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Abstract 

 The development of CRISPR-derived genome editing technologies has enabled the precise 

manipulation of DNA sequences within the human genome. In this review, we discuss the initial development 

and cellular mechanism of action of CRISPR nucleases and DNA base editors. We then describe factors that 

must be taken into consideration when developing these tools into therapeutic agents, including the potential 

for unintended and off-target edits when using these genome editing tools, and methods to characterize these 

types of edits. We finish by considering specific challenges associated with bringing a CRISPR-based therapy 

to the clinic: manufacturing, regulatory oversight and considerations for clinical trials that involve genome 

editing agents.  

 

Introduction  
Since the development of molecular cloning, there has been a great deal of scientific interest in altering 

DNA inside patient cells for therapeutic benefit. Initial attempts focused on gene transfer therapy: insertion of 
foreign DNA into the genomes of cells, most commonly using a viral vector. This was first attempted to treat 
severe combined immunodeficiency (SCID) patients in 19901, and while clinical efficacy was demonstrated, there 
were devastating instances of insertional oncogenesis in some studies which were attributed to the retroviral 
vectors used2. However, this same gene transfer therapy strategy has been applied successfully ex vivo recently, 
with favorable assessments of safety and efficacy data. Specifically, five autologous T cell-derived therapies 
(axicabtagene ciloleucel, lisocabtagene maraleucel, brexucabtagene autoleucel, idecabtagene vicleucel, and 
tisagenlecleucel), in which T-cells are engineered ex vivo via retroviral or lentiviral transduction to express 
chimeric antigen receptor (CAR) constructs, have been FDA approved for the treatment of patients with B cell 
malignancies3-8. Two AAV-based in vivo gene therapies, in which DNA encoding for a gene of interest is delivered 
into cells but does not genomically integrate, have also been approved for use in the USA. These include 
onasemnogene abeparvovec, which delivers the survival motor neuron (SMN) gene for the treatment of patients 
with spinal muscular atrophy type I (SMA)9,10, and voretigene neparvovec, which delivers the retinal pigment 
epithelium-specific 65 kDa (RPE65) gene for the treatment of patients with Leber congenital amaurosis11.  

In general, non-integrating gene therapy approaches have the potential to be curative for certain 
conditions, but they are not able to repair a pathogenic mutation in the native context of a patients’ own genome. 
In many instances, including pathogenic dominant mutations, providing a copy of a healthy gene cannot 
ameliorate symptoms of a disease. Further, gene therapy will not restore endogenous gene expression levels 
because the delivered foreign DNA is either extrachromosomal or integrated into the genome at a site other than 
the endogenous locus. For example, a recent mouse study indicated that long-term overexpression of SMN from 
an AAV9 vector caused aggregation of SMN in the cytoplasm, leading to splicing irregularities and transcriptome-
wide RNA dysregulation.12 In contrast to gene therapy agents, gene editing technologies such as zinc finger 
nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), CRISPR/Cas nucleases (which are 
currently being developed for various illnesses, including to restore vision loss in LCA10 patients13 or induce 
gamma globin production in hemoglobinopathy patients14), base editors15,16, and prime editors17 modify genomic 
DNA at the endogenous locus, enabling maintenance of endogenous gene regulation and, in many cases, 
ablating the pathogenic mutation. There are several on-going efforts to apply gene editing therapies to patients, 
for example the development of a Cas9-nuclease based approach to restore dystrophin expression in animal 
models of Duchenne’s Muscular Dystrophy18,19, and the development of a Cas9 nuclease strategy to reduce 
serum concentrations of transthyretin protein in patients with transthyretin amyloidosis20. Here we discuss key 
challenges and considerations during the progression of CRISPR-based genome editing tools from the bench to 
the bedside. 
  
Technology inception and in cellulo development 

Nuclease-based genome editing strategies originated in the 1990’s when meganucleases were first used 
to modify pre-defined endogenous loci in mammalian cells21. This major class of genome editing tool works by 
first introducing a double-stranded DNA break (DSB) at a locus of interest. Subsequent processing of the DSB 
by the endogenous cellular DNA repair pathways then dictates the outcome. Processing by non-homologous 
end joining (NHEJ) will result in insertions and deletions of a small number of nucleotides (indels) at the site of 
the DSB22,23 (Figure 1). The sequences of these indels are in general reproducible (and can, to certain degrees, 
be predicted), but cannot be dictated and depend on the local sequence context surrounding the