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Gene editing is a technique 
where DNA is inserted, replaced 
or removed from a genome using 
artificially engineered nucleases  

Delivery of gene editing tools to the 
target cells 
Induction of double-stranded DNA 
break in correspondence of a 
desired sequence 
Stimulation of repair through either 
NHEJ or HDR

A toolbox for clinical 
gene editing

Gene editing technology

-zinc finger nucleases (ZFNs) 

-transcription activator-like 
effector nucleases (TALENs) 

-clustered regularly 
interspaced short 
palindromic repeat 
(CRISPR)/Cas system

Nature Reviews Genetics 15, 541–555 (2014)
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Zinc finger 
nucleases (ZFNs)

Transcription activator-like effector 
nucleases (TALENs) are more precise 
as they recognise single nucleotides



CRISPR/Cas9 
a clever immune system

How bacteria prevent DNA 
invasion from viruses

CRISPR = Clustered Regularly 
Interspaced Short Palindromic 
Repeats 

Sander et al, Nature Biotechnology, 32, 347-355, 2014 

Protospacer: invading DNA 
from viruses, phages, … 

How bacteria prevent DNA 
invasion from viruses

Cas9 searches the matching foreign DNA to create DSB and  
promote degradation 

Cas9 mechanism

PAM motif (‘NGG’) 
mandatory to cleave DNA 

2 cleavage 
domains:  
HNH and RuvC-
like 

From an immune system to an 
engineered and simplified 

technique



Fusion of crRNA and tracrRNA to 
a single guide RNA

2-component system 

Two phases
1) Create a Double-Stranded 
Break (DSB) 

Meganucleases  
ZFNs  
TALENS  
CRISPR/Cas9 

2) Let the cell repair 
mechanisms fix it 

Non-Homogolous End 
Joining (NHEJ)  
Homology Direct Repair 
(HDR) 

DSB repair mechanisms

Join directly the DNA ends 
  
Prone to errors 

DSB repair mechanisms

Use a template DNA 
  
Error free 

Mechanisms of which pathway 
is taken is not fully understood 

DSBs

The Non Homologous End Joining 
pathway (NHEJ): Error prone, 

predominant mechanism of repair in 
mammalian cells

The Homologous Directed Repair pathway 
(HDR):

 Error free, requires presence of a homologous 
segment of DNA. Mostly active in S and G2 

phases of the cell cycle. Predominant 
mechanism of repair in S. cerevisiae.

How cells repair dsDNA breaks (DSBs)

Adapted from Ran et al. 2013. Nat Protoc.

ZFNs have been used to disrupt CCR5 
(C-C motif chemokine receptor type 5) 
expression in human T cells, and later 
also in HSCs (phase I/II trial ongoing), 
to render these cells resistant to HIV 
infection.

Genome editing for human therapy



Ex vivo gene editing

Haemoglobinopathies
Red blood cells use hemoglobin to carry oxygen from the lungs to all the tissues of the body. Mutations in a gene that encodes part of the 
hemoglobin molecule cause two different genetic disorders: sickle cell disease (SCD) and beta thalassemia.

In sickle cell disease (SCD), red blood cells are misshapen. Their 
crescent or “sickle” shape makes them block blood vessels, 
slowing or stopping blood flow. This causes sudden, severe pain. 
Complications include chronic pain, organ damage, strokes, and 
anemia.

In beta thalassemia, patients do not make enough hemoglobin. 
This leads to anemia and fatigue. In more severe cases, patients 
have organ damage, especially to the liver, bones, and heart. Both 
diseases can be fatal.

There are some treatments available, but often, patients still suffer severe symptoms and complications from their diseases. Patients 
with more severe SCD and beta thalassemia need frequent blood transfusions. Bone marrow transplant can be curative; however, this 
can only be done when a healthy, matching donor can be found. This is not an option for most SCD or beta thalassemia patients.

Ex vivo gene editing for haemoglobinopathies Ex vivo gene editing for haemoglobinopathies
CTX001 is an investigational ex vivo CRISPR gene-edited therapy 
for patients suffering from Transfusion-Dependent β-Thalassaemia 
(TDT) or severe Sickle Cell Disease (SCD). 
Haematopoietic stem cells are engineered to produce high levels of 
fetal hemoglobin (HbF; hemoglobin F) in red blood cells. 
Partnership between CRISPR Therapeutics and Vertex 
Pharmaceuticals Inc (Zurich and Boston). 
CTX001 was granted Fast Track Designation by the U.S. Food and 
Drug Administration for the treatment of SCD in January 2019. 
Two Phase 1/2 studies, one in β-thalassemia and one in Sickle Cell 
Disease, to assess the safety and efficacy of a single dose of 
CTX001 in patients ages 18 to 35. In both studies, the first two 
patients are treated sequentially and, pending data from these initial 
two patients, the trial will open for broader concurrent enrolment.  
Trial on β-thalassemia conducted at multiple clinical trial sites in 
Canada and Europe, with future addition of the United States. Trial 
on Sickle Cell Disease conducted at clinical trial sites in the United 
States. 

Victoria Gray, the first patient with SCD treated 
with CRISPR in July 2019

https://innovativegenomics.org/multimedia-library/meet-victoria-gray/

Immunotherapy for cancer



Immune checkpoint inhibitors to treat cancer Chimeric Antigen Receptor (CAR)-T cells

First CRISPR-based therapy trial that combines CAR-T and PD-1 
immunotherapy  
University of Pennsylvania with the Parker Institute 
Autologous T cells transduced with a lentiviral vector to express a TCR with 
affinity to NY-ESO-1 and electroporated with CRISPR guide RNA/Cas9 to 
disrupt expression of endogenous TCRα, TCRβ and PD-1 (NYCE T Cells) 
Patients with late-stage cancers (multiple myeloma, melanoma, synovial 
sarcoma, myxoid/round cell liposarcoma) - 18 patients 
Two patients treated, one with relapsed multiple myeloma and one with 
relapsed sarcoma

NY-ESO-1-redirected CRISPR (TCRendo and PD1) Edited T Cells (NYCE T Cells) 
ClinicalTrials.gov Identifier: NCT03399448

Seven active or recruiting trials in 
China are listed on the 
ClinicalTrials.gov clinical trial database. 
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CRISPR–Cas9 technology offers a convenient, flexible  
and precise method for genome editing1,2. Cas9, typically  
Streptococcus pyogenes Cas9 (SpCas9)3, recognizes a 

protospacer-adjacent motif (PAM) upstream or downstream of  
the target sequence by using a guide RNA and induces double- 
stranded breaks in the target DNA. The clinical application of  
CRISPR editing has been unclear, as CRISPR–Cas9 could cause 
genotoxicity including off-target genome cleavage sites, chro-
mosomal translocations or other complex changes, which may  
lead to unpredictable consequences4. Recent pilot clinical trials  
using CRISPR-edited stem cells and multigene-edited T cells in the 
treatment of HIV/AIDS and cancer, including multiple myeloma 
and sarcoma, support the safety and feasibility of CRISPR–Cas9 
technology in the clinic5,6. Anti-PD-1 checkpoint inhibitors such 
as pembrolizumab have become the standard first-line therapy for 
advanced non-small-cell lung cancer (NSCLC) with PD-L1 expres-
sion7,8. Some patients may attain 5-yr survival rates of 15.5–23% 

with single-agent pembrolizumab9. We hypothesized that disrup-
tion of the PD-1 gene in T  cells followed by ex vivo reinfusion of  
the gene-edited cells could be therapeutic. While specific data on 
lung cancer are lacking, preclinical data have shown that editing 
of PD-1 in tumor-infiltrating lymphocytes by zinc finger nuclease 
improves T  cell cytotoxicity in melanoma, and that T  cells edited  
via CRISPR–Cas9 show enhanced anti-tumor responses against  
gastric cancer10,11. As lung cancer is the most prevalent and fatal 
malignancy in China and worldwide12,13, we chose to focus on treat-
ment of this disease.

Being conscious of the potential ethical implications and risk 
of off-target mutations, we enrolled patients with NSCLC who 
failed multiple lines of therapy in a dose-escalating phase I clinical 
trial. The primary objectives were to demonstrate the feasibility of 
gene-edited T cell therapy and to evaluate safety. The gene-edited 
cells were expanded ex vivo and re-infused as therapeutic T cells. 
To monitor the risk of off-target mutations, we performed 

Safety and feasibility of CRISPR-edited T cells 
in patients with refractory non-small-cell lung 
cancer
You Lu" "1,14 ✉, Jianxin Xue1,14, Tao Deng2,14, Xiaojuan Zhou1,14, Kun Yu2,14, Lei Deng3, Meijuan Huang1, 
Xin Yi4, Maozhi Liang5, Yu Wang6, Haige Shen6, Ruizhan Tong1, Wenbo Wang7, Li Li1, Jin Song4, 
Jing Li4, Xiaoxing Su8, Zhenyu Ding1, Youling Gong1, Jiang Zhu1, Yongsheng Wang1,5, Bingwen Zou1, 
Yan Zhang1, Yanying Li1, Lin Zhou1, Yongmei Liu1, Min Yu1, Yuqi Wang4, Xuanwei Zhang1, Limei Yin1, 
Xuefeng Xia4, Yong Zeng2, Qiao Zhou9, Binwu Ying10, Chong Chen11, Yuquan Wei11, Weimin Li12 and 
Tony Mok13

Clustered regularly interspaced short palindromic repeats (CRISPR)–Cas9 editing of immune checkpoint genes could improve 
the efficacy of T cell therapy, but the first necessary undertaking is to understand the safety and feasibility. Here, we report 
results from a first-in-human phase I clinical trial of CRISPR–Cas9 PD-1-edited T cells in patients with advanced non-small-cell 
lung cancer (ClinicalTrials.gov NCT02793856). Primary endpoints were safety and feasibility, and the secondary endpoint 
was efficacy. The exploratory objectives included tracking of edited T cells. All prespecified endpoints were met. PD-1-edited 
T cells were manufactured ex vivo by cotransfection using electroporation of Cas9 and single guide RNA plasmids. A total of 22 
patients were enrolled; 17 had sufficient edited T cells for infusion, and 12 were able to receive treatment. All treatment-related 
adverse events were grade 1/2. Edited T cells were detectable in peripheral blood after infusion. The median progression-free 
survival was 7.7"weeks (95% confidence interval, 6.9 to 8.5"weeks) and median overall survival was 42.6"weeks (95% con-
fidence interval, 10.3–74.9"weeks). The median mutation frequency of off-target events was 0.05% (range, 0–0.25%) at 18 
candidate sites by next generation sequencing. We conclude that clinical application of CRISPR–Cas9 gene-edited T cells is 
generally safe and feasible. Future trials should use superior gene editing approaches to improve therapeutic efficacy.

NATURE MEDICINE | VOL 26 | MAY 2020 | 732–740 | www.nature.com/naturemedicine732

• The treatment was safe to administer and 
had acceptable side effects like fever, rash, 
and fatigue. 

