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Context  

To develop enduring global standards for governance and oversight of human genome 

editing, it is necessary both to define the genome editing technologies currently available and 

to appreciate the trajectory of the research underpinning them. The unprecedented rate of 

progress in this field necessitates regular revisions to benchmark reports such as that of the 

International Commission on the Clinical Use of Human Germline Genome Editing in 2020, 

and as such, this report focuses particularly on recent developments and highlights areas of 

current research efforts.  

At the outset, it must be stressed that despite all that has been learned in the last two decades 

about human genes, genomes and genetic variation, there are still many gaps in our 

knowledge. Multiple genes and “environmental” effects can influence the incidence and 

severity of many human disorders with an underlying genetic cause. Genetic background 

effects are well known in animal models, and also apply to humans. These can reflect one, 

several, or many gene variants that can map anywhere within the genome or be closely 

linked to the main causative “mutant” allele. Many genetic variants identified in humans 

have an unknown impact on phenotype - some will be in protein coding regions, others in 

RNA products of genes, and many will be in non-transcribed regions, where they could affect 

gene expression of single or even multiple genes. Even for diseases that are commonly 

referred to as monogenic, diseases attributable to the malfunction of a single gene, sound 

evidence for a causative role of a specific genetic variant would be needed prior to genome 

editing. This can come from family studies or population genetics, but ideally it requires 

knowledge of whole genomes, not just of the specific gene in question. Environmental effects 

can be due to the influence of nutrition in utero or postnatally, gut and other microbiota, 

exposure to pathogens and other harmful substances such as pharmaceuticals, and so on. It 

follows that, without further research designed to explore these variables, it might be hard to 

predict the exact outcome in attempts at human genome editing. This will be true for somatic 

as well as heritable applications.  

1. Introduction to genome editing 

Genome editing encompasses a number of techniques to modify DNA within the genome of a 

targeted cell, thereby altering the information encoded at the target site. These techniques 

include the use of meganucleases, zinc finger nucleases (ZFNs), transcription activator-

like effector nucleases (TALENs) and, most recently, CRISPR-Cas9.1 Each of these systems 

employs a different repertoire of molecules to alter DNA, and thus has different properties, 

which need to be carefully considered in any clinical research or applications.  

Genome editing technologies traditionally rely upon the generation, and subsequent repair, of 

double-strand breaks (DSBs) of DNA at user-defined target sites. It is this ability to 

 

1 CRISPR: clustered regularly interspaced short palindromic repeats. 
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programme user-defined targets, in combination with improved DNA sequencing methods 

giving both reference and patient-specific genome sequences, that sets modern genome 

editing apart from previous efforts to alter genomes. DSBs are predominantly repaired via an 

error-prone mechanism known as non-homologous end joining (NHEJ), which regularly 

results in small insertions or deletions (indels). These indels can cause significant changes to 

the information encoded at the target site, thereby disruptively “editing” the underlying 

genome. However, under certain circumstances a higher-fidelity mechanism for DNA repair 

within cells called homology-directed repair (HDR) can be employed. HDR occurs with less 

frequency as it requires the presence of a repair template with high sequence similarity to the 

regions flanking the target site. Thus, if a donor DNA template carrying a specific edit is 

introduced together with the genome editing components, cells are able to repair DSBs at 

target sites via HDR, thus introducing the desired template sequence into the genome.  

Cells can also repair DNA DSBs by microhomology-mediated end joining (MMEJ), which 

makes use of homologies of just a few base pairs and leads to usually short (but sometimes 

quite extensive) deletions. Another cell-based repair mechanism that can be triggered during 

HDR uses the DNA sequence from the other chromosome (instead of the DNA template 

provided), leading to “gene conversion”. This can lead to repair of the mutant allele in a 

heterozygote, or if this happens after the allele has been repaired, in a homozygote. However, 

it can also spread over long distances and lead to loss of heterozygosity in adjacent regions of 

the chromosome, thus resulting in large stretches of identical DNA sequences in the 

chromosome pair. This could have significant consequences: for example, if the individual 

was heterozygous for a recessive mutation in a gene adjacent to the one being targeted, gene 

conversion could result in this now becoming homozygous, for either the normal or the 

disease-causing variant, the latter leading to a new, perhaps unexpected, phenotype.  

