo et al, 2007 

Promoter mutations 

Splice Sites 

Missense Frameshift 

In frame insertions and deletions 

Stop codon Large deletions 

Definitive cure: Allogenic Hematopoietic Progenitor Transplantation  



Gene Editing Strategies 

AAAAA 

Gene correction 

AAAAA 

Safe Harbor 
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Knock-In 

PuroR coRPK 

1(R) 1(L) 2 3 4 5 6 7 8 9 10 11 
PuroR coRPK 

AAAAA coRPK 
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AAAAA 

Exon skipping 

Gg 

Gene switch 

Ag d b 

BCL11A 

Gg Ag d b 

fetal adult 

Base editing 
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Edited PKDiPSC 

Edited PKDiPSC 

PKD patient 

Patient’s cell 
PKDiPSC 

Corrected patient’s cell 

Cell 
reprogramming 

Gene editing 

Clonal 
amplification 

Hematopoietic 
differentiation 

Garate et al. Stem Cell Reports. 2015 Dec 
8;5(6):1053-66. doi: 

10.1016/j.stemcr.2015.10.002. 

Induced Pluripotent Stem Cells 

Long period of in vitro culturing to select “rare” gene edited Stem Cells 



“Proof of concept”: PKDiPSC 
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Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002. 
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“Proof of concept”: PKDiPSC 
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Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002. 

e1 e3 e4 e9 e10 e11 e7 e13 e16 e12 e22 e23 e15 e17 

PKD2iPS c78 gene edited clones 

1.7kb 

1(R) 1(L) 2 3 4 5 6 7 8 9 10 11 
PurRTK coRPK 

KI F1 KI R1 

1.7kb 

PKDiPS 
Knock-in correction 

ePKDiPS 

PuroR coRPK 

ePKDiPS 
Drug selection 

Puromycin 

L TALEN R TALEN 
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PuroR clones Edited clones* 
Edited in both 

alleles 
NHEJ in   

unedited allele 

PKD2iPSC 13 77% 0% 40% 

PKD3iPSC 40 76% 11% 31% 

Nuclease 
activity 

Patient 
specificity 

*2.85 edited PKDiPSC per 1x105 nucleofected cells 

Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002. 
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Patient specific 
gene therapy 
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Sequencing of unedited allele 

Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002. 
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Erythroid differentiation 

3
-P

h
o

s
p

h
o

g
ly

c
e
ri

c
 a

c
id

 

re
la

ti
v

e
 t

o
 P

B
2
iP

S
C

 

P
B

2
iP

S
C

 c
3
3

 

P
K

D
2
iP

S
C

 c
7
8

 

P
K

D
2
iP

S
C

 e
1
1

 

Exp 1 Exp 2 Exp 3 

P
B

2
iP

S
C

 c
3
3

 

P
K

D
2
iP

S
C

 c
7
8

 

P
K

D
2
iP

S
C

 e
1
1

 

P
B

2
iP

S
C

 c
3
3

 

P
K

D
3
iP

S
C

 c
5
4

 

P
K

D
3
iP

S
C

 e
8
8

 

P
K

D
3
iP

S
C

 e
3
1

 

PKD2 PKD3 

P
y
ru

v
ic

 a
c

id
 r

e
la

ti
v

e
 t

o
 P

B
2
iP

S
C

 

P
B

2
iP

S
C

 c
3
3

 

P
K

D
2
iP

S
C

 c
7
8

 

P
K

D
2
iP

S
C

 e
1
1

 

Exp 1 Exp 2 Exp 3 

P
B

2
iP

S
C

 c
3
3

 

P
K

D
2
iP

S
C

 c
7
8

 

P
K

D
2
iP

S
C

 e
1
1

 

P
B

2
iP

S
C

 c
3
3

 

P
K

D
3
iP

S
C

 c
5
4

 

P
K

D
3
iP

S
C

 e
8
8

 

P
K

D
3
iP

S
C

 e
3
1
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3-Phosphoglycerate 

ADP 

ATP 

H2O 

2-Phosphoglycerate 

Phosphoenolpyruvate 
(PEP) 

Pyruvate 

RPK 

Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002. 
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Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002. 