• The desired edit was found in a median of 
6% of T cells/patient before infusion back 
into the patient.  

• Off-target effects — unwanted changes at 
various places in the genome — were 
observed at a low frequency and were 
mostly in parts of the genome that don’t 
code for proteins. On-target effects 
— unwanted changes at the target site 
— were more common (median of 
1.69%).  

• Edited T cells were found in 11 out of 12 
patients two months after the infusion, 
although at low levels. Patients with higher 
levels of edited cells had less disease 
progression. 
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Man Receives First In Vivo Gene-Editing
Therapy
The 44-year-old patient has Hunter syndrome, which doctors hope to treat
using zinc finger nucleases.

Nov 15, 2017
KERRY GRENS

In a !rst, a man has received a therapy aimed at editing the genes inside his body. The

2

Zinc finger motif
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Hunter syndrome, or mucopolysaccharidosis II (MPS II), is a lysosomal storage disease caused by a 
deficient (or absent) enzyme, iduronate-2-sulfatase (I2S). When the enzyme is defective or missing, the 
sugars build up and can cause developmental delays, organ problems, brain damage, and early death. 

How does the treatment work?
Insertion of a replacement copy of the gene, using gene editing to snip the DNA helix of liver cells in a specific place 
near the promotor for the albumin gene - NOT GENE CORRECTION

The cells fix the damage by inserting the DNA for the new gene, supplied along with the ZFNs, and the gene’s 
activity is then controlled by the powerful albumin promoter.

FDA has approved 3 clinical trials exploiting these modified liver cells into a factory delivering the factor IX gene for 
hemophilia B (NCT02695160), the a-L-iduronidase gene for mucopolysaccharidosis I (NCT02702115), and the 
iduronidate-2-sulfatase gene for mucopolysaccharidosis II (MPS II, Hunter syndrome) (NCT03041324).

This targeted approach should avoid the risks of insertional mutagenesis. 
Because the body doesn’t need much of the enzyme, modifying just a small fraction of the liver’s cells should be 
enough to treat the disease.

Although Hunter syndrome patients often receive weekly infusions of the missing enzyme, their blood levels drop 
within a day. The hope is that the one-time gene-editing treatment—given as a 3-hour intravenous infusion—will 
allow the liver to keep making the enzyme at a steady rate for years. 

Caveat: the I2S enzyme does not cross the blood-brain barrier, so the new treatment may not stop the brain 
damage that can occur in Hunter syndrome (as for replacement therapy).

SB-913: 3 AAV6 vectors

1. intact IDS gene 
2. ZFN binding upstream of the target site 
3. ZFN binding downstream of the target site

i.v. infusion

low dose is not effective: 
represents a de facto placebo arm

approval upon efficacy demonstrated 
on clinical endpoints: six-minutes 
walk and lung function

Santiago Ramón y Cajal

In vivo gene editing LCA10 Leber Congenital Amaurosis
Leber Congenital Amaurosis (LCA) is the most common cause of inherited 
childhood blindness. LCA10 is the most common form of LCA. It causes severe 
vision loss or blindness within the first few months of life. 
Due to mutations in the centrosomal protein 290 kDa gene (CEP290, 
MIM610142). Defects in this gene are also associated with Joubert syndrome 
and nephronophthisis. As of today, 35 different mutations in CEP290 are 
responsible for causing LCA. 
In the retina, CEP290 is mainly located to the connecting cilium of 
photoreceptors, where it plays an essential role in both cilium assembly and 
ciliary protein trafficking. 
Of the CEP290 mutations that result in LCA10, the most recurrent one, 
accounting for up to 15% of all LCA cases in many Western countries, is a deep 
intronic mutation (c.2991+1655A > G) in intron 26 of the CEP290 gene 
(hereafter referred to as “IVS26 mutation” or “IVS26 splice mutation”).

Single Ascending Dose Study in Participants With LCA10
ClinicalTrials.gov Identifier: NCT03872479

First in vivo gene editing trial - the Brilliance trial 

AAV5 vector carrying S. aureus Cas9 and a guide 
targeting CEP290 intron 26. 

Patients receive a single subretinal injection in one 
eye following vitrectomy - 18 patients in up to five 
cohorts across three dose levels 

Editas Medicine in collaboration with Allergan - 
currently recruiting patients volunteers throughout 
the US.



Patent War 

Jennifer Doudna at the University of California, Berkeley, and Emmanuelle 
Charpentier, now at Umeå University in Sweden and the Max Planck Institute for 
Infection Biology in Berlin. 

 Cas9 enzyme can be directed to cut specific sites in isolated DNA 

 Patent application initiated on 25 May 2012

 Feng Zhang at the Broad Institute of MIT and Harvard in Cambridge, Massachusetts 

CRISPR–Cas9 can be applied and used  in mammalian cells 

 Patent application initiated on 12 December  2012

Although the Berkeley team filed first, the Broad team submitted its application to an expedited review 
programme, and was awarded the patent in April 2014. 

Human monogenic disease
Human protein-
coding genes*

*http://www.gencodegenes.org/stats/current.html 
** https://www.omim.org/statistics/geneMap

Genes with mutations 
causing disease**

19,950

3947

Cardiovascular disorders with 
Mendelian inheritance

S. Kathiresan & D. Srivastava.
2012. Cell 148, 1242

DSBs

The Non Homologous End Joining 
pathway (NHEJ): Error prone, 

predominant mechanism of repair in 
mammalian cells

The Homologous Directed Repair pathway 
(HDR):

 Error free, requires presence of a homologous 
segment of DNA. Mostly active in S and G2 

phases of the cell cycle. Predominant 
mechanism of repair in S. cerevisiae.

How cells repair dsDNA breaks (DSBs)

Adapted from Ran et al. 2013. Nat Protoc.
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Gene targeting by homologous recombination in ES cells can 
be used to produce mice with a mutation in a predetermined 
gene

Gene targeting typically involves introducing a mutation by homologous recombination in mouse ES cells: 
once a mutation has been engineered into a specific mouse gene within the ES cells, the modified ES 
cells can then be injected into the blastocyst of a foster mother and eventually a mouse can be produced 
with the mutation in the desired gene in all nucleated cells

Homologous recombination in 
mammalian cells is a very rare 
occurrence and its frequency is 
increased when the degree of sequence 
homology between the introduced DNA 
and the target gene is very high 
To assist identification of the desired 
homologous recombination events, the 
targeting vector (often a plasmid vector) 
contains a marker gene, such as the neo 
gene, which permits selection for cells 
that have taken up the introduced DNA.

The gene in question is selectively inactivated, producing a 
‘knock-out’ mouse, and the effect of the mutation on the 
development of the mouse is monitored 

Adult cardiomyocytes do not proliferate

Factors that 
enhance HDR?

1 well —> 1 Factor

Arrayed Libraries Human/Mouse whole Genome siRNAs 
Human synthetic microRNA mimics (2042 mature 
sequences, miRBase v. 19.0) 
Human miRCURY LNA inhibitors (1972 molecules) 
FDA approved small molecules (1280 molecules) 
Custom cherry-picked human and mouse siRNAs 
Mouse secreted factors (1202 cDNAs)

High content RNAi functional screenings: 
 from large libraries to functional hits

Luca Braga

Many, but not too 
many! 1917 
precursors, 2654 
mature miRNAs in 
humans (miRBase 22, 
March 2018) 

Pleiotropic. Each 
miRNA targets tens or 
hundreds of 
transcripts. Ideal to 
target complex 
functions 

Small. Easy to deliver 
in vivo. Can be dosed 
and used as small 
molecules 

Can be screened for 
function

The microRNA 
network
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In vivo
Fig.2. AAV9-driven expression of sgRNA. 
A. sgRNA under the control of the U6 
promoter was cloned into an AAV9 
backbone, together with a CMV-driven 
ZsGreen reporter. B. Animals were 
injected intraperitoneally at postnatal 
day 10 (P10) and subsequently analyzed 
5–6 wk later. C. An Q:33 example of a 
Myh6-Cas9-2A-TdTomato heart (red, 
Center) that also received AAV-sgRNA 
against Myh6 exon 3 (green, Right). 
Compared with a littermate control 
animal, hearts from animals that received 
both Cas9 and sgRNA against Myh6 
displayed extreme cardiac dilation and 
hypertrophy. D. Histological section of a 
control heart and a heart that contained 
both Cas9 and AAV-sgRNA against Myh6 
exon 3. Edited hearts displayed thinning 
of the ventricular walls and massive 
dilation of both the atria and ventricles.
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Delivery of gene editing tools to 
the heart 
Precise dsDNA break in 
correspondence of a given 
sequence 
In vivo gene inactivation 
In vivo precise gene eding

FEASIBLE

FEASIBLE

A toolbox for cardiac 
gene editing

PROBABLY

PERHAPS

10 genes that could be gene edited to 
improve appearance, disease risk or 

performance
1. A variant coding for extra-strong bones (LRP5 G171V/+) 
2. A variant coding for lean muscles (MSTN) 
3. A variant rendering people less sensitive to pain (SCN9A) 
4. A variant associated with low odor production (ABCC11) 
5. A variant rendering people more resistant to viruses (CCR5, 

FUT2) 
6. A variant connected to a low risk of coronary disease 

(PCSK9) 
7. A variant associated with a low risk of Alzheimer's disease 

(APP A673T/+) 
8. A variant associated with a low cancer risk (GHR, GH) 
9. A variant associated with a low risk of type 2 diabetes 

(SLC30A8) 
10. A variant associated with a low risk of type 1 diabetes (IFIH1 

E627X/+)

Genome editing in human embryos 

Attempt to correct the human β-globin (HBB) gene in ‘non-viable’ embryos (β-thalassaemia) 

- 7 of 86 embryos were successfully mutated  
- much higher rates of off-targeting 

Raise huge ethical concerns… 

Although Dr. Kathy Niakan and her team at the Francis Crick Institute are 
only allowed to use the embryos for 14 days, and may not implant a 
modified embryo in the womb, this permission crossed a frontier in genetic 
research.
It is the first time human embryonic genetic modification is authorized.

In February 2016, the Human Fertilization granted limited permission for
researchers in the UK to genetically modify human embryos, with
the hope of elucidating which genes are necessary for successful
embryological development.

Genome editing in human embryos 

Frederik Lanner at the Karolinska Institute in Sweden, got the go-ahead on a 
project that will also involve gene editing in human embryos.
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More than 10,000 monogenic inherited disorders have been identified, 
affecting millions of people worldwide. Among these are autosomal 
dominant mutations, where inheritance of a single copy of a defec-
tive gene can result in clinical symptoms. Genes in which dominant 
mutations manifest as late-onset adult disorders include BRCA1 and 
BRCA2, which are associated with a high risk of breast and ovarian 
cancers1, and MYBPC3, mutation of which causes hypertrophic car-
diomyopathy (HCM)2. Because of their delayed manifestation, these 
mutations escape natural selection and are often transmitted to the 
next generation. Consequently, the frequency of some of these founder 
mutations in particular human populations is very high. For example, 
the MYBPC3 mutation is found at frequencies ranging from 2% to 
8%3 in major Indian populations, and the estimated frequency of both 
BRCA1 and BRCA2 mutations among Ashkenazi Jews exceeds 2%4.