Of note, all genome editing events occur independently within targeted cells, whether by 

NHEJ or HDR. Consequently, screening for successful editing outcomes is vitally important, 

especially in any potential clinical context.  

While all genome editing platforms have been used extensively to model and understand 

human conditions in laboratory animals (1), in recent years, CRISPR-mediated genome 

editing has become the focus of most efforts to develop potential therapeutic tools for 

humans. Unlike ZFNs and TALENs, which are proteins engineered to have both a nuclease, 

usually a FokI domain, and a part made up of individual modules that each recognize specific 

DNA bases, CRISPR is a two-part molecular system, comprising a CRISPR guide RNA 

(gRNA) and a Cas9 DNA-cleaving enzyme that interact with each other. Partly because it is 

simple to generate specific gRNAs, the latter offers superior speed, efficiency and 

programmability compared to the other genome editing technologies.  

Since the publications first demonstrating the power of CRISPR genome editing in bacteria 

(2) and subsequently in mammals (3, 4), the scientific community has spent enormous efforts 

to further refine its effectiveness and develop a sizable repertoire of other CRISPR-based 

tools to address specific needs. For example, most pathogenic mutations found in the human 

genome must be corrected rather than simply disrupted in order to benefit patients, meaning 

that the rare HDR events are required rather than the disruptive NHEJ. Unfortunately, the 
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inefficiency of HDR in most cell types and the challenges associated with donor DNA 

template delivery have limited the therapeutic relevance of HDR to date. Consequently, 

technical improvements in HDR rate, component delivery and specific single nucleotide 

alterations have particular clinical significance, and most clinical trials using genome editing 

focus on cases where gene disruption by indel generation is therapeutic. Despite being the 

most recent innovation in the genome editing toolkit, CRISPR has already been used in the 

clinic. In a landmark case in February 2020, two patients with refractory myelomas and one 

with metastatic sarcoma had their own immune cells edited in vitro to allow these to better 

recognize and eliminate cancer cells upon reintroduction, with positive initial results reported 

(5).  

Below are summary overviews of current and contemplated uses of genome editing 

technologies in humans. However, these cannot be all inclusive, given the rapid rate of 

development in the field. Moreover, methods that would be very challenging to engineer and 

are likely to raise significant ethical and societal objections, such as gene drives in humans 

(which are being developed to manage important disease vectors such as mosquitoes and 

invasive species), are not included.  

2. Improving NHEJ and HDR outcomes 

As indicated in the Stadtmauer et al. report (5), when in vitro screening of the CRISPR-

targeted cells is possible, the error-prone nature of NHEJ can be mitigated by growing 

colonies (clones) from single cells, screening these and selecting only those for further use 

that have their genome edited correctly. However, not all tissues or cell types are as amenable 

to screening as immune cells; thus efforts are being directed to improving NHEJ outcome 

predictability. Recent work has demonstrated that predictable and precise NHEJ-mediated 

deletions are possible using paired Cas9 gRNAs to generate adjacent DSBs (6). While off-

target prediction precision has also improved, the generation of DSBs at non-target sites and 

consequently the possibility of other NHEJ events occurring still needs to be considered. 

Minimizing the time that the Cas9 is active within a cell, for example, by using short-lived 

versions of the protein, can help reduce off-target events, as can using specific variants of 

either the nuclease or the gRNAs that favour their activity at the cognate target DNA 

sequence rather than those that differ by one or two base pairs. 

