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Germline Gene Therapy

• mtDNA Mitochondrial Replacement Therapy

• nDNA Nuclear Gene Correction
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Prevention of Genetic Disease Strategies

• Adoption

• Oocyte, sperm, or embryo donation

• Preimplantation genetic diagnosis (PGD) 

• Germline gene therapy

– Prevention of genetic disease transmission by correcting disease-causing gene 
mutations in reproductive cells (sperm, oocyte, or embryos)
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mtDNA disease Inheritance

Peter Braude
2015 Summit on Human Gene Editing



Mitochondrial  Replacement Therapy
Spindle Transfer between MII oocytes

Tachibana et al., Nature, 2009
Kang et al., Nature, 2016



Mito & TrackerTachibana et al., Nature, 
2009



Germline transmission of donor mtDNA to F2 
offspring 

Van Dyken et al., unpublished



Tachibana et al., Nature, 2013 
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Reversal Back to Maternal mtDNA

Wolf et al., EMBO J. 2017
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Mitochondrial Replacement Therapy

 Replacement of entire mt genome

 Applicable to any mtDNA mutation type

 Preclinical animal studies demonstrate safety and efficacy 

 Some ESCs (15%) demonstrated loss of donor mtDNA and reversal to the maternal haplotype

 Haplotype-matching may be required

 Clinical trials ongoing in the UK; preclinical studies in U.S.

 Several births reported worldwide
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MYBPC3 Mutation Causes Hypertrophic Cardiomyopathy

• Late onset, autosomal dominant disease

• Causes hypertrophic cardiomyopathy 
(HCM); prevalence in general population 
is 1:500 

• Deletions in MYBPC3 account for ~35% 
of all cases of HCM 



14

•Male with Hypertrophic Cardiomyopathy

•MYBPC3 mutation (4bp deletion), c.1420_1423 GAGT deletion

•Heterozygous 

Wild-type allele: cgggtggagtttgagtgtgaagtatcggagga
Mutant allele:  cgggtggagttt----gtgaagtatcggagga

Patient

•Cas9 nuclease

•Guide RNA: 5’-ggtggagtttgtgaagtat-3’

•DNA Template (190bp)
agatggcctcaggggagccaaccctcatgctcaccctgcctggacagagccccctgtgctcatc
acgcgccccttggaggaccagctggtgatggtggggcagcgggtggagtttgagtgcgaggtat
cggaggagggggcgcaagtcaaatggtgagttccagaagcacggggcatgggtgttgggggc

CRISPR/Cas9

Bold: Mutation, Blue: PAM sequence, Red: marker SNPs



15

DNA Repair Outcomes and Mosaicism

Ma et al., 
Nature 2017



Off-Target 
Effects

Ma et al., Nature 2017



GENE CONVERSION
heterozygous mutations

Ma et al., Nature 2017, 2018
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Ma et al., Nature 2018
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Ma et al., Nature 2018

Conversion tract



Molecular Mechanisms of DNA Repair
homozygous mutations

Liang et al., unpublished
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Germline Gene-Editing Summary
 High targeting efficacy

 High efficiency of repair by gene conversion

 Results have been independently replicated

 Applicable to heterozygous mutations only

 Complements conventional PGD by rescuing mutant embryos

 Advantages over conventional treatments including somatic gene therapy (more cost-effective)

 Efficiency and safety must be improved and ethical issues addressed before moving to clinical trials
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Human Genome Editing
Science, Ethics, and Governance

• Absence of reasonable alternatives

• Restriction to preventing a serious disease or condition

• Restriction to editing genes that have been convincingly demonstrated to cause

or to strongly predispose to the disease or condition

• Restriction to converting such genes to versions that are prevalent in the population and are known to  be 

associated with ordinary health with little or no evidence of adverse effects

• Availability of credible pre-clinical and/or clinical data on risks and potential health benefits of the 

procedures

• Ongoing, rigorous oversight during clinical trials of the effects of the procedure on the health and safety of 

research participants

• Comprehensive plans for long-term, multigenerational follow-up while still respecting personal autonomy

• Maximum transparency consistent with patient privacy

• Continued reassessment of both health and societal benefits and risks, with broad on-going participation 

and input by the public

• Reliable oversight mechanisms to prevent extension to uses other than preventing a serious disease or 

condition 
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Could Failure in Preimplantation Genetic Diagnosis Justify 
Editing the Human Embryo Genome?  

Steffann et al, Cell Stem Cell, 2018
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Future Directions
 MRT clinical trials

 MRT for other indications eg age-related infertility

 Germline gene editing targeting other gene mutations eg BRCA

 Insights into novel DNA repair mechanisms in human embryo → 
somatic gene therapy applications for chronic degenerative 
diseases of aging and cancer?
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