HCM is a myocardial disease characterized by left ventricular hyper-
trophy, myofibrillar disarray and myocardial stiffness; it has an esti-
mated prevalence of 1:500 in adults5 and manifests clinically with heart 
failure. HCM is the commonest cause of sudden death in otherwise 
healthy young athletes. HCM, while not a uniformly fatal condition, has 
a tremendous impact on the lives of individuals, including physiologi-
cal (heart failure and arrhythmias), psychological (limited activity and 
fear of sudden death), and genealogical concerns. MYBPC3 mutations 
account for approximately 40% of all genetic defects causing HCM 
and are also responsible for a large fraction of other inherited cardi-
omyopathies, including dilated cardiomyopathy and left ventricular 
non-compaction6. MYBPC3 encodes the thick filament-associated car-
diac myosin-binding protein C (cMyBP-C), a signalling node in cardiac 

myocytes that contributes to the maintenance of sarcomeric structure 
and regulation of both contraction and relaxation2.

Current treatment options for HCM provide mostly symptomatic 
relief without addressing the genetic cause of the disease. Thus, the 
development of novel strategies to prevent germline transmission 
of founder mutations is desirable. One approach for preventing  
second-generation transmission is preimplantation genetic diagnosis 
(PGD) followed by selection of non-mutant embryos for transfer in the 
context of an in vitro fertilization (IVF) cycle. When only one parent  
carries a heterozygous mutation, 50% of the embryos should be mutation- 
free and available for transfer, while the remaining carrier embryos are 
discarded. Gene correction would rescue mutant embryos, increase 
the number of embryos available for transfer and ultimately improve 
pregnancy rates.

Recent developments in precise genome-editing techniques and their 
successful applications in animal models have provided an option for 
correcting human germline mutations. In particular, CRISPR–Cas9 is a 
versatile tool for recognizing specific genomic sequences and inducing 
DSBs7–10. DSBs are then resolved by endogenous DNA repair mech-
anisms, preferentially using a non-homologous end-joining (NHEJ) 
pathway. Obviously, NHEJ is inappropriate for gene correction appli-
cations because it introduces additional mutations in the form of inser-
tions or deletions at the DSB site, commonly referred to as indels. In 
some cases, however, targeted cells activate an alternative DNA repair 
pathway called homology-directed repair (HDR) that rebuilds the DSB 
site using the non-mutant homologous chromosome or a supplied 
exogenous DNA molecule as a template, leading to correction of the 

Genome editing has potential for the targeted correction of germline mutations. Here we describe the correction of 
the heterozygous MYBPC3 mutation in human preimplantation embryos with precise CRISPR–Cas9-based targeting 
accuracy and high homology-directed repair efficiency by activating an endogenous, germline-specific DNA repair 
response. Induced double-strand breaks (DSBs) at the mutant paternal allele were predominantly repaired using the 
homologous wild-type maternal gene instead of a synthetic DNA template. By modulating the cell cycle stage at which 
the DSB was induced, we were able to avoid mosaicism in cleaving embryos and achieve a high yield of homozygous 
embryos carrying the wild-type MYBPC3 gene without evidence of off-target mutations. The efficiency, accuracy and 
safety of the approach presented suggest that it has potential to be used for the correction of heritable mutations in human 
embryos by complementing preimplantation genetic diagnosis. However, much remains to be considered before clinical 
applications, including the reproducibility of the technique with other heterozygous mutations.
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mutant allele11,12. At present, CRISPR–Cas9 is predominantly used to 
introduce mutations and in the generation of gene knockouts using 
intrinsic NHEJ. Because HDR efficiency is relatively low8, applications 
of genome editing for gene therapy have been limited.

In early attempts, the introduction of genome editing constructs 
into one-cell embryos (zygotes), resulted in multicellular embryos or 
offspring with mosaic outcomes in individual cells13,14. Also, off-target  
mutations that could be introduced into the developing embryo 
remained an undesirable possibility.

We sought to investigate human gamete and embryo DNA repair 
mechanisms activated in response to CRISPR–Cas9-induced DSBs. In 
an effort to demonstrate the proof-of-principle that heterozygous gene 
mutations can be corrected in human gametes or early embryos, we 
focused on the MYBPC3 mutation that has been implicated in HCM. 
Although homozygous mutations with no PGD alternative would 
have been most desirable for gene correction, generating homozy-
gous human embryos for research purposes is practically impossible. 
Homozygous MYBPC3 mutations in adults are extremely rare owing 
to the severity of the clinical symptoms and early onset of the disease. 
Therefore, we specifically targeted the heterozygous four-base-pair (bp) 
deletion in the MYBPC3 gene in human zygotes introduced by hete-
rozygous, carrier sperm while oocytes obtained from healthy donors 
provided the wild-type allele. By accurate analysis of cleaving embryos 
at the single-cell level, we show high targeting efficiency and specificity 
of preselected CRISPR–Cas9 constructs. Moreover, DSBs in the mutant 
paternal MYBPC3 gene were preferentially repaired using the wild-type  
oocyte allele as a template, suggesting an alternative, germline- 
specific DNA repair response. Mechanisms responsible for mosaicism 
in embryos were also investigated and a proposed solution to minimize 
their occurrence developed—namely the co-injection of sperm and 
CRISPR–Cas9 components into metaphase II (MII) oocytes.

Subject with a heterozygous MYBPC3∆GAGT deletion
An adult male patient with well-documented familial HCM caused 
by a heterozygous dominant 4-bp GAGT deletion (g.9836_9839 del.,  
NC_000011.10) in exon 16 of MYBPC3, currently managed with an 
implantable cardioverter defibrillator and antiarrhythmic medications, 
agreed to donate skin, blood and semen samples. Skin fibroblast cultures 
were expanded and used to  generate heterozygous patient induced pluri-
potent stem cells (iPSCs) as described previously15. Two single-guide 
RNA (sgRNA)–Cas916–18 constructs were designed to target this  
specific MYBPC3∆GAGT deletion (Extended Data Fig. 1a, b) along with 
two exogenous single-stranded oligodeoxynucleotide (ssODN) temp-
lates encoding homology arms to the targeted region (Extended Data  
Table 1). To differentiate from the wild-type allele, two synonymous single- 
nucleotide substitutions were introduced into each ssODN template. 
In addition, ssODN-2  nucleotide substitutions provided an additional 
restriction enzyme (BstBI) recognition site (Extended Data Fig. 1a, b).

The efficacy and specificity of each construct were tested by trans-
fecting patient iPSCs. Cells were electroporated together with ssODN, 
Cas9 and sgRNA expression plasmids and subcloned, and the targeted 
region for each clone was analysed by sequencing (Extended Data  
Fig. 1c). Of 61 iPSC clones transfected with CRISPR–Cas9-1, 44 (72.1%) 
were not targeted, as evidenced by the presence of both intact wild-type 
and intact mutant alleles. Among targeted clones, 10 of 17 (58.8%) 
were repaired by NHEJ and contained various indels adjacent to the 
mutation site (Extended Data Fig. 1d, e and Supplementary Table 1).  
The remaining seven clones were repaired by HDR using ssODN-1 as 
judged by the presence of the marker nucleotide substitutions. Thus, 
the total targeting efficiency for CRISPR–Cas9-1 was 27.9% (17/61). 
Among the targeted clones, only 41.2% (7/17) were repaired by HDR 
(Extended Data Fig. 1e). The targeting efficiency with CRISPR–
Cas9-2 was 13.1% (23/175) and the HDR was considerably lower at 
13% (3/23). Of note, among the three HDR-repaired iPSC clones, 
two were repaired using the ssODN-2 template while the third clone 
contained intact wild-type sequences in both alleles (Extended Data  

Fig. 1d, e and Supplementary Table 1), indicating HDR using the  
wild-type allele.

The wild-type allele in all iPSC clones analysed remained intact, 
demonstrating high fidelity of sgRNAs.

We also directly compared CRISPR–Cas9-1 and CRISPR–Cas9-2 in 
patient iPSCs transfected with preassembled Cas9 ribonucleoproteins 
(RNPs). Targeted deep sequencing demonstrated that CRISPR–Cas9-1 
had higher HDR efficiency (Extended Data Fig. 1f). On-target muta-
tions were not detected in wild-type embryonic stem (ES) cells (H9) 
carrying both wild-type MYBPC3 alleles, demonstrating high speci-
ficity of CRISPR–Cas9-1. On the basis of these outcomes, we selected 
CRISPR–Cas9-1 (hereafter referred to as CRISPR–Cas9), with higher 
efficiency of HDR-based gene correction, for subsequent studies.

HDR efficiency in heterozygous MYBPC3∆GAGT zygotes
We next evaluated targeting outcomes in human zygotes produced by 
fertilizing healthy donor oocytes with sperm from the patient heterozy-
gous for the MYBPC3 mutation. As direct introduction of Cas9 protein is  
more efficient than using a plasmid9,19, recombinant Cas9 protein 
microinjection was adopted, injecting a mixture of sgRNA, Cas9 
 protein and ssODN DNA into the cytoplasm of pronuclear stage 
zygotes 18 h after fertilization. Injected zygotes and intact controls were 
cultured for 3 days before each embryonic blastomere was isolated and 
individually analysed by sequencing (Fig. 1). Cytoplasmic microinjec-
tion of CRISPR–Cas9 was confirmed visually (Supplementary Video 1)  
and shown to be efficient with a 97.1% (68/70) survival rate after injec-
tion and development rates comparable to controls (Extended Data 
Table 2).

Sequencing of 83 individual blastomeres collected from 19 control  
embryos revealed that 9 (47.4%) were homozygous wild type 
(MYBPC3WT/WT) and 10 (52.6%) were heterozygous, carrying the 
wild-type maternal and mutant paternal alleles (MYBPC3WT/∆GAGT)  
(Fig. 2a and Supplementary Table 2). This distribution was expected 
and confirms that the heterozygous patient sperm sample contained 
equal numbers of wild-type and mutant spermatozoa with similar 
motility and fertilization efficiency.