Unlike HDR, even with improvements to outcome prediction, NHEJ-edited alterations are 

ultimately not user defined. However, HDR is usually favoured less frequently than NHEJ 

within cells and requires the presence of a donor sequence template carrying the intended 

replacement information. Advances have been made in the use of chemical inhibitors of key 

components of the NHEJ and microhomology-mediated end joining DNA damage repair 

pathways to shift the balance in favour of HDR. The use of SCR7, an inhibitor of DNA ligase 

IV involved in the NHEJ pathway, permits an increased incidence of HDR-mediated repair in 

human cell lines (7). Furthermore, introduction of RAD51, an essential protein for HDR, has 

also been shown to favour HDR occurrence. Provision of RAD51-coated oligonucleotides 

has also been used to favour integration of repair templates, as has introduction of RS-1 

(RAD51-stimulatory compound-1), a compound known to stabilize the association of RAD51 
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to the DNA, into cells (8). In human fibroblast and induced pluripotent stem cells, direct 

fusions of Cas9 to a key factor for DSB resection and HDR initiation, CtIP, focuses 

its activity on the target site, thereby enhancing HDR (9). Competition between NHEJ and 

HDR is cell cycle dependent, with HDR being restricted to late S and G2 phases (10). 

Consequently, synchronizing cell cycle phases has also been shown to help increase the rate 

of HDR (11). It is worth noting that HDR repair only occurs in cells that are dividing (have 

an active cell cycle), thus this method cannot be used in differentiated cells that no longer 

divide (they are “post-mitotic”), such as neurons.  

Aside from shifting the balance from NHEJ to HDR, the availability of all necessary 

components at the target site is an important factor for determining high editing efficiency. 

Accordingly, multiple methods to maximize the presence of all components have been 

developed. One such method, REDIT,2 features a modified gRNA containing MS2 stem loop 

scaffolds, which, upon binding of the MS2 coat protein, bring the DNA donor template to the 

cleavage site (12). Another approach is the use of streptavidin-tethered Cas9 enzyme, which 

can be used in combination with repair templates containing biotinylated oligonucleotides, to 

favour incorporation of the template at the CRISPR on-target site (13). Furthermore, as 

reported in a 2019 study, two gRNAs in conjunction with a long single-stranded DNA 

template can dramatically improve large and complex gene edits in early mouse embryos 

(14). In light of these developments, we predict that combinations of multiple methods to 

further improve HDR rates will be increasingly employed.  

3. Base and prime editing  

Many disease-associated human genetic variants are attributable to point mutations affecting 

single DNA base pairs, such as the transition mutations in the ageing disease progeria or 

transversion events leading to sickle cell anaemia, or small indels, such as the four base pair 

insertion underlying the majority of cases of Tay-Sachs disease. New tools allowing 

modification without DNA cleavage or DSB formation have also been gaining increased 

attention because of concerns regarding the possibility of large genomic rearrangements 

subsequent to DSB formation. Base editors were developed to circumvent the issues of 

random indels from NHEJ and ineffective HDR rates in CRISPR-mediated genomic editing, 

which hinder their effective use in correcting specific and small mutations. Base editors fuse 

enzymes with particular DNA-altering properties to Cas9, thereby focusing their action on 

CRISPR-targeted sites. The Cas9 used in base editing is usually a nickase (making a single 

strand cut in DNA) (15) or it is catalytically dead (nuclease-dead Cas9, or dCas9) (16), 

thereby avoiding the DSBs and DNA damage responses induced by classical Cas9. 

Furthermore, no donor templates are required, reducing the number of components that have 

to act together. Base editors have demonstrated efficiency in many contexts, including post-

mitotic cells in vitro or in vivo, and in both early mouse and human embryos. 

 

2 RecT Editor via Designer-Cas9-Initiated Targeting. 
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Cytidine base editors (CBEs) are comprised of a catalytically impaired nickase Cas9 tethered 

to a cytidine deaminase, which act together with an uracil glycosylase inhibitor to make C-to-

T or G-to-A conversions or transition mutations (17). Subsequently, adenine base editors 

(ABEs) were developed using laboratory evolution to permit A-to-G or T-to-C transversions 

by a novel enzyme that deaminates deoxyadenosine (18). As with all genome editing tools, 

variations of ABEs have already been generated, with one in vitro-evolved variant known as 

ABE8e demonstrating 1100-fold faster activity than earlier variants (19). RNA base editors 

have also been developed to alter RNA transcripts rather than DNA (20), and these have 

already been used to correct a specific cystic fibrosis point mutation in vivo (21). 

