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Genome editing

• Facilitates knockout or knock-in of mutations by 
introducing a double-strand break at a desired site in 
the genome

• Dramatically increases the efficiency of mutagenesis

• Can be used in vitro and in vivo



Genome editing

• The cell has two methods to repair double-strand 
breaks

• Non-homologous end-joining (NHEJ) – rejoins two 
free ends, error-prone  indel/frameshift mutations

• Homology-directed repair (HDR) – uses sister 
chromatid/chromosome as a template to replace the 
area of the break via homologous recombination



Genome editing

• Can fool the cell into using a custom-made piece of 
DNA as a repair template

• If the custom-made DNA harbors a mutation, can 
exploit HDR to knock in the mutation into the 
genome (or to correct a disease-causing mutation)

• HDR only works in proliferating cells, less efficient 
than NHEJ



Non-homologous end-joining (NHEJ)

crude but efficient



Homology-directed repair (HDR)

precise but
inefficient



CRISPR-Cas9 in mammalian cells

Jinek et al. eLife 2013; 2:e00471
Mali et al. Science 2013; 339:823-6
Cong et al. Science 2013; 339:819-23
Cho et al. Nat Biotechnol 2013; 31:230-2

(guide RNA)



The CRISPR-Cas9 system for genome editing



1. Generating altered cells with CRISPR-Cas9

Start with
cultured

cells

Genome editing
(e.g., change DNA

variant, gene knockout)

Compare phenotypes
(e.g., gene expression)



2. Generating altered iPSC-derived cells with CRISPR-Cas9

Start with human
induced pluripotent

stem cells (iPSCs)

Genome editing
(e.g., change DNA

variant, gene knockout)

Differentiate into tissue
type(s) of interest

Compare phenotypes 
(e.g., gene expression)



3. Generating knockout animals with CRISPR-Cas9 (NHEJ)

mutagenesis

zygote injection blastocyst

embryo transfer

Cas9, guide RNA

PCR screening

knockout mice

3 weeks to make 
knockout mice

up to 100% efficiency



4. Generating knock-in animals with CRISPR-Cas9 (HDR)

mutagenesis

zygote injection blastocyst

embryo transfer

Cas9, guide RNA,
custom-made DNA repair template

PCR screening

knock-in mice

3 weeks to make
knock-in mice

lower efficiency with HDR, will also 
get mice with NHEJ indel mutations



5. Clinical uses of genome editing

• Strategy 1: Disrupt disease-causing genes (NHEJ)

• Strategy 2: Repair disease mutations (HDR)

• Strategy 3: Insert genes that attenuate/cure disease (HDR)



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



CRISPR-Cas9 targeting Pcsk9 in the mouse liver using virus

cholesterol ?

Targeting mouse Pcsk9 with somatic genome editing

Ding et al. Circ Res 2014; 115:488-92
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35%–40%
reduction

Targeting mouse Pcsk9 with somatic genome editing

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



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?



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

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

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



Targeting human PCSK9 – on-target mutagenesis

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



Targeting human PCSK9 – off-target mutagenesis

No evidence of
off-target (OT)
mutagenesis

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



Base editing and epigenome editing

Safer?
Reversible?



In vivo base editing of murine Pcsk9

Pcsk9 W159X
(TGGTAA)

nonsense mutation
Chadwick et al., Arterioscler Thromb Vasc Biol 2017; 37:1741-7



ANGPTL3 as a therapeutic target is similar to PCSK9

Individuals with one loss-of-
function mutation in ANGPLT3:

LDL-C, TG     15-30%
CHD risk     35-40%

Individuals with two loss-of-
function mutation in ANGPLT3:
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



Base editing of Angptl3 in mouse model of familial hypercholesterolemia (FH)

BE3 targeting Angptl3 in the 
mouse liver using virus:

Q135X (CAATAA)

>50% reductions
in triglycerides

AND cholesterol



PCSK9/ANGPTL3 and coronary heart disease (CHD)

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

• Who to treat?

- adult with strong risk factor profile?

- all adults?

- child with strong family history or FH?

- in utero with strong family history or FH?

- in embryo with strong family history or FH (with 
implications for future generations)?



Generating altered human embryos with CRISPR-Cas9 

Ma et al., Nature 2017; 548:413-9



Potential clinical uses of germline genome editing

• Treating/pre-empting severe genetic disorders

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

• Reducing risk of common/complex diseases

• “Enhancement”



Who decides?

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



Musunuru et al., Circ Cardiovasc Genet 2017; 10:e001910 

A poll of 300 scientists and physicians at AHA meeting



Survey results

If you had the opportunity to receive a one-shot 
somatic genome-editing therapy that would 
permanently reduce your risk of CHD, would you do 
so (assuming the therapy is 100% safe)?

• Yes 69%

• No 19%

• Don’t know 12%



Survey results

Do you think it would be acceptable for parents to 
use human germline genome editing to have a 
healthy biological child when there is no other means
to do so?

• Yes 68%

• No 21%

• Don’t know 11%



Survey results

Do you think it would be acceptable for parents to 
use human germline genome editing to reduce the 
risk of their child having a serious medical condition 
(e.g., premature CHD or Alzheimer disease)?

• Yes 45%

• No 40%

• Don’t know 15%



Survey results

Do you think it would be acceptable for parents to 
use human germline genome editing to increase the 
odds of their child having a desired trait (e.g., athletic 
ability)?

• Yes 2%

• No 95%

• Don’t know 3%
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