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A: …ATG GTG CAC CTG ACT CCT GAG GAG AAG …
S: …ATG GTG CAC CTG ACT CCT GTG GAG AAG …



A: …ATG GTG CAC CTG ACT CCT GAG GAG AAG …
S: …ATG GTG CAC CTG ACT CCT GTG GAG AAG …

In the 6 billion character/1.1 million 
page “Book of Genome” there is a 

single typographical error that 
causes disease



Monogenic Diseases Permeate Medicine
(>6,000 such diseases)

Hematology: Sickle Cell Disease/Thalassemia
Hematology: Hemophilia

Pulmonary:  Cystic Fibrosis
Immunology:  Primary Immunodeficiencies (e.g. Severe 

Combined Immunodeficiency (SCID))
Cardiology:  Familial Hypercholesterolemia

Dermatology: Epidermolysis bullosa
Genetics: Muscular Dystrophy, Hurler’s Syndrome

Neurology: Huntington’s Disease, Myotonic Dystrophy, 
NGLY1 deficiency
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Allo “Gene Therapy” Can Cure Genetic 
Diseases of the Blood (and then some…)

Donor

Allogeneic Cells

Patient



Replace Allogeneic Cells with Modified 
Autologous Cells

Donor

Allogeneic Cells

Modified 
Autologous Cells



5% Correction of Autologous Cells Would Probably 
be Sufficient to Cure Sickle Cell Disease

1. Keeping percentage of sickling red blood cells below 30% cures 
the symptoms of the disease (shown by chronic transfusions).

2. Non-sickling RBCs and RBC precursors have a >30-fold selective 
advantage (even greater for corrected cells in β-thalassemia)



1%-2% WBC 
chimerism able to 

give ~50% non-sickle 
RBC, suppress 

reticulocyte count 
and avoid 

transfusion. 



Using Homologous Recombination to Cure 
Sickle Cell Disease is not a New Idea



GFP Based System to Mimic a Recessive Genetic 
Disease (“GFP Deficiency”)

CMV/CBA-GFP*-IRES-CD8α−PGK-Neo

37GFP-IRES-CD8

37GFP-IRES-CD8

Stop-Sce Site

327



The Problem: The spontaneous rate of gene 
targeting is too low

CMV/CBA-GFP-IRES-CD8α−PGK-Neo

Rate= 7.1 x 10-7

(Approximately 1 per million)



DSB-Mediated Gene Targeting

CMV/CBA-GFP*-IRES-CD8α−PGK-Neo

37GFP-IRES-CD8CMV-Sce

Stop-Sce Site

37GFP-IRES-CD8

Stop-Sc   e Site



The Solution:  The rate of gene targeting increases to 
potentially therapeutic levels after the induction of a 

DSB

CMV/CBA-GFP-IRES-CD8α−PGK-Neo

Optimized Rate of DSB Mediated Gene Targeting= 3-5 x 10-2

(3-5%)
(builds on pioneering work of Jasin, Nickoloff, Wilson, and Choulika)



Zinc Finger Nucleases as a Method to Create Double-Strand Breaks in 
Endogenous Genes

Initially developed by labs of Srinivasan Chandrasegaran (Johns Hopkins) 
and Dana Carroll (Univ. Utah)

FokI nuclease
domain (Fn)

FokI nuclease
domain (Fn)



First Use of an Engineered Nuclease to Stimulate 
Genome Editing in Human Somatic Cells (2003)

“Zinc Finger 
Nuclease”

“Genome 
Editing”



Paralleled First Use of Engineered Nucleases to 
Edit Genome of Model Organisms (2002, 2003)



A: …ATG GTG CAC CTG ACT CCT GAG GAG AAG …
S: …ATG GTG CAC CTG ACT CCT GTG GAG AAG …

Genome Editing is the method to 
correct typographical errors



Detour: Genome Editing of Spermatogonial Stem 
Cells

Sato et al (2015) Genome Editing in Mouse Spermatogonial Stem Cell Lines using TALENs 
and Double-Nicking CRISPR/Cas9. Stem Cell Reports 14: 75-82

Chapman et al (2015) Targeted Germline Modifications in Rats using CRISPR/Cas9 and 
Spermatogonial Stem Cells. Cell Reports 10: 1828-35.

Wu et al (2015) Correction of a genetic disease by CRISPR-Cas9 mediated gene editing in 
mouse spermatogonial stem cells. Cell Research 25: 67-79.





TALEN vs CRISPR/Cas9

TAL Effector Nuclease (TALEN)
Dimer RNA-Guided Endonucease (RGEN)

CRISPR/Cas9

vs.