However, DNA base editors have been shown to have off-target activity on RNA (22, 23). 

Efforts to reduce this erroneous activity report delivering Cas9 ribonucleoprotein directly 

(24), delivering base editor messenger RNA instead of plasmid RNA (25), or using 

lentivirus-like particles (26) to reduce the incidence of off-target events. While there are 

many forms of potential off-target edits, researchers have both honed the physical base editor 

components and employed computational methods to select higher-fidelity routes to editing. 

For example, using machine learning models trained on data from 11 different CBEs and 

ABEs, a new computational resource called BE-Hive has been developed to accurately 

predict base editing efficiency and product distributions for the most commonly used base 

editors.   

As an extension of base editing, prime editing has recently been developed for mammalian 

cell genome editing. Like base editors, prime editors are fusions of Cas9 nickase with an 

active partner, but in this case a reverse transcriptase. They also utilize an engineered prime 

editing guide RNA (pegRNA), which both specifies the target site and encodes the intended 

edit. This combination of nickase, reverse transcriptase and pegRNA means virtually any 

small indel or substitution can be achieved using this strategy in mammalian cells (27). It is 

speculated that the rate of off-target events with this technique is limited due to the number of 

steps required to resolve an edit. Compared to Cas9-mediated HDR, prime editing appears to 

offer comparable or higher efficiencies with a reduced incidence of random indels without 

the need for additional donor templates due to the pegRNA. Although the alterations made 

are limited in size, the flexibility and apparent efficiency of this system makes it potentially 

very valuable.  

Base editing and prime editing offer complementary strengths, though base editors currently 

offer higher editing efficiencies and lower indel levels than prime editors at certain sites. 

However, when the target nucleotides are not ideally positioned for base editing, prime 

editors typically offer higher efficiency. At present, while base editors offer fewer indels and 

higher efficiency, prime editors excel in conditions requiring greater precision, targeting 

scope and versatility. Prime editing is being used to correct a variety of pathogenic 

mutations in cell lines, from correcting sickle cell mutations to corrective four base insertions 

for Tay-Sachs disease. Base and prime editing offer significant hope for future clinical 

advances and have exciting implications for biotechnological applications.  
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4. Precision editing of mitochondrial DNA 

Mutations affecting mitochondrial function have significant ramifications for the patients 

carrying them and are heritable. Approximately 1 in 5000 people are estimated to carry 

pathogenic mutations in either nuclear DNA or mitochondrial DNA (mtDNA) that result in 

disease or significantly increased disease risk in the future (28). Transition point mutations 

constitute the vast majority of pathogenic mtDNA events and therefore could in principle be 

corrected by CBEs or ABEs. However, while proteins can be tagged in a way that allows 

them to shuttle into mitochondria, this cannot be done for CRISPR gRNA components, 

necessitating the development of new methods to target mtDNA within the mitochondrion. A 

CRISPR-free method using DddA, an enzyme that converts C-to-T on double-stranded DNA 

without the need of DSBs, has recently been developed to circumvent this. The ability of 

DddA to deaminate double-stranded DNA is an important innovation, as previous CBEs and 

ABEs deaminate single-stranded DNA generated by repair mechanisms subsequent to Cas9-

mediated DSBs. To reduce the toxicity of this DddA, split DddAs were linked to separate 

TALENs, meaning that DddA activity would only be present when brought together, 

avoiding a change of all Cs into Ts, thereby also utilizing another genome editing technology 

to provide sequence specificity (29). In mitochondria, this so-called DdCBE complex (two 

transcription activator-like effector repeats fused to half of DddA respectively and an uracil 

glycosylase inhibitor) edits mtDNA with high on-target editing to off-target editing and no 

detectable indels.  