WT

Mut
MYBPC3ΔGAGT

WT/Mut

WT/WT

MII oocyte

MII oocyte

Zygote
S-phase

Zygote
S-phase

WT embryo

Untargeted
mutant embryo

Mosaic embryo

HDR-repaired 
embryo

WT/HDR

WT/Mut

WT/NHEJ

CRISPR–Cas9

CRISPR–Cas9

Figure 1 | Gene correction in S-phase-injected human embryos. 
Schematic of MYBPC3∆GAGT gene targeting by injection of CRISPR–Cas9 
into human zygotes at the S-phase of the cell cycle. MII oocytes were 
fertilized by sperm from a heterozygous patient with equal numbers of 
mutant and wild-type (WT) spermatozoa. CRISPR–Cas9 was then injected 
into one-cell zygotes. Embryos at the 4–8-cell stage were collected for 
genetic analysis. Injection during S-phase resulted in mosaic embryos 
consisting of non-targeted mutant, targeted NHEJ-repaired and targeted 
HDR-repaired blastomeres.
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More than 10,000 monogenic inherited disorders have been identified, 
affecting millions of people worldwide. Among these are autosomal 
dominant mutations, where inheritance of a single copy of a defec-
tive gene can result in clinical symptoms. Genes in which dominant 
mutations manifest as late-onset adult disorders include BRCA1 and 
BRCA2, which are associated with a high risk of breast and ovarian 
cancers1, and MYBPC3, mutation of which causes hypertrophic car-
diomyopathy (HCM)2. Because of their delayed manifestation, these 
mutations escape natural selection and are often transmitted to the 
next generation. Consequently, the frequency of some of these founder 
mutations in particular human populations is very high. For example, 
the MYBPC3 mutation is found at frequencies ranging from 2% to 
8%3 in major Indian populations, and the estimated frequency of both 
BRCA1 and BRCA2 mutations among Ashkenazi Jews exceeds 2%4.

HCM is a myocardial disease characterized by left ventricular hyper-
trophy, myofibrillar disarray and myocardial stiffness; it has an esti-
mated prevalence of 1:500 in adults5 and manifests clinically with heart 
failure. HCM is the commonest cause of sudden death in otherwise 
healthy young athletes. HCM, while not a uniformly fatal condition, has 
a tremendous impact on the lives of individuals, including physiologi-
cal (heart failure and arrhythmias), psychological (limited activity and 
fear of sudden death), and genealogical concerns. MYBPC3 mutations 
account for approximately 40% of all genetic defects causing HCM 
and are also responsible for a large fraction of other inherited cardi-
omyopathies, including dilated cardiomyopathy and left ventricular 
non-compaction6. MYBPC3 encodes the thick filament-associated car-
diac myosin-binding protein C (cMyBP-C), a signalling node in cardiac 

myocytes that contributes to the maintenance of sarcomeric structure 
and regulation of both contraction and relaxation2.

Current treatment options for HCM provide mostly symptomatic 
relief without addressing the genetic cause of the disease. Thus, the 
development of novel strategies to prevent germline transmission 
of founder mutations is desirable. One approach for preventing  
second-generation transmission is preimplantation genetic diagnosis 
(PGD) followed by selection of non-mutant embryos for transfer in the 
context of an in vitro fertilization (IVF) cycle. When only one parent  
carries a heterozygous mutation, 50% of the embryos should be mutation- 
free and available for transfer, while the remaining carrier embryos are 
discarded. Gene correction would rescue mutant embryos, increase 
the number of embryos available for transfer and ultimately improve 
pregnancy rates.

Recent developments in precise genome-editing techniques and their 
successful applications in animal models have provided an option for 
correcting human germline mutations. In particular, CRISPR–Cas9 is a 
versatile tool for recognizing specific genomic sequences and inducing 
DSBs7–10. DSBs are then resolved by endogenous DNA repair mech-
anisms, preferentially using a non-homologous end-joining (NHEJ) 
pathway. Obviously, NHEJ is inappropriate for gene correction appli-
cations because it introduces additional mutations in the form of inser-
tions or deletions at the DSB site, commonly referred to as indels. In 
some cases, however, targeted cells activate an alternative DNA repair 
pathway called homology-directed repair (HDR) that rebuilds the DSB 
site using the non-mutant homologous chromosome or a supplied 
exogenous DNA molecule as a template, leading to correction of the 

Genome editing has potential for the targeted correction of germline mutations. Here we describe the correction of 
the heterozygous MYBPC3 mutation in human preimplantation embryos with precise CRISPR–Cas9-based targeting 
accuracy and high homology-directed repair efficiency by activating an endogenous, germline-specific DNA repair 
response. Induced double-strand breaks (DSBs) at the mutant paternal allele were predominantly repaired using the 
homologous wild-type maternal gene instead of a synthetic DNA template. By modulating the cell cycle stage at which 
the DSB was induced, we were able to avoid mosaicism in cleaving embryos and achieve a high yield of homozygous 
embryos carrying the wild-type MYBPC3 gene without evidence of off-target mutations. The efficiency, accuracy and 
safety of the approach presented suggest that it has potential to be used for the correction of heritable mutations in human 
embryos by complementing preimplantation genetic diagnosis. However, much remains to be considered before clinical 
applications, including the reproducibility of the technique with other heterozygous mutations.
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Genome editing reveals a role for OCT4 
in human embryogenesis
Norah M. E. Fogarty1, Afshan McCarthy1, Kirsten E. Snijders2, Benjamin E. Powell3, Nada Kubikova4, Paul Blakeley1, 
Rebecca Lea1, Kay Elder5, Sissy E. Wamaitha1, Daesik Kim6, Valdone Maciulyte3, Jens Kleinjung7, Jin-Soo Kim6,8, Dagan Wells4, 
Ludovic Vallier2,9,10, Alessandro Bertero10†, James M. A. Turner3 & Kathy K. Niakan1

Early mammalian embryogenesis is controlled by mechanisms that  
govern the balance between pluripotency and differentiation. 
Expression of early lineage-specific genes varies substantially between 
species1–3, with implications for developmental control and stem cell 
derivation. However, the mechanisms that pattern the human embryo 
are unclear, because of a lack of methods to efficiently perturb gene 
expression of early lineage specifiers in this species.

Recent advances in genome editing using the CRISPR (clustered  
regularly interspaced, short palindromic repeat)–Cas (CRISPR-
associated) system have greatly increased the efficiency of genetic 
 modification. The Streptococcus pyogenes Cas9 endonuclease is 
guided to homologous DNA sequences via a single-guide RNA (sgRNA) 
whereby it induces double strand breaks (DSBs) at the target site4. Endo-
genous DNA repair mechanisms function to resolve the DSBs, including 
error-prone non-homologous or micro- homology-mediated end joining, 
which can lead to insertions or deletions (indels) of nucleotides that can 
result in the null mutation of the target gene. CRISPR–Cas9-mediated 
editing has been attempted in abnormally  fertilized tripronuclear human 
zygotes and a limited number of  normally fertilized human zygotes, with 
variable success5–8. To determine whether CRISPR–Cas9 can be used 
to understand gene function in human preimplantation development, 
we chose to target POU5F1, a gene encoding the developmental regu-
lator OCT4, as a proof-of- principle. Zygotic POU5F1 is thought to be 
first transcribed at the four- to eight-cell stage coincident with embryo 
genome activation (EGA), and OCT4 protein is not detectable until 
approximately the eight-cell stage2,3. OCT4 perturbation would be pre-
dicted to cause a clear developmental phenotype based on studies in the 
mouse9,10 and human embryonic stem (ES) cells11.

By using an inducible human ES cell-based CRISPR–Cas9 system 
and optimizing mouse zygote microinjection techniques, we have 
identified conditions that allowed us to target POU5F1 efficiently and 

precisely in human zygotes. Live embryo imaging revealed that while 
OCT4-targeted human embryos initiate blastocyst formation, the inner 
cell mass (ICM) forms poorly, and embryos subsequently  collapse. 
Mutations affecting POU5F1 in human blastocysts are associated with 
the downregulation of genes associated with all three preimplanta-
tion lineages, including NANOG (epiblast), GATA2 (trophectoderm) 
and GATA4 (primitive endoderm). By contrast, in OCT4-null mouse  
blastocysts, genes such as Nanog continue to be expressed in the ICM. 
The insights gained from these investigations advance our understanding  
of human development and suggest that OCT4 has an earlier role in 
the progression of the human blastocyst compared to the mouse, and 
therefore that there are distinct mechanisms of lineage specification 
between these species.

Selection of an sgRNA targeting POU5F1
To target POU5F1, we selected four sgRNAs using a standard in  silico 
prediction tool12: two targeting the exon encoding the N-terminal 
domain of OCT4 (sgRNA1-1 and sgRNA1-2), one targeting the 
exon encoding the conserved DNA-binding POU homeodomain13,14 
(sgRNA2b) and one targeting the end of the POU domain and the 
start of the C-terminal domain (sgRNA4) (Extended Data Fig. 1a). 
To screen candidate sgRNAs, we took advantage of human ES cells as 
an unlimited resource that reflects the cellular context of the human 
preimplantation embryo. We engineered isogenic human ES cells  
constitutively expressing the Cas9 gene, together with a tetracycline- 
inducible sgRNA11 (Fig. 1a), thereby allowing comparative assessment 
of sgRNA activities.

Cells were collected every day for five days for flow cytometry analysis,  
which revealed that induction of each of the sgRNAs in human 
ES cells imposed remarkably different temporal effects on OCT4 
 protein expression (Extended Data Fig. 1b). sgRNA2b was the most  

Despite their fundamental biological and clinical importance, the molecular mechanisms that regulate the first cell 
fate decisions in the human embryo are not well understood. Here we use CRISPR–Cas9-mediated genome editing to 
investigate the function of the pluripotency transcription factor OCT4 during human embryogenesis. We identified an 
efficient OCT4-targeting guide RNA using an inducible human embryonic stem cell-based system and microinjection of 
mouse zygotes. Using these refined methods, we efficiently and specifically targeted the gene encoding OCT4 (POU5F1) 
in diploid human zygotes and found that blastocyst development was compromised. Transcriptomics analysis revealed 
that, in POU5F1-null cells, gene expression was downregulated not only for extra-embryonic trophectoderm genes, such 
as CDX2, but also for regulators of the pluripotent epiblast, including NANOG. By contrast, Pou5f1-null mouse embryos 
maintained the expression of orthologous genes, and blastocyst development was established, but maintenance was 
compromised. We conclude that CRISPR–Cas9-mediated genome editing is a powerful method for investigating gene 
function in the context of human development.
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In sgRNA2b–Cas9-microinjected human embryos, OCT4 protein 
expression was downregulated in most cleavage-stage cells and unde-
tectable above background in others, confirming the high efficiency of 
editing (Fig. 3c, Extended Data Fig. 8a). However, we were able to iden-
tify at least one cell that had nuclear OCT4 staining above background 
levels in all cases (Fig. 3c, Extended Data Fig. 8a). Moreover, despite 
a significant reduction in cell number (P =  0.001), blastocyst-stage 
embryos also retained OCT4 expression in a subset of cells (Fig. 3d, 
e, Extended Data Fig. 8b, c). These findings suggest that POU5F1 tar-
geting efficiency is high, and that only embryos with partial OCT4 
expression are able to progress to the blastocyst stage.