ATP level: improved in Erythroid cell derived from Edited PKDiPSC  



Gene Editing of Hematopoietic progenitors 
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Edited PKDiPSC 

Edited PKDiPSC 

PKD patient 

PKDiPSC 

Cell 
reprogramming 

Gene editing 

Clonal 
amplification 

Hematopoietic 
differentiation 

Patient’s cell 

Corrected patient’s cell 

Gene editing of 
hematopoietic 

progenitors 

Gene editing of hematopoietic progenitors is technically challenging 

Ready to use cell source 



CB-CD34+ 

PuroR coRPK 

L TALEN R TALEN 

Nucleofection 
 

0.5-1x106 CB-CD34 
5g matrix (M) +/- 2.5g PKLR TALEN 

subunit (T) 
Amaxa Nucleofector II  

(U08 program) 

PuroR CD34+ 

Colony 
Forming Unit 

(CFU) 
24h 6d 

Expansion 

4d 

Puromycin 
selection 

Gene editing in Hematopoietic progenitors: Old tools 
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Gene editing in Hematopoietic progenitors: Old tools 
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1(R) 1(L) 2 3 4 5 6 7 8 9 10 11 
PuroR coRPK 

KI F3 KI R3 

2.0kb 

KI R2 KI F2 

3.3kb 

HR CFU  %HR  

CD34-HR1 29 96.7 

CD34-HR2 2 40.0 

CD34-HR3 18 85.7 

Mean 74.1 

SEM 17.4 

Knock-in gene editing: feasible in HPCs 

*5.8 edited CFU per 1x104 nucleofected CFUs 



18 

Gene editing in Hematopoietic progenitors: Old tools 

CRISPR-Cas9: PKLR TALEN vs PKLR sgRNA 

Cas9-PKLR sgRNA (all-in-one): less efficient 

TALEN DNA 
5’UTR-TALEN-3’UTR mRNA 
Cas9-PKLR sgRNA (all-in-one) 

293H 

Lipofection 

p96 plate 

Puro 

PuroR wells 

M 

M + pDNA TALEN 

M + Cas9-PKLR sgRNA 

M + mRNA TALEN 

1/16 

10/16 

4/16 

13/16 



Gene editing in Hematopoietic progenitors: Old tools 
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mCD45.1-PE hCD34-PECy7 

M+ 5’UTR-TALEN-3’UTR mRNA 

5’UTR-TALEN-3’UTR mRNA 

CB-CD34+ 

Puromycin 
Selection 

M + 
TALEN DNA 

1/27 

TALEN mRNA: gene editing of engraftable 
hematopoietic progenitors 

Gene editing of HSC 



Technical challenge: Gene editing in Hematopoietic progenitors 
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CB-CD34+ edited CD34+ 

Functional test 
(CFU, NSG) 

Expansion/Selection 

Gene editing 
tools 

1 

1. Gene editing tools: format and delivery 
• Good delivery  
• High efficacy 
• Low toxicity 

2 

2. Expansion/Selection: Culture conditions 
• HSC potential 

3. New strategies of gene editing 
• Most suitable for Hematopoietic Progenitors 

3 

• Patient-specific gene editing tool 

• Gene editing to correct all PKD patients 



Patient-specific gene editing tool 

Patient-specific gene correction by CRISPR-Cas9/ssODN 

AAAAA 

Patient-specific gene editing 

ssODN 

Cas9 

gRNA 

21 



Patient-specific gene editing tool 
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• High On-target score 

• Low Off-target score 

• Specific for the mutation:                             

 mutated allele specificity 

• Correct the mutation: restore aminoacid sequence 

• Eliminate PAM or near nucleotides of the target 

sequence sequence without modifiying de amino 

acids sequence: Prevent cutting of gene edited 

allele 

• Introduction of a restriction site without 

modifiying de amino acids sequence: Restriction 

Fragment Length Polymorphisms (optional) 

• Symmetric: 40nt around cutting site 

 

 

CRISPOR 

Tool desing: mutation specific sgRNA and therapeutic ssODN 

Benchling 

sgRNA ssODN 

Breaking-Cas 
IDT 

http://crispr.mit.edu/
https://benchling.com/
http://crispr.mit.edu/
http://crispr.mit.edu/
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1(R) 1(L) 2 3 4 5 6 7 8 9 10 11 