5. Transcriptional modulators and epigenetic editing 

Aside from direct modification of DNA, which is required for truly heritable changes, it is 

possible to modulate the other layers of information that connect DNA sequence to gene 

activity. Ultimately it is aberrant gene function that causes a pathology, and this can be at the 

level of an altered protein, DNA sequence or gene activity. Thus, tuning of gene outputs 

rather than direct editing of the genes themselves has become a research focus, since the 

advent of programmable genome editing technologies made site-specific targeting possible. 

dCas9 can be fused to gene activators (30), repressors (31), or modifiers of epigenetic marks 

– histone: acetylation (32), demethylation (33); cytosine: demethylation (34), methylation 

(35). These tools encompass direct transcriptional activators and repressors, but also 

complexes able to fine-tune chromatin landscapes, the contours of which ultimately regulate 

information flow through the genome. These chromatin landscapes contain so called 

epigenetic information vital for correct development and maintenance of cell fate. For 

example, dCas9-KRAB fusions are able to decommission regions that enhance gene 

expression by causing chromatin compaction, which then renders it inaccessible to 

transcriptional activators (36, 37). Our ever-increasing knowledge of the genome, and of such 

enhancing or repressing regions, advance the possibility of sophisticated solutions to 

diseases, especially where these can be attributed to subtle changes in activity of specific 

genes or even networks of genes.  
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6. Improving the sensitivity of ways to assess the outcome of 

genome editing  

As previously mentioned, a major challenge to genome editing, specifically in the human 

context, is that of delivery and the subsequent monitoring of editing outcomes. This applies 

to CRISPR-NHEJ/HDR and also to the use of base and prime editors. While in vitro somatic 

editing involving many cells can provide plenty of material for assessment of editing 

outcomes, in early stage embryos this is significantly hampered. The success of a single 

editing event is best achieved in early stage embryos, as any edits propagate through the 

entire organism. Therefore, methods allowing detection of off-target events in early embryos, 

with a limited number of cells available, must be refined and made more sensitive. Recent 

advances permit genome-wide analysis to be performed on single cells, thereby enabling the 

detection of off-target events (38). However, the depth of sequencing (number of times each, 

usually amplified, segment of DNA is read) needed for obtaining sufficiently accurate 

sequence data may still be an issue for certain sequencing platforms.  

Recent evidence demonstrating that Cas9-induced DSBs can lead to large chromosomal 

abnormalities in 16% of cells in genome-edited human embryos is particularly sobering (39, 

40). This Cas9-induced large chromosomal abnormality rate is reproducible and comparable 

to that in other cellular contexts (41-46). Improving methods to screen out, reduce, or ideally 

eliminate these aberrant events may be feasible; alternatively, methods that avoid DSB 

generation entirely ought to be employed. From gRNA generation to evaluating the action 

and outputs of CRISPR-mediated genome editing, in silico analysis of genome editing 

outcomes is a rapidly expanding and necessary field for development. Websites and software 

have been created to allow the generation of specific gRNA that avoids or minimizes off-

target events, often utilizing a scoring system to rank potential off-target sites according to 

number of mismatches. The potential for mosaicism (where not all cells have the same 

genetic alteration), off-target effects and multiple possible genetic outcomes at the on-target 

site in any given genome editing experiment are difficult to identify, distinguish and 

ultimately quality control for. This challenge must be addressed before widespread and 

versatile therapeutic advances can be made.  

When using optimized methods, the frequency of off-target events can be so low that they are 

difficult to find. Indeed, they will be absent in the large majority of cells, which can be 

apparent when single somatic cells are expanded clonally in vitro after genome editing, or 

when analysing an animal that has developed from a single-celled zygote that had been 

subject to genome editing. However, off-target events can become a problem with in vivo 

somatic genome editing where the editing has to take place in many millions of cells, and it 

will be a challenge for any assessment method to find rare cells with off-target edits. It then 

becomes essential to have sufficient in silico and preclinical data to make it very unlikely that 

they will not have a deleterious effect. Such an event would happen, for example, if a tumour 

suppressor gene were inactivated.  

It would be critical to avoid any inappropriate on-target or off-target events in any attempt at 

making a heritable change. If the genome editing is carried out in zygotes or very early 
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embryos, then the chances of these may be low, and refined assessment methods could in 

theory be used to screen for embryos that only have the desired edits. However, mosaicism, 

which can result from delayed activity of the genome editing components even if these are 

introduced at the one cell stage, becomes a significant problem, because any biopsy of a few 

cells taken from the preimplantation embryo may not be representative of the remainder. 