To determine whether there is a high degree of editing in embryos 
before the onset of OCT4 expression, we microinjected four additional 
human embryos with the sgRNA2b–Cas9 complex and stopped their 
development before the eight-cell stage. One-hundred per cent (four 
out of four) of these embryos had detectable indels, with two embryos 
lacking wild-type POU5F1 alleles (Fig. 3a, black line). In one embryo, 
editing occurred in all blastomeres, although one blastomere retained 
one copy of the wild-type allele. In another embryo, although four 
out of five blastomeres had been edited, one blastomere retained both  
copies of the wild-type allele. Together with the cleavage-arrested 
embryos above, these data show that in 45% (five out of eleven) of 
cleavage stage embryos (either stopped or developmentally arrested), 
all of the cells analysed from each embryo had no detectable POU5F1 
wild-type alleles, indicating high rates of editing. In addition, these data 
suggest that OCT4 has an unexpectedly earlier function in humans 
than in mice, before blastocyst formation.

Loss of OCT4 associated with gene mis-expression
To identify globally which genes might be affected by the loss of OCT4, 
we microdissected single cells from microinjected embryos at the  
blastocyst stage. We adapted a method to isolate both RNA and 
DNA from single cells29 in order to perform RNA-seq and targeted 
deep or Sanger sequencing of on-target and putative off-target sites. 
Principal component analysis showed that cells from sgRNA2b–Cas9-
microinjected human blastocysts clustered distinctly from those 
derived from Cas9-microinjected controls (Fig. 4a). Notably, the  cluster 
from sgRNA2b–Cas9-microinjected embryos contained not only cells 
that were homozygous null mutant for POU5F1, but also those that 
were wild-type or heterozygous. This finding suggests that loss of 
POU5F1 may impose non-cell autonomous effects on gene  expression 
in neighbouring wild-type or heterozygous cells.

Differential gene expression analysis indicated that the genes that 
were most highly mis-expressed in the sgRNA2b–Cas9-targeted human 
blastocysts (compared to the Cas9 controls) included those that we 
 previously identified as highly enriched in the epiblast, including 
NANOG, KLF17, DPPA5, ETV4, TDGF1 and VENTX (Extended Data 
Fig. 9a, Supplementary Table 1). Immunofluorescence analysis con-
firmed that even in cells that retained OCT4, the expression of NANOG 
was absent (Fig. 4b, Extended Data Fig. 8c). In striking contrast, OCT4-
null mouse blastocysts maintained Nanog expression in the ICM  
(Fig. 4b, Extended Data Fig. 8d, e), as previously reported9,18.

In OCT4-null cells, several trophectoderm-associated genes were also 
downregulated, including CDX2, HAND1, DLX3, TEAD3, PLAC8 and 
GATA2 (Extended Data Fig. 9a, Supplementary Table 1). We  confirmed 
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Figure 2 | The developmental potential of human embryos following 
CRISPR–Cas9-mediated genome editing. a, Schematic of the first cell 
division in human embryos and time of microinjection. PN, pronuclei; 
PNF, pronuclear fading. b, Representative human embryo at each 
developmental stage analysed. B, blastocyst; SB, start of blastocyst 
formation; SC, start of cavitation. c, Morphokinetic analysis of 
human development after microinjection. Non-parametric two-tailed 
Kolmogorov–Smirnov test; NS, not significant. d, Kaplan–Meier survival 

curve of human embryos following microinjection of Cas9 protein or 
sgRNA2b–Cas9 ribonucleoprotein complex. Zygotic POU5F1 expression 
is initiated between the four- and eight-cell stages. Chi-squared test 
comparing the survival trend across time. * P <  0.05. e, Karyotype 
analysis by whole-genome sequencing of human blastocysts following 
microinjection of Cas9 protein or sgRNA2b–Cas9 ribonucleoprotein 
complex. Representative euploid embryos are shown.
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 complex formation in embryos19,20. To test this, we microinjected mouse 
pronuclear zygotes with preassembled ribonucleoprotein complexes 
containing varying concentrations of Cas9 protein (20–200 ng µ l−1)  
and sgRNA2b (20–100 ng µ l−1; Fig. 1f and Extended Data Fig. 5b). 
Immunofluorescence analysis revealed that the sgRNA–Cas9 complex 
was superior to Cas9 mRNA in causing loss of both OCT4 and SOX17, 
and that the optimal concentration comprised 50 ng µ l−1 Cas9 protein 
and 25 ng µ l−1 sgRNA (Fig. 1f). Notably, MiSeq analysis demonstrated 
that 83% of blastocysts derived from sgRNA2b–Cas9 complex micro-
injections had four or fewer different types of indels (Fig. 1g), suggesting  
that editing occurred before or at the two-cell stage. By contrast, 
only 53% of embryos microinjected with sgRNA2b and Cas9 mRNA  
exhibited this range of indels. Furthermore, a greater proportion of 
blastocysts that formed after sgRNA2b and Cas9 mRNA micro injection 
had six or more different types of detectable indels (42%) compared to 
those that formed after microinjection of the sgRNA2b–Cas9 complex  
(8%). This increased mutational spectrum suggests that, following  
Cas9 mRNA injection, DNA editing occurred between the three- and 
four-cell stages. Consistent with previous reports21, we observed a 
 stereotypic pattern in the types of indels detected in  independently 
 targeted embryos, including the representative 28-bp deletion 
(Extended Data Fig. 5c), which was distinct from those induced in 
human ES cells.

As well as lacking SOX17 and OCT4 expression, mouse embryos 
microinjected with the sgRNA2b–Cas9 complex recapitulated other 
reported OCT4-null phenotypes, such as downregulation of PDGFRA, 
SOX7, GATA6 and GATA4 in the primitive endoderm (Extended Data 
Fig. 5d). Consistent with the role of OCT4 in repressing trophectoderm 
genes9, the few ICM cells that could be detected in sgRNA2b–Cas9 
microinjected embryos expressed CDX2 ectopically (Extended Data 
Fig. 5d). When plated in mouse ES cell derivation conditions, these 
embryos failed to generate ICM outgrowths, and instead differenti-
ated into trophoblast-like cells (Extended Data Fig. 5e). By contrast,  
blastocysts derived from non-injected embryos formed ICM  
outgrowths in most instances, as did blastocysts from embryos micro-
injected with Cas9 protein alone or an sgRNA–Cas9 complex targeting 
Dmc1 (a gene not essential for preimplantation development). Having 
thus determined sgRNA2b to be an efficient and specific guide capable 
of generating a null mutation of POU5F1 or Pou5f1 in human ES cells 
and mouse preimplantation embryos, respectively, we next used this 
guide together with our optimized microinjection technique to target 
POU5F1 in human preimplantation embryos.

Targeting POU5F1 in human preimplantation embryos
To test whether OCT4 is required in human embryos, we performed 
CRISPR–Cas9 editing on thawed in vitro fertilized (IVF) zygotes that 
were donated as surplus to infertility treatment. We microinjected 
37 zygotes with the sgRNA2b–Cas9 ribonucleoprotein complex 
(Supplementary Video 1), and 17 zygotes with Cas9 protein alone 
to control for the microinjection technique. Of the zygotes that were 
microinjected with sgRNA2b–Cas9, 30 embryos retained both pronuclei  
during microinjection, with pronuclear fading observed approximately 
6 h later and cytokinesis on average 5 h later (Supplementary Video 2).  
These timings are similar to those previously published22,23 and  indicate 
that microinjection was performed when the embryos were in S phase 
of the cell cycle (Fig. 2a). Genome editing by the ribonucleoprotein 
complex has been estimated24 to start after approximately 3 h in vitro 
and to persist for 12–24 h, so CRISPR–Cas9-induced DSBs are likely 
to be formed during late S phase or subsequently at G2 phase. In 
seven of the zygotes that were microinjected with sgRNA2b–Cas9, the  
pronuclei had already faded after thawing, showing that they had 
exited S phase and were undergoing syngamy. These embryos conse-
quently underwent cell division approximately 3 h after microinjection.  
In these embryos, editing is likely to have occurred during the G1 phase  
of the next cell cycle, at the two-cell stage (Fig. 2a), which would  
promote mosaicism.

Time-lapse microscopy of the embryos showed that the timings of 
cleavage divisions following pronuclear fading were similar between 
embryos microinjected with Cas9 protein or sgRNA2b–Cas9 (Fig. 2b, c).  
By the eight-cell stage, cleavage arrest was observed in 62% (23 out 
of 37) of sgRNA2b–Cas9-microinjected embryos compared to 53%  
(9 out of 17) of Cas9-microinjected control embryos (Fig. 2d). As 
develop mental arrest at the onset of EGA at the eight-cell stage 
 correlates strongly with aneuploidy in IVF embryos25, we also sought 
to determine embryo karyotypes. We performed low-pass whole- 
genome sequencing, which has been shown to accurately estimate gross  
chromosome anomalies26. We collected blastomeres from sgRNA2b–
Cas9-microinjected embryos arrested up to the eight-cell stage and 
detected chromosomal loss or gain in 83% (five out of six) of these 
embryos (Extended Data Fig. 6a), which is consistent with rates reported 
by preimplantation genetic screening26,27. Trophectoderm biopsies of a 
subset of blastocysts that developed following sgRNA2b–Cas9 micro-
injection showed that 60% (three out of five) were euploid (Fig. 2e, 
Extended Data Fig. 6a). The other two blastocysts  exhibited karyotypic 
abnormali ties, including the loss of chromosome 16 (Extended Data 
Fig. 6b), an abnormality frequently observed in human  preimplantation 
embryos and thus likely to be unrelated to targeting25. In the Cas9-
microinjected control group, 57% (four out of seven) of blastocysts were 
euploid, and aneuploidies were observed in the remaining three blasto-
cysts, including the loss of chromosome 14 in two sibling-matched control 
embryos, and the gain of chromosome 15 and 18 (Fig. 2e, Extended Data 
Fig. 6a, b). Altogether, these data suggest that CRISPR–Cas9 targeting  
does not increase the rate of karyotypic anomalies in human embryos.

Forty-seven per cent (8 out of 17) of Cas9-microinjected control 
embryos developed to the blastocyst stage, a rate equivalent to those 
of uninjected controls28, suggesting that the microinjection technique 
did not affect embryo viability (Fig. 2d). However, significantly fewer of 
the sgRNA2b–Cas9-microinjected embryos—only 19% (7 out of 37)—
developed to the blastocyst stage (Fig. 2d, P =  0.03). The blastocysts 
that formed following sgRNA2b–Cas9 protein microinjection were of 
variable quality (Extended Data Fig. 6c). Although all blastocysts had 
a discernible blastocoel cavity, only some possessed a small compact 
ICM (Extended Data Fig. 6c), and all retained a thick zona pellucida, in 
contrast to Cas9-microinjected controls. Embryos arising from zygotes 
microinjected with sgRNA2b–Cas9 also went through iterative cycles 
of expanding and initiating blastocyst formation and then collapsing, 
until some embryos ultimately degenerated (Supplementary Videos 2 
and 3). These findings suggest that targeting OCT4 in human embryos 
reduces both viability and quality of blastocysts.