PKLR gene 

PKD2-specific gene correction: 

Mutation SNP 



Patient-specific gene editing tool 
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1(R) 1(L) 2 3 4 5 6 7 8 9 10 11 

PKLR gene 

PKD2-specific gene correction: patient specific sgRNA 

DSB 1 DSB 2 



Patient-specific gene editing tool 
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1(R) 1(L) 2 3 4 5 6 7 8 9 10 11 

PKLR gene 

PKD2-specific gene correction: patient specific ssODN 

Gene editing? 
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26 

PKD2-specific gene correction: mutation-specific guide RNA. NGS (Matías Morín) 
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PKD2-specific gene correction: mutation-specific HDR. NGS (Matías Morín) 
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Gene editing to correct all PKD patients 
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CRISPR/Cas9 RNP and AAV6-delivery of donor templates: (Matthew Porteus) 

Electroporation of 
CRISPR/Cas9 as RNP  

AAVs as donor  
delivery system 

Dr. Porteus lab 



Gene editing to correct all PKD patients 
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CRISPR/Cas9 RNP and AAV6-delivery of donor templates: (Matthew Porteus) 

rAAV-6 Donors 

PKLR-RNP PKLR gene 
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Gene editing to correct all PKD patients 
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Gene editing tools testing: human erythroleukemia cell line (K562) 

Reporter donor+RNP 

Stable expression of 
coRPK driven  

by endogenous 
promoter 

Therapeutic donor+RNP 



Gene editing to correct all PKD patients 
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Gene editing of human HSPCs: 
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FACS Analysis 

CB-CD34+ cells Edited CB-CD34+ cells 

• FACS Analysis 
• Clonogenic analysis 
• Transplant into NSG mice 



Gene editing to correct all PKD patients 
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Gene editing of human HSPCs: 
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Gene editing to correct all PKD patients 
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Gene editing of human HSPCs: 

› 20-40% of CFUs were positive for specific HR 

N=2 
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Gene editing to correct all PKD patients 
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Gene editing of human HSPCs: In vivo assay 
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Gene editing of human HSPCs: In vivo assay 
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Gene Editing to correct Pyruvate Kinase Deficiency 
 
 
 
 
 
 
 
 
 
 
 

Knock-in gene editing correct PKD phenotype 

Knock-in strategy is feasible in hematopoietic progenitors 

Increase efficacy? 

Clinically applicable? 

Patient-specific gene correction is feasible with RNP/ssODN 
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Example. Gene Therapy of primary cells with CRISPR:  

Gene Editing to correct Pyruvate Kinase Deficiency 



PKD patient-specific iPSC 

DAPI 

PKD3iPS 

SSEA4 OCT4 Merged 

PKD2 iPS teratoma 

Endoderm: FoxA2 Ectoderm: NbIIITubulin Mesoderm: aSMA

39 

“Proof of concept”: PKDiPSC 

Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002. 
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Nuclease delivery: format Cas9/sgRNA 
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Cleaved 
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RNP (IDT):  easy, efficient and non-toxic  

CB-CD34+ 

Nucleofection  
(strips Amaxa4D)  

FACS 

https://eu.idtdna.com 

Can RNP improve Knock-in gene editing in HSC? 

1. Gene editing tool: Nuclease. 



Patient-specific gene editing tool 
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CB-CD34+ 

Nucleofection  
(Amaxa II vs cuv Amaxa4D vs strips Amaxa4D)  

ssODN-FAM (0, 3M, 10M) 
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ssODN delivery: delivery method 
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10 93.8 

ssODN:  very efficient and non-toxic  
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Conclusions 

› Specific integration and stable expression of coRPK cDNA driven by PKLR 
endogenous promoter 

› Gene edited HSCs were able to engraft in primary and secondary 
immunodeficient mice 

RNP+rAAV6 donor is an efficient tool to 
mediate HDR in the PKLR locus 

› Up to 40% specific integration of the donor was detected in hematopoietic 
progenitors generated from gene edited CB-CD34+cells 

› No evidence of toxicity associated with the procedure 
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