
Therapeutic Genome Editing

December 2019



Today’s Presenters

Natalia
Gomez-Ospina, MD, PhD

Bruce Korf, MD, PhD 
Moderator

Kiran Musunuru,
MD, PhD, MPH, ML



We will now hear from 
Dr. Natalia Gomez-Ospina.



• Nuclease-based and non-nuclease-based genome editing

• Combining double-strand breaks and DNA repair for 
therapeutic genome editing

• Choosing your tools: how disease pathophysiology informs 
intended modifications

The genome editing tool box



Nuclease-based genome editing

Creating double-strand DNA breaks at specific locations



Nuclease-based genome editing: Protein-
guided platforms

Zinc Finger Nucleases (ZFNs) Transcription activator-like 
effector nucleases (TALENs)

• Nuclease: Fok1
• DNA recognition: Array of zinc 

finger repeats

• Nuclease: Fok1
• DNA recognition: 

Transcription activator-like 
effector DNA-binding domain



Nuclease-based genome editing: RNA-
guided platforms

Clustered Regularly Interspaced Short Palindromic Repeat 
(CRISPR)–Cas9 system



Nuclease-based genome editing: RNA-
guided platforms

Base editors



Nuclease-free genome editing

Peptide nucleic acids (PNAs) Gene targeting without 
nucleases



Combining double-strand breaks and 
DNA repair



Therapeutic NHEJ

The pattern  of INDELs for any individual site is 
largely unpredictable and generates multiple 

loss-of-function alleles 



Therapeutic NHEJ: knock down of BCL11A for 
b-hemoglobinopathies 



Therapeutic NHEJ: Restoring reading frames
Duchenne muscular dystrophy (DMD)

Annemieke Aartsma-Rus et al. J Med Genet 2016

Leonela Amoasii et al., Sci Transl Med 2017



Therapeutic NHEJ: Restoring reading frames

Duchenne muscular dystrophy 
(DMD)

Leber congenital amaurosis 10 
(LCA10)

Leonela Amoasii et al., Sci Transl Med 2017 Ruan et al., Mol Ther 2017
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HDR-mediated genome editing



Choosing your tools: how disease 
pathophysiology informs intended 

modifications: 
1) Sickle cell disease

2) Lysosomal storage disorders



Therapeutic NHEJ in sickle cell disease

Universal SNV:
p. Glu6Val in HBB



Therapeutic HDR in sickle cell disease

Universal SNV:
p. Glu6Val in HBB

D P Dever et al. Nature 1–6 (2016) doi:10.1038/nature20134



Therapeutic HDR for lysosomal storage 
disorders

1. > 50 proteins

2. Most are enzymes

3. Property of cross-
correction enables

cells to become 
enzyme depots



Targeted gene addition into a safe harbor

Gomez-Ospina et al, Nature Communications, 2019



A safe harbor is a flexible platform

Scharenberg et al, 

Under review



Coding sequence insertion into the 
albumin locus

Sharma et al, blood 2015

Ou et al, Molecular Therapy 2019
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We will now hear from 
Dr. Kiran Musunuru.



We will now hear from 
Dr. Kiran Musunuru.



Choosing your tools: how disease 
pathophysiology dictates delivery

1) Ex vivo modification
2) In vivo modification



patient

stem cells

genome editing

edited stem cells

Ex vivo genome editing for therapy



CCR5 and HIV infection

Liu et al. Cell 1996; 86:367-77



“Berlin patient”

CCR5 and HIV infection

Hütter et al. N Engl J Med 2009; 360:692-8



Genome editing of CCR5 in human cells

Perez et al. Nat Biotechnol 2008; 26:808-16

Holt et al. Nat Biotechnol 2008; 28:839-47



Tebas et al. N Engl J Med 2014; 370:901-10

Genome editing of CCR5 in human cells



Tebas et al. N Engl J Med 2014; 370:901-10

Genome editing of CCR5 in human cells



In vivo genome editing for therapy

patient

genome editing







Individuals with total loss-of-function mutations in PCSK9:

SINGLE mutation LDL-C 30-40%; CHD risk     80-90%

TWO mutations LDL-C ~80%; CHD risk eliminated?  

Cohen et al. Nat Genet 2005; 37:161-5

Cohen et al. N Engl J Med 2006; 356:1264-72

Zhao et al. Am J Hum Genet 2006; 79:514-23

Hooper et al. Atherosclerosis 2007; 193:445-8

No apparent adverse health consequences

PCSK9 and coronary heart disease (CHD)

3% in populations have loss-
of-function PCSK9 mutations



Targeting mouse Pcsk9 with somatic genome editing

CRISPR-Cas9 targeting Pcsk9 in the mouse liver using virus

cholesterol ?

Qiurong Ding
Harvard University

(now Shanghai)

Ding et al. Circ Res 2014; 115:488-92
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CRISPR-Pcsk9GFPno virus

N = 5 per group, 4 days after injection

35%–40%
reduction

Ding et al. Circ Res 2014; 115:488-92

>90%
reduction

Targeting mouse Pcsk9 with somatic genome editing



Traditional therapies

• Repeated dosing

• Short-term effect

Genome-editing therapy

• One-time therapy

• Permanent effect

In vivo genome editing for therapy



Traditional therapies

• Repeated dosing

• Short-term effect

Genome-editing therapy

• One-time therapy

• Permanent effect

Big concern is safety – what is the extent of off-target 
mutagenesis elsewhere in the genome? Risk of cancer?