To measure on-target editing efficiency, we performed targeted deep 
and/or Sanger sequencing of separate individual cells microdissected 
from sgRNA2b–Cas9-microinjected embryos arrested before the 
eight-cell stage, and found indels at the POU5F1 on-target site in 71%  
(five out of seven) of embryos (Fig. 3a, purple line). The most frequently 
observed indels in sgRNA2b–Cas9-microinjected embryos were the 
2-bp and 3-bp deletions that were observed in the sgRNA2b-induced 
human ES cells (Fig. 3b, Extended Data Fig. 7a, b). This finding indicates 
that human ES cells can be used not only to screen sgRNA efficiency, 
but also to predict the in vivo mutation spectrum induced by CRISPR–
Cas9-mediated genome editing. We also detected larger POU5F1 
 deletions in the human embryos than in human ES cells, similar to 
our observations in mouse embryos (Fig. 3b, Extended Data Fig. 7a, b).  
Furthermore, targeted deep and/or Sanger sequencing in edited cells 
demonstrated that off-target mutations were undetectable above 
background PCR error rates, confirming the specificity of the sgRNA 
(Extended Data Fig. 7c, d).

We next assessed mutational signatures in more developmentally  
advanced embryos, after EGA. Notably, we confirmed that on- 
target editing had occurred in eight out of eight sgRNA2b–Cas9-
microinjected embryos analysed from the eight-cell to the blastocyst 
stage (Fig. 3a, green line). However, these embryos invariably retained 
wild-type copies of the POU5F1 allele in at least one cell (Fig. 3a).  

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. Germline gene editing
2018: announcement of the birth 
of twin girls with edited genomes

Lack of definitive evidence 
Strategy: engineering mutations, inducing resistance to HIV 

(silencing of CCR5), into human embryos (requiring IVF) 
The major problem is not gene editing itself but lack of safety 

testing (other mutations, increased sensitivity to other diseases), 
lack of standard procedures for recruiting, HIV people should not 
undergo IVF



Germline gene editing

Role of other scientists: which is the authority to report 
possible abuse? Need for an international advisory board/
registry to identify commonalities and differences between 
countries (i.e. international committee by WHO) 

International Regulatory Landscape

Survey on 39 countries (2014)
- 29 countries ban germline gene modification (China, India, Ireland, and Japan forbid it based on guidelines that 
are less enforceable than laws, and are subject to amendment) 
- 9 countries are  ambiguous about the legal status of the modification 
- in the US FDA regulates the clinical trial, whereas the NIH restricts the application of germline gene 
modification. 

This regulatory landscape suggests that human germline gene modification is not totally prohibited 

Israel, which explicitly bans germline gene modification, but has possible exemptions in the relevant law may 
permit it upon the recommendation of an advisory committee. This Israeli law has been temporary legislation until 
May 23, 2016. Now, the country might permit human germline gene modification. 

In the UK, the DH will consider the timing of the regulations to permit mitochondrial replacement that is currently 
illegal for mtDNA alternation in the germline. Taking into consideration that there is no legal ban on research on 
the human germline gene modification as long as the Human Fertilisation and Embryology Authority (HFEA) 
licenses such research in the UK, the legalization of medical use of mitochondrial replacement is likely to lead to 
legal permission for the modification of germline nuclear genome that can be readily changed by genome editing 
technology.

Two legal approaches are similar to 
germline genetic modification 

Ooplasmic transfer and low 
Since the late 90′ s, the infusion 
of oocyte cytoplasm, including 
mitochondria, was conducted to 
enhance the viability of oocytes in 
the USA. 

This needs an oocyte donor and is 
a form of germline gene 
modification because it causes 
heteroplasmy in the resulting 
oocyte. 

Although ooplasmic transfer led to more than 30 
childbirths, the Food and Drug Administration (FDA) 
decided to regulate this procedure owing to potential 
health risk to progeny

Mitochondrial replacement Currently proposed to prevent 
maternal transmission of 
serious mitochondrial diseases 
that result from aberrant 
mitochondrial DNA (mtDNA) in 
patient’ s oocyte. Mitochondrial 
replacement is also a form of 
germline gene modification 
because this procedure involves 
altering the mtDNA content of 
human oocytes or embryos. 

Mitochondrial replacement as well as ooplasmic transfer require oocyte donation 
which could potentially cause ovarian hyperstimulation syndrome in female donors. 

The US FDA allows mitochondrial replacement under certain conditions. 

The UK Department of Health (DH) has lifted the ban of mitochondrial replacement, 
which is now legal. 

Such regulatory changes in a few, but major countries, may impact the international 
regulatory landscape that prohibits human germline gene modification.

Germline gene editing during IVF
Targeted gene modification is 
frequently carried out by simply 
microinjecting of genome editing 
system which consists of the 
nuclease mRNAs (or plasmids 
harboring the nuclease gene), single 
guide RNAs (sgRNAs for Cas9), and 
a homology-containing donor DNA 
template (if necessary) into animal 
embryos made by in vitro  
fertilization (IVF) or intracytoplasmic 
sperm injection (ICSI). 

This microinjection process resembles assisted reproductive technology (ART) to facilitate 
fertilization in  fertility clinics. Thus, genome editing is more likely to develop into medicine 
for preventing a genetic disease if integrated into assisted reproductive technology, 
including IVF and ICSI. 
Importantly, germline gene correction by genome editing does not require cell donation such as 
oocyte donation that is needed for ooplasmic transfer and mitochondrial replacement.

Germline gene editing
Role of other scientists: which is the authority to report 
possible abuse? Need for an international advisory board/
registry to identify commonalities and differences between 
countries (i.e. international committee by WHO) 

Off-target effects

Gene-gene interactions

Benefit to risk ratio depends on real need: PGD exists



Corrective genome editing integrated into ART would be  
preventive medicine rather than therapy

- it aims at prevention of transmission of a genetic disease to offspring, not at the 
treatment of existing patients

-  potential subjects: those with congenital anomalies caused by chromosomal, 
monogenic, multifactorial or environmental/teratogenic factors

- candidate diseases: autosomal recessive disease in which 
both parents are homozygous (e.g. cystic fibrosis, 
phenylketonuria) or an autosomal dominant disease where 
at least one parent is homozygous (e.g. Huntington’ s 
disease, familial adenomatous polyposis)  

- preimplantation genetic diagnosis (PGD) may circumvent 
an affected pregnancy by selecting IVF embryos with no off-
target mutations

Should affected parents not use such a risky 
genetic intervention and instead use donor 
gametes or donor embryos (or consider 
prenatal diagnosis, termination of a 
pregnancy and adoption)?  

The use of CRISPR/Cas9 works currently worse than
in-vitro fertilization with preimplantation genetic diagnosis for
obtaining healthy embryos in cases where the parents are carriers
of a mutation. Considering that in-vitro fertilization would be
required to apply these techniques in the germline, there does not
really appear to be any justification for its application for this
purpose.

Accurate genetic testing depends on biopsied embryonic cell(s). Since a cleavage-stage embryo is composed of six to eight cells, a single cell 
biopsy is widely used for PGD. 
However, mosaicism which affects 15-80% of embryos may impact the interpretation of PGD results. Meanwhile, in the blastocyst stage, the 
embryo consists of approximately 130 cells in the inner cell mass which subsequently develops into the fetus and the surrounding 
trophectoderm. Trophectoderm cells have been recently biopsied from a blastocyst for PGD in order to avoid damaging the embryo. Although 
mosaicism remains at the blastocyst stage, the result of a recent randomized clinical trial supports that a single cell biopsy at the cleavage-stage 
is more significantly damaging to the embryo than biopsy at the blastocyst stage, and resulted in poorer clinical outcomes. Therefore, sufficiently 
optimized, trophectoderm biopsy-based PGD may be effective in the zygote approach.

Pre-implantation genetic diagnosis in ART: 
cleavage-stage vs trophectoderm biopsy
The PGD entails the opening of the zona pellucida and the 
removal of embryonic cell(s) from an embryo. It implies that 
the embryo undergoes physical interventions twice, namely, 
microinjection of the genome editing system, and the biopsy for 
PGD. If ICSI is used to increase a success rate of fertilization 
and avoid polyspermy, three interventions are conducted. Such 
physical interventions might affect the subsequent development 
of the embryos in vitro  or in vivo. 

Inform consent
Enhanced prejudice towards disable 
people

Enhanced health inequalities

Non-health-related enhancement 
purposes

Germline gene editing and ethics

ART is generally expensive and 
creates disparities in access 
to this infertility services even 
in a country or a state with 
insurance coverage. Would the 
access to this preventive 
medicine be completely 
confined to the wealthier 
segment?

Gene editing and eugenics
The prospect of human gene editing inevitably recalls past abuses of human rights involving the biological sciences, and especially the history of 
eugenics in the first half of the 20th century.

Eugenics was not only an ideology but was embraced by physicians, mental health professionals, and scientists.
Eugenics posited that unfit human traits known as criminality, feeble-mindedness, and pauperism were inherited genetically in the same way as 
physical characteristics. At the time, eugenic ideas led to widespread forced sterilization and immigration restrictions for individuals and groups 
thought to be genetically inferior. Only when the Nazis took eugenic ideas to horrific extremes was the concept thoroughly discredited.

Other than health,
women wanted to know the 
intelligence, height
and ethnicity of sperm donors.

Though eugenics is no longer a powerful movement, several of the forces that animated the eugenics 
movement a century ago remain vital
- economic forces to reduce health care costs could put pressure on people to change genetic 

sequences associated with disease
- the belief that genes influence particular behaviors or other complex traits could lead to pressures to 

change those genes in future generations. And consumer demand for particular attributes in 
offspring could lead people to pursue private sector options for human gene editing that are 
difficult to regulate

Patient advocacy groups are extremely heterogeneous:

“Ban editing of human germline genome because of the moral status  
of the embryo / human dignity” 

“hell yes”
“we need to look at this scientifically”
“we need to look at the ethics” 
“let’s talk about this when the scientists have all the technology straight”
“Gene editing will be acceptable when its benefits, both to individuals and to the broader 
society, exceeds its risks, though the relevant risks and benefits and levels of acceptable 
risk are today uncertain”
“Gene editing provides a means of evolving by a process more rational and much quicker than Darwinian evolution” 

Members of patient communities are fighting
hard to eliminate diseases while also working

to change physical and social environments
so that all people can live productive and

fulfilling lives.
The line between diversity and disability is fuzzy.

Biomedical researchers can overlook and thereby
reinforce stigma and social disparity by treating
certain conditions as disabilities that need to be

“fixed” through biomedical interventions.