Comparison of Nuclease Platforms in K562 Cells

Cell Reports 2014



Shifting 
Genome 
Editing 

Outcomes by 
Changing 
Different 

Parameters

More Nuclease 
Leads to More 

Editing (both HR 
and NHEJ 
Mediated

More Donor 
Shifts to HR 
Mediated 

Editing From 
NHEJ Mediated 

Editing



Genome Editing by Homologous 
Recombination using CRISPR/Cas9 vs TALENs in 

different cell types

Target Gene 
Correction Efficiency 

in CD34+ HSPCs

1.4%
0.12%



Collaboration with Agilent Research Laboratories

Nature Biotechnology 2015
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Modified sgRNAs Enhance Gene 
Disruption in CD34+ HSPCs



Components for Genome Editing
Engineered Nuclease

(RNA or RNP)

Donor DNA
(IDLV-Naldini)

(AAV)

*

Homologous
RecombinationNon-homologous

end-joining



AAV is an Efficient Method to Deliver the Donor Molecule



CRISPR/Cas9 AAV6 System Mediates High 
Frequencies of HR in HSPCs at HBB Locus

(patent pending)



CRISPR/Cas9 Ribonucleoprotein System 
Superior to “All RNA” System for Cell Viability

Patent Pending



CRISPR/Cas9 Ribonucleoprotein System Superior to 
“All RNA” System for Off-Target Activity

Patent Pending



Targeting HbS Allele to HBB in mPB CD34+ HSPCs 
using rAAV6 RFLP Donor Vector

Patent Pending



Different Strategies to Assess Safety/Toxicity
(no predictive assays for human safety for gene modified cells)

George Box: “Essentially, all models are wrong, but some are useful”
1. Bioinformatic Approaches (PROGNOS, COSMID…)

2. Unbiased in vitro Approaches
• SELEX, David Liu’s group

3. Unbiased Approaches in Cells
• γH2AX Foci Formation
• Capture Based Assays (AAV, IDLV, Oligonucleotides…)
• Translocation Based Assays (HTGTS)
• BLESS
• Digenome Seq
• Whole genome/exome sequencing (useful to evaluate clones)
• Targeted deep sequencing (not developed)

4. Functional Assays (a more traditional small molecule pharm-tox approach)
• Relative Cell Survival
• Cell Cycle Dynamics
• Clonal Dynamics
• Tumorgenicity in mouse models
• Lineage Reconstitution
• Mouse Cancer Pre-Disposition (a la Cesana et al (2014))



Genome Engineering in the Context of Natural 
Genome Instability/Genome Variation

Spontaneous: -20 DSBs/day 
1-10 mutations/day/cell leading to ~1 million mutations/second/person

Baseline Per Person: 2.4 million SNVs, 500-600K In/Dels (355 Exonic, 91 
Frameshift), ~3000 structural variants (i.e. Dewey et al 2014 JAMA)

2 x 108 CD34+ 
HSPCs (5 x 106/kg)

Genome Editing to 
Correct Mutation 
20% of Cells with 

Off-Target of < 1 in 
10,000

4 x 107 Corrected Cells with  
Population Mutation Burden:

Editing: <20,000 mutations
2 Cell Divisions: 4 x 108

Genome Editing to 
Correct Mutation in a  
Single Pluripotent Cell 
with Whole Genome 
Sequencing Revealing 

No Editing Induce 
Mutations

Expansion to 
Generate 2 x 108

Transplantable 
HSCs (>28 cell 

divisions)

2 x 108 Corrected Cells with  
Population Mutation Burden:

Editing: 0 mutations
28 Cell Divisions: 56 x 108



Advances in Genome Editing to Cure Sickle Cell 
Disease

Year: 1985 1994 2003 2014 2015
Nuclease: 0 I-Sce ZFN TALEN    CRISPR/Cas9
Gene: HBB Neo GFP HBB HBB
Cell Type: EJ Carc 3T3 293 K562    CD34+ HSPCs

10-6

3%
0.5%

20% 10-30%
Fr
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Hematopoietic 
Stem Cells 

Harvested from 
Patient

Transplant Autologous 
Gene Corrected Cells 

Back into Patient

(Busulfan 8 mg/kg)

Genome Editing: 
Gene correction 

with nuclease 
mediated 

homologous 
recombination

Manufacturing of Autologous Gene Corrected Cell 
Product

Minimum: 2 x 106 CD34/kg
Ideal: >5 x 106 CD34/kg

At
Minimum: 5% Gene Correction

Ideal: >10% Gene Correction
With

No off-target mutations/rearrangements above 
background and no signs of functional toxicity

GMP Grade Cas9 Protein
GMP Grade sgRNA (Agilent)

GMP Grade AAV6
GMP Grade Electroporation

Minimum: 5 x 106 CD34/kg
Ideal: >10 x 106 CD34/kg



Conclusions
1. Advances in genome editing of somatic stem cells may obviate the need to 

do germline genome editing for many diseases.
• Also highlights that technology will continue to improve.

2. Genome editing can be used to increase the therapeutic potency of 
somatic cells (synthetic biology vs “enhancement”).

3. Possible to use engineered nucleases to edit spermatogonial stem cells.

4. There remain challenges in doing in vivo genome editing related to the 
immunogenicity of the nucleases, delivery vectors, and the risk of low-
grade on-going DNA damage from sustained expression of the nuclease 
(so need to express nuclease transiently).

5. Need to establish a set of toxicology/safety assays that will satisfy FDA and 
consenting clinicians.
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