In vivo genome editing for therapy



Unbiased genome-wide assessment 
for safety (off-target mutations)

J. Keith Joung, MGH

Akcakaya et al. 

Nature 2018



What about human therapy?



Targeting human PCSK9 in liver-humanized mice
“Humanized”
mouse model

transplantation of primary
human hepatocytes

FRG KO mice (mouse liver can
be replaced with human liver)

injection of 
CRISPR-Cas9 

virus

changes in human
characteristics

Xiao Wang
UPENN

Wang et al., Arterioscler Thromb Vasc Biol 2016; 36:783-6



“Humanized”
mouse model

transplantation of primary
human hepatocytes

FRG KO mice (mouse liver can
be replaced with human liver)

injection of 
CRISPR-Cas9 

virus

changes in human
characteristics

can gauge efficacy and safety 
in authentic human cells,
with human genomes,
in a living animal 

Xiao Wang
UPENN

Targeting human PCSK9 in liver-humanized mice

Wang et al., Arterioscler Thromb Vasc Biol 2016; 36:783-6



“Humanized”
mouse model

transplantation of primary
human hepatocytes

FRG KO mice (mouse liver can
be replaced with human liver)

injection of 
CRISPR-Cas9 

virus

changes in human
characteristics

can gauge efficacy and safety 
in authentic human cells,
with human genomes,
in a living animal 
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Xiao Wang
UPENN

Targeting human PCSK9 in liver-humanized mice



ANGPTL3 as a therapeutic target is similar to PCSK9

Individuals with one loss-of-
function mutation in ANGPTL3:

LDL-C, TG     30%
CHD risk     35-40%

Individuals with two loss-of-
function mutations in ANGPTL3:
totally healthy

Stitziel et al. J Am Coll Cardiol 2017; 69:2054-63

Dewey et al. N Engl J Med 2017; 377:211-21

Musunuru et al. N Engl J Med 2010; 363:2220-7



Alex Chadwick
UPENN

Base editing of Angptl3 in mouse model of FH

BE3 targeting Angptl3 in the 
mouse liver using virus:

Q135X (CAA→TAA)
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in triglycerides

AND cholesterol



Base editing of Angptl3 in mouse model of FH

BE3 targeting Angptl3 in the 
mouse liver using virus:

Q135X (CAA→TAA)

>50% reductions
in triglycerides

AND cholesterol

BE3-control BE3-Angptl3

mouse plasma samples, day 14



Lipid nanoparticle delivery of genome-editing tool

Yin et al. Nat Biotechnol 2017; 35:1179-87



• Degree of CHD risk reduction probably depends on 
length of protection (few years vs. lifelong)

• Who to treat?

PCSK9/ANGPTL3 and coronary heart disease (CHD)
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• Degree of CHD risk reduction probably depends on 
length of protection (few years vs. lifelong)

• Who to treat?

- adult with FH or strong risk factor profile?

- child with FH mutation or strong family history?

- in utero with FH mutation or strong family history?

PCSK9/ANGPTL3 and coronary heart disease (CHD)



In utero base editing of mouse Pcsk9

William Peranteau
Children’s Hospital

of Philadelphia (CHOP)
day E16.5 intravenous injection

liver on day P0 post injection
greyscale, 5 ms GFP filter, 5 ms

Rossidis, Stratigis, Chadwick, Hartman et al., Nat Med 2018; 24:1513-8
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In utero base editing of mouse Pcsk9



Avery Rossidis
CHOP

black = untreated
blue = postnatal medication
red = in utero base editing

William Peranteau
Children’s Hospital

of Philadelphia (CHOP)

Rossidis, Stratigis, Chadwick, Hartman et al., Nat Med 2018; 24:1513-8

In utero base editing to cure tyrosinemia



Avery Rossidis
CHOP

black = untreated
blue = postnatal medication
red = in utero base editing

William Peranteau
Children’s Hospital

of Philadelphia (CHOP)

Rossidis, Stratigis, Chadwick, Hartman et al., Nat Med 2018; 24:1513-8

In utero base editing to cure tyrosinemia



• Degree of CHD risk reduction probably depends on 
length of protection (few years vs. lifelong)

• Who to treat?

- adult with FH or strong risk factor profile?

- child with FH mutation or strong family history?

- in utero with FH mutation or strong family history?

- embryos

PCSK9/ANGPTL3 and coronary heart disease (CHD)







• Pre-empting severe genetic disorders

• Addressing genetic causes of infertility (e.g., block in 
gamete development)

• Reducing risk of common/complex diseases

• “Enhancement”

Potential clinical uses of germline genome editing



https://www.statnews.com/2016/02/11/stat-harvard-poll-gene-editing/

Who decides?
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Please take the survey after the webinar ends.

Did you enjoy this webinar? Discover more in the 
ASHG webinar archive at www.pathlms.com/ashg

Thank You for Attending

http://www.pathlms.com/ashg