The position(s) of patient advocacy 
groups

Governance is becoming increasingly 
international and participatory, especially given 
the role that the public now plays in shaping 
policies. It’s no longer possible to control 
technologies by the laws of one country. If there 
is a demand for a technology, people will go to
whichever country has it.



A major component of the National Academy of Sciences and the National Academy of Medicine's Human Gene-Editing Initiative is an 
international summit that took place December 1-3 in Washington, D.C. Co-hosted with the Chinese Academy of Sciences and the 
U.K.'s Royal Society, the summit convened experts from around the world to discuss the scientific, ethical, and governance issues 
associated with human gene-editing research. 
After these three days of thoughtful discussion, the organizing committee for the summit issued a statement on human gene-editing 
research and its potential applications, including uses that could alter the human germline.

The summit brought together more than 500 people from around the world for three days of 
presentations and deliberations on the scientific, ethical, legal, social, and governance issues 
associated with human gene editing, while an additional 3,000 people watched the summit online.

We could be on the cusp of a new era in human history. Today, we sense that we are 
close to being able to alter human heredity. Now we must face the questions that arise. 

How, if at all, do we as a society want to use this capability?
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Innovation vs Precaution? 
   

Innovation and Precaution? 

Innovation and precaution do not need to be mutually exclusive.   
 

They can be complementary, with public understanding and 
effective oversight creating the confidence needed to support risk-

taking and novel technologies. 

Basic Science Research
Basic research involving both somatic and germline cells is essential to the 
advancement of science and should continue with existing regulatory structures.

Somatic Cell Editing for Treatment and Prevention of Disease 
and Disability

There is no single standard for somatic genome editing efficiency or specificity— 
and no single acceptable off-target rate—that can be defined at this time, as this 
must be evaluated in light of the particular intended use and technique.

Potential Use of Genome Editing for “Enhancement”
Somatic genome editing for purposes other than treatment or prevention 
of disease and disability should not proceed at this time.

Germline Editing for Treatment or Prevention of Disease or 
Disability
Criteria under which heritable germline editing could be permitted:
• absence of reasonable alternatives
• restriction to preventing a serious disease or condition;
• restriction to editing genes that have been convincingly demonstrated to cause or strongly predispose to that 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;
• during the trial, ongoing, rigorous oversight of the effects of the procedure on the health and safety of the research participants;
• comprehensive plans for long-term multigenerational follow-up that still respect personal autonomy;
• maximum transparency consistent with patient privacy;
• continued reassessment of both health and societal benefits and risks, with broad, ongoing participation and input from the 

public;
• reliable oversight mechanisms to prevent extension to uses other than preventing a serious disease or condition.

- may fail to induce a biallelic modification in an animal, thereby resulting in only 
an animal with a monoallelic modification 

- could cause off-target mutations other than desired gene modification in a 
target sequence (tolerance of Cas9 to mismatches in the RNA guide 
sequence), which could inactivate essential genes, activate cancer-causing 
genes, or cause chromosomal rearrangements (many drugs cause off-target 
effects but are still effective) 

- can induce mosaic modifications in which wild-type cells, including germline 
cells, and genetically modified cells coexist in the same organism 

- can generate immune responses if introduced into the body 
- limited by PAM motif

Current deficiencies in CRISPR-
Cas9 technology

High-fidelity CRISPR-Cas9 nuclease 
variants

Variants of the Cas9 systems 

Only one strand of the DNA will be cut 

two properly targeted Cas9n molecules are required to 
efficiently create DSBs at the target locus, which greatly 
enhances specificity compared to wild-type SpCas9



Prime Editing Variants of the Cas9 systems 

No cleavage  
domain 

DeadCas9 (dCas9) represses target 
genes with reversibility and without 
mutating the DNA sequence 

Fusion of dCas9 with activator/
repressor/fluorescent domains 

Dynamic Imaging of genomic loci 

Chen et al., Cell, 2013, Dynamic imaging of genomic loci in living human cells by an optimized CRISPR/Cas system 

GFP attached to a nuclease-deficient Cas9 (dCas9) 

Nature Biotechnology 33, 510–517 (2015)

In the past few years, millions of dollars have been poured into cataloguing 
epigenetic marks in di!erent human cells, and their patterns have been correlated 
with everything from brain activity to tumour growth. 
But without the ability to alter the marks at speci"c sites, researchers were unable to 
determine whether they cause biological changes… 

The dCas9p300 Core fusion protein activates transcription of endogenous genes from 
distal enhancer regions. 

The human MYOD locus is schematically depicted with corresponding gRNA locations in 
red. CE, MyoD core enhancer; DRR, MyoD distal regulatory region. 

The human OCT4 locus is schematically depicted with corresponding gRNA locations in 
red. DE, Oct4 distal enhancer; PE, Oct4 proximal enhancer. 

CRISPR CODE CRACKING
annotation of the non-coding genome

• More than 98% of the human genome does not code for proteins. 

• Some of it codes for RNA molecules — such as microRNAs and long non-coding RNAs — that are thought to have functions apart from making 
proteins. 

• Other sequences are ‘enhancers’ that amplify the expression of the genes under their command. 
• Most of the DNA sequences linked to the risk of common diseases lie in regions of the genome that contain non-coding RNA and enhancers. 



Search for Cas9 relatives

… but few alternative enzymes found so far work as well as the most popular Cas9 

Inducible Cas9

Other uses of the technology Gene editing vs GMOs

• petite pigs  
• disease-resistant wheat and rice 
• dehorned cattle 
• disease-resistant goats 
• vitamin-enriched sweet oranges

CRISPR on the farm

Process-based or product-
based GMO regulations 

Traceability 

Reversibility 
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Abstract
CRISPR/Cas9 has been used to genetically modify genomes in a variety of species, including non-human primates.
Unfortunately, this new technology does cause mosaic mutations, and we do not yet know whether such mutations can
functionally disrupt the targeted gene or cause the pathology seen in humandisease. Addressing these issues is necessary if we
are to generate large animal models of human diseases using CRISPR/Cas9. Here we used CRISPR/Cas9 to target the monkey
dystrophin gene to create mutations that lead to Duchenne muscular dystrophy (DMD), a recessive X-linked form of muscular
dystrophy. Examination of the relative targeting rate revealed that Crispr/Cas9 targeting could lead tomosaicmutations in up to
87% of the dystrophin alleles inmonkeymuscle. Moreover, CRISPR/Cas9 inducedmutations in bothmale and femalemonkeys,
with themarkedly depleted dystrophin andmuscle degeneration seen in earlyDMD.Ourfindings indicate that CRISPR/Cas9 can
efficiently generatemonkeymodels of humandiseases, regardless of inheritance patterns. Thepresence of degeneratedmuscle
cells in newborn Cas9-targeted monkeys suggests that therapeutic interventions at the early disease stage may be effective at
alleviating the myopathy.

Introduction
Clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 (Cas9) and transcription activator-like effector nu-
cleases (TALENs) have become powerful and versatile tools for

genome engineering in a variety of species (1–3). As a result,
gene targeting-induced mutations are now possible in large ani-
mal embryos for whichwe lack embryonic stem cell lines for con-
ventional gene-targeting experiments. The recent application of
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CRISPR–Cas9 nucleases have been applied in gene drive constructs to 
target endogenous sequences of the human malaria vectorsA. gambiae 
and A. stephensi with the objective of vector control1,2. These proof-
of-principle experiments translated a hypothesis into a genetic tool 
able to suppress the reproductive capability of the mosquito popula-
tion. According to mathematical modeling, suppression of A. gam-
biae mosquito reproductive capability can be achieved using gene 
drive systems targeting haplosufficient female fertility genes3,4 or by 
introducing a sex distorter on the Y chromosome in the form of a 
nuclease designed to shred the X chromosome during meiosis, an 
approach known as Y-drive4–6. Both strategies could cause a progres-
sive decrease in the number of fertile females that would eventually 
collapse the population.

However, several technical and scientific issues remain before 
these proof-of-principle demonstrations are advanced to effect vec-
tor population suppression. The development of a Y-drive has so far 
proven difficult because of the complete transcriptional shut down of 
the sex chromosomes during meiosis, which prevents the expression 
of a Y-linked sex distorter during gamete formation6,7. A gene drive 
designed to disrupt the A. gambiae fertility gene AGAP007280 initially 
increased in frequency, but the selection of nuclease-resistant, func-
tional variants that could be detected as early as generation 2 com-
pletely blocked the spread of the drive2. Resistant variants comprised 
small insertions or deletions (indels) of differing length generated by 
nonhomologous end joining repair following nuclease activity at the 
target site. The development of resistance to any nuclease-based gene 

drive was predicted3 and is regarded as the main technical obstacle  
for the use of gene drives for vector control8–12 (Supplementary  
Table 1). Gene drive targets with functional or structural constraints 
that might prevent the development of resistant variants could offer 
a route to successful population control. With this in mind, we evalu-
ated the potential for disruption of the sex determination pathway 
in A. gambiae mosquitoes to selectively block the formation of the 
female splice transcript of the gene doublesex (dsx).

RESULTS
doublesex and sex differentiation in A. gambiae
Sex differentiation in insects follows a common pattern in which a pri-
mary signal activates a central gene that induces a cascade of molecu-
lar mechanisms that control alternative splicing of the doublesex (dsx) 
gene13,14. Although the molecular mechanisms and the genes involved 
in regulating sex differentiation in A. gambiae are not well understood, 
except that Yob1 functions as a Y-linked male determining factor15, 
available data indicated an important role of dsx in determining sexual 
dimorphism in this mosquito species16. In A. gambiae, dsx (Agdsx) 
consists of seven exons, distributed over an 85-kb region on chromo-
some 2R, a gene structure similar to that of Drosophila melanogaster 
dsx (Dmdsx) and other insect orthologs, and is alternately spliced to 
produce the female and male transcripts AgdsxF and AgdsxM, respec-
tively. The female transcript consists of a 5` segment common with 
that of males, a highly conserved female-specific exon (exon 5) and 
a 3` common region, while the male transcript comprises only the 

A CRISPR–Cas9 gene drive targeting doublesex 
causes complete population suppression in caged 
Anopheles gambiae mosquitoes
Kyros Kyrou1,2 , Andrew M Hammond1,2 , Roberto Galizi1  , Nace Kranjc1 , Austin Burt1,  
Andrea K Beaghton1, Tony Nolan1  & Andrea Crisanti1