Methods such as base editing, where a high degree of fidelity and efficiency might be 

achievable, could provide a solution to this problem.  

Ethical, societal and regulatory issues would need to be addressed before such research is 

planned. Of note, research to improve accuracy and efficiency of genome editing techniques 

in early embryos may require a large number of human embryos. It may also involve the 

creation of research embryos, which is currently only legally permitted in a small number of 

countries. 

7. Alternative routes for heritable human genome editing using 

stem cells  

An alternative route to heritable human genome editing would involve editing stem cell 

precursors of gametes in such a way that these can be expanded clonally and carefully 

screened prior to the generation of gametes and embryos. Experiments involving the use of 

CRISPR in primordial germ cells (PGCs), including in vitro genetic modification prior to 

implantation into germ cell-free gonads, have been successful in some animal models, such 

as birds (47). In addition, recent advances in deriving PGC-like cells from human induced 

pluripotent stem cells (48) and differentiating these towards oocytes or spermatogonia in 

culture could provide a future route to heritable genome editing.  

Increasing work, including that of Kyle Orwig and a number of others, focuses on genome 

editing of spermatogonial stem cells, which can then be used to derive functional sperm after 

being reintroduced into testes (preferably treated to deplete the endogenous spermatogonial 

stem cells). This in vitro editing and subsequent grafting approach has already been used in 

pigs (49), mice (50-53), rats (54) and macaques (55-57). Genetic depletion of endogenous 

spermatogonial stem cells has also been employed (58). The feasibility of these culture 

systems for humans remains to be proven, but with advanced studies into the evolutionary 

conservation of mammalian spermatogenesis (59), the relevant research appears to be 

progressing rapidly (60). 

Genome editing methods involving the use of gamete precursor cells and primordial germ 

cells introduce novel safety and ethical issues, which will need to be examined separately 

from those of genome editing in somatic and germ cells. These methods will involve new 

and, in a sense, artificial methods of reproduction using gametes from cultured cells. 

Research on ways to obtain in vitro-derived gametes is progressing at pace in order to 

improve basic understanding of how these interesting and important cells develop. If 

successful, such research could provide essentially unlimited numbers of oocytes and early 

embryos for other types of research, including on heritable genome editing. 
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8. Prenatal (in utero) somatic gene therapy or heritable 

genome editing 

As researchers refine their control over genome editing technologies for uniform results in 

complex postnatal and adult tissues, parallel efforts are being made to advance the 

application of genome editing to fetuses or even embryos in utero. Fetal surgery was first 

developed during the 1980s to deal with fatal or severe anatomic diseases such as spina 

bifida. Techniques leveraging structures such as the umbilical vein to deliver systemic 

therapies are in place. Advances in early detection of conditions in utero allow the possibility 

to treat fetuses prior to the onset of advanced clinical signs and further tissue growth. 

Treatments could be surgical, genetic, or via stem cell transplantation, or could adopt a 

mixture of approaches.  

Genome editing signals the advent of in utero gene therapy and can make use of the same 

broad list of methods as for postnatal somatic genome editing. However, the delivery of the 

genome editing components or of edited genetic material (for example, when combining 

genome editing with stem cell treatments) into the developing embryo or fetus remains a 

challenge. Moreover, while the risk of unintended edits to the germ cells in fetal testes or 

ovaries is probably low, this possibility will need to be explored if heritable changes are to be 

avoided. Alternatively, if this is the desired outcome, then specific methods (such as use of 

viral vectors “pseudotyped” to target germ cells) will need to be developed.  

Developments in this area hold significant hope for disorders, especially severe single gene 

disorders, from muscular dystrophy to thalassaemia and haemophilia. Phase 1 clinical trials 

for stem cell transplantation, haematopoietic stem cells for thalassaemia, and enzyme 

replacement therapy for lysosomal storage disorders using genome editing are under way and 

should have improved outcomes compared to postnatal interventions. A number of consensus 

statements on this field have been published by the International Fetal Transplantation and 

Immunology Society.  

In mice and rats, methods allowing editing of the genome without the need for ex vivo 

embryo manipulation have been developed, the first being termed GONAD (genome editing 

via oviductal nucleic acid delivery) (61, 62). The GONAD method delivers genome editing 

components directly to the oviduct of early pregnant dams using a glass micropipette. 

Subsequent developments improving this method, resulting in higher efficiency of editing, 

are termed i-GONAD (63-66). Model-specific variants of i-GONAD have recently been 

developed to utilize this approach in other organisms (67-69). While GONAD and i-GONAD 

utilize injection or electroporation as the method of delivering genome editing components 

into the embryo, other methods using viruses, such as adeno-associated viruses, have also 

been developed and used efficiently in pre-implantation mouse embryos (70). Notably, each 

of these techniques currently carries either a high risk of embryo or fetal loss or low 

specificity of outcomes (71). Integration of multiple techniques, such as tethering of gRNAs 

to Cas9 in an i-GONAD approach, may be an avenue for improved control over outcomes in 

this or other in utero contexts for somatic or heritable genome editing. 
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9. Conclusion and future scoping  

Genome editing technologies represent a rapidly expanding toolkit of molecular systems to 

alter DNA, RNA and chromatin landscapes. They can induce random mutations to disrupt 

genes, be used to introduce deliberate changes with increasingly fine control, and potentially 

even reshape transcriptional landscapes to modulate clinically implicated gene networks. As 

our understanding of the genome deepens, these tools are being modified for uses in more 

and more specialized contexts to gain the intended, potentially therapeutic, outcomes.  

A recent report by Saha et al. (72) on the United States National Institutes of Health Somatic 

Cell Genome Editing (SCGE) programme, which also gives a current overview of methods, 

describes the establishment of a toolkit to “compile new genome editors, delivery 

technologies and methods for tracking edited cells in vivo, as well as newly developed animal 

models and human biological systems, along with validated datasets”. This SCGE toolkit3 

has been developed specifically with somatic genome editing in mind, and while there may 

be some overlap, it is unlikely to be generally applicable to heritable genome editing.  

One area that needs immediate attention is the method of delivery of genome editing 

components to the target cells and tissues. The components can be delivered directly by 

injection or electroporation (or similar methods) into target cells; indirectly, by introduction 

of in vitro “repaired” cells to the organism; or intrauterine, by transplacental means. 

Alternatively, viruses or nanoparticles can be used to introduce genome editing components 

into cells, both in vitro and in vivo. Other methods also exist, each with advantages and 

disadvantages in comparison with the other options (73). However, a reoccurring stumbling 

block for all applications of genome editing technologies, particularly those to be applied in 

vivo, is the inefficiency of the delivery methods currently available. While applications in 

early embryos bypass this issue to some extent, as they have a limited number of cells to 

begin with, the problem of being able to target only a small proportion of a specific cell type 

in vivo restricts the potential contributions of these technologies in adult clinical conditions. 

Investigations into smaller, hypercompact phage-encoded CRISPR alternatives are currently 

under way, but further efforts are required before this issue is resolved. Delivery of genome 

editing components should be regularly highlighted as requiring urgent innovation to help 

make clinical aspirations a more tenable reality – a particularly significant consideration for 

public dialogues surrounding the use of genome editing technologies in humans.  

Finally, the methods detailed here have not been judged for their suitability for use in clinical 

research or applications. All such decisions must involve review and oversight processes that 

can make risk–benefit judgements based not only on scientific and clinical evidence, but also 

on local ethical and societal views.  

  

 

3 https://scge.mcw.edu/toolkit. 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fscge.mcw.edu%2Ftoolkit&data=04%7C01%7C%7C0257dc7f6d814ecfeead08d8fcf40911%7C4eed7807ebad415aa7a99170947f4eae%7C0%7C0%7C637537472398608238%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=lxI4snUU6wOIgORcc2LHTyFoymukXS%2BW6LML0X9WGRY%3D&reserved=0
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