In the human malaria vector Anopheles gambiae, the gene doublesex (Agdsx) encodes two alternatively spliced transcripts, 
dsx-female (AgdsxF) and dsx-male (AgdsxM), that control differentiation of the two sexes. The female transcript, unlike the 
male, contains an exon (exon 5) whose sequence is highly conserved in all Anopheles mosquitoes so far analyzed. We found 
that CRISPR–Cas9-targeted disruption of the intron 4–exon 5 boundary aimed at blocking the formation of functional AgdsxF 
did not affect male development or fertility, whereas females homozygous for the disrupted allele showed an intersex phenotype 
and complete sterility. A CRISPR–Cas9 gene drive construct targeting this same sequence spread rapidly in caged mosquitoes, 
reaching 100% prevalence within 7–11 generations while progressively reducing egg production to the point of total population 
collapse. Owing to functional constraint of the target sequence, no selection of alleles resistant to the gene drive occurred in 
these laboratory experiments. Cas9-resistant variants arose in each generation at the target site but did not block the spread  
of the drive.
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experiments showed that while heterozygous dsxFCRISPRh/+ males 
showed a fecundity rate (assessed as larval progeny per fertilized 
female) that did not differ from that of wild-type males, heterozygous 
dsxFCRISPRh/+ females had reduced fecundity overall (mean fecun-
dity 49.8% o 6.3% s.e.m., P < 0.0001). We noticed a greater reduc-
tion in the fertility of heterozygous females when the drive allele was 
inherited from the father (mean fecundity 21.7% o 8.6%; P < 0.0001) 
(n = 15) rather than the mother (64.9% o 6.9%; P < 0.001) (n = 28) 
(Supplementary Fig. 5). This could be explained by assuming a pater-
nal deposition of active Cas9 nuclease into the newly fertilized zygote 
that stochastically induces conversion of dsx to dsxF−, either through 
end-joining or HDR, in a substantial number of embryonic cells, which 
in females results in a reduced fertility. Consistent with this hypothesis, 
some heterozygous females (9 of 31 examined) receiving a paternal 
dsxFCRISPRh allele showed a somatic mosaic phenotype that included, 
with varying penetrance, the absence of spermatheca and/or the for-
mation of an incomplete clasper set (Supplementary Fig. 2c).

Assessment of dsx gene drive in caged insects 
Using a mathematical model that includes the inheritance bias of the 
construct, the fecundity of heterozygous individuals, the phenotype of 
intersex, and the effect of the paternal deposition of the nuclease on 
female fertility (Online Methods), we found that the dsxFCRISPRh had the 
potential to reach 100% frequency in caged population in 9–13 genera-
tions considering a starting allele frequency of 12.5% and stochasticity 
(Fig. 5a). To test this hypothesis, we mixed caged wild-type mosquito 
populations with heterozygous individuals carrying the dsxFCRISPRh 
allele and monitored progeny at each generation to assess the spread 
of the drive and to quantify effect(s) on reproductive output. We 
started the experiment in two replicate cages, each with an initial drive 
allele frequency of 12.5% (300 wild-type female mosquitoes with 150 
wild-type male mosquitoes and 150 dsxFCRISPRh/+ male individuals).  
The initial drive allele frequency that we selected minimizes the  
stochastic loss of the drive (Supplementary Fig. 6) and represents a 

realistic field release scenario, being severalfold lower than that used 
in non-invasive genetic control strategies18. All of the eggs produced 
by the entire cage population were counted, and then 650 eggs were 
randomly selected to seed the next generations. The larvae that hatched 
from the eggs were counted and screened for the presence of the RFP 
marker to score the number of the progeny containing the dsxFCRISPRh 
allele in each generation.

During the first three generations we observed an increase of the drive 
allele from 25% to ~69% in both caged populations, but at generation 
4 the outcomes in the two cages diverged. In cage 2 the drive reached 
100% frequency by generation 7; in generation 8, no eggs were produced 
and the population collapsed. In cage 1 the drive allele reached 100% 
frequency at generation 11 after remaining at around 65–70% for gen-
erations 4 through 8. In generation 12 the cage 1 population also failed 
to produce eggs (Fig. 5b). While the dynamics of spread of the gene 
drive in the two caged populations was different, both sets of finding fall 
within the prediction range of our mathematical model (Fig. 5).

Potential for resistance to dsx gene drive
We monitored the occurrence of mutations at the drive target site 
in generations 2, 3, 4 and 5 to identify the occurrence of nuclease-
resistant, functional variants. Amplicon sequencing of the target 
sequence from pooled samples containing a minimum of 359 mos-
quitoes, which were collected in generations 2–5, revealed several 
low-frequency indels present at the target site (up to 1.16% frequency 
among nondrive alleles), none of which appeared to encode a func-
tional AgdsxF transcript (Supplementary Fig. 7). In addition, none of 
the variants identified showed any signs of positive selection, which 
would be expected to cause them to increase in frequency as the drive 
progressively increased in frequency over generations, suggesting  
that the selected target sequence has rigid functional or structural 
constraints. This hypothesis is supported by the exceptionally  
high conservation of exon 5 in A. gambiae mosquitoes19,20 and the 
presence of a strictly regulated splice site that is crucial in mosquito 
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Figure 2 Morphological analysis of homozygous dsxF−/− mutants.  
(a) Morphological appearance of genetic males and females heterozygous 
(dsxF+/−) or homozygous (dsxF−/−) for the exon 5 null allele. This assay 
was performed in a strain containing a dominant RFP marker linked to the 
Y chromosome, whose presence permits unambiguous determination of 
male or female genotype. Anomalies in sexual morphology were observed 
only in dsxF−/− genetic female mosquitoes. This group of XX individuals 
showed male-specific traits, including a plumose antenna (red arrowhead) 
and claspers (blue arrowheads). This group also showed anomalies in 
the proboscis and accordingly they could not bite and feed on blood. 
Representative samples of each genotype are shown. (b) Magnification  
of the external genitalia. All dsxF−/− females carried claspers, a male-
specific characteristic. The claspers were dorsally rotated rather than in 
the normal ventral position.
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Figure 3 Reproductive phenotype of dsxF mutants. Male and female 
dsxF−/− and dsxF+/− individuals were mated with the corresponding wild-
type sexes. Females were given access to a blood meal and subsequently 
allowed to lay individually. Fecundity was investigated by counting the 
number of larval progeny per lay (n q 43). Using wild type (wt) as a 
comparator, we saw no significant differences (‘ns’) in any genotype other 
than dsxF−/− females, which were unable to feed on blood and therefore 
failed to produce a single egg (****P < 0.0001; Kruskal–Wallis test). 
Vertical bars indicate the mean and the s.e.m. Blue and red indicate 
the crosses of male or female dsxF mutants, respectively, to wild type, 
whereas the gray dots represent wild-type-only crosses.
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reproductive biology. Furthermore, large-scale resequencing of 765 
wild-caught mosquitoes from eight sub-Saharan African countries20 
revealed only a single rare SNP within the drive target site, present 
at 2.9% frequency (Supplementary Fig. 8). This naturally occurring 
variant could block the spread of the drive. To investigate this hypoth-
esis, we tested whether this SNP variant was as susceptible to cleavage 
in vitro by Cas9 as the wild-type sequence, using the sgRNA from 
our gene drive construct. We found that the gRNA in our gene drive 
construct efficiently cleaved both the wild-type and the SNP sequence 
variant, which may indicate that our gene drive would be able to spread 
even if this conserved SNP was present (Supplementary Fig. 9).  
However, it is important to note that we cannot state that our drive 
target site is ‘resistance-proof ’, since at scale, and over time, it is pos-
sible that nuclease-induced mutations could be produced that do 
restore sufficient function to the gene to be positively selected. This 
notwithstanding, targeting gene drives to functionally constrained 
sequences is clearly advantageous, as evidenced by the population 
collapse effected by this gene drive in both caged mosquito popula-
tions. Distinct, highly conserved sequences may have varying levels 
of functional constraint, and the relative strength of selection for 

maintaining sequence conservation versus the strength of selection 
imposed by the gene drive will ultimately determine their suitability 
as targets for gene drives.

Our data not only provide important functional insights into the 
role of dsx in A. gambiae sex determination, but also represent a 
substantial step toward the development of effective gene drive vec-
tor-control measures that aim to suppress insect populations. The 
intersex phenotype of dsxF−/− genetic females shows that exon 5 is 
crucial for the production of a functional female transcript, as was 
initially hypothesized on the basis of the expression profile of the dsx 
splice variants in the two sexes16. Furthermore, the observation that 
heterozygous dsxFCRISPRh/+ females are fertile and produce almost 
100% inheritance of the drive might indicate that most of the germ 
cells in these females are homozygous and, unlike somatic cells, do 
not undergo autonomous dsx-mediated sex commitment21.

DISCUSSION
The development of a gene drive capable of collapsing a human  
malaria vector population to levels that cannot support malaria trans-
mission is a long-sought scientific and technical goal22. The gene  
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Figure 5 Dynamics of the spread of the dsxFCRISPRh allele and effect 
on population reproductive capacity. Two cages were set up with a 
starting population of 300 wild-type females, 150 wild-type males and 
150 dsxFCRISPRh/+ males, seeding each cage with a dsxFCRISPRh allele 
frequency of 12.5%. (a) The frequency of dsxFCRISPRh mosquitoes was 
scored for each generation. The drive allele reached 100% prevalence in 
both cage 2 (blue) and cage 1 (red) at generation 7 and 11, respectively, 
in agreement with a deterministic model (black line) that takes into 
account the parameter values retrieved from the fecundity assays. 
Twenty stochastic simulations were run (gray lines) assuming a maximum 
population size of 650 individuals. (b) Total egg output deriving from each 
generation of the cage was measured and normalized relative to the output 
from the starting generation. Suppression of the reproductive output of 
each cage led the population to collapse completely (black arrows) by 
generation 8 (cage 2) or generation 12 (cage 1). Parameter estimates 
included in the model are provided in Supplementary Table 5.
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Figure 4 Transmission rate of the dsxFCRISPRh driving allele and fecundity 
analysis of heterozygous male and female mosquitoes. (a–c) Male and 
female mosquitoes heterozygous for the dsxFCRISPRh allele (a) were analyzed 
in crosses with wild-type mosquitoes to assess the inheritance bias of 
the dsxFCRISPRh drive construct (b) and for the effect of the construct on 
their reproductive phenotype (c). (b) Scatter plot of the transgenic rate 
observed in the progeny of dsxFCRISPRh/+ female or male mosquitoes 
that gave progeny when crossed to wild-type individuals (n q 33). Each 
dot represents the progeny derived from a single female. Both male and 
female dsxFCRISPRh/+ showed a high transmission rate of up to 100% of the 
dsxFCRISPRh allele to the progeny. The transmission rate was determined by 
visually scoring offspring for the RFP marker that is linked to the dsxFCRISPRh 
allele. The dotted line indicates the expected Mendelian inheritance. Mean 
transmission rate (o s.e.m.) is shown. (c) Scatter plot showing the number 
of larvae produced by single females (n q 35) from crosses of dsxFCRISPRh/+ 
mosquitoes with wild-type individuals after one blood meal. Mean progeny 
count (o s.e.m.) is shown (****P < 0.0001; Kruskal–Wallis test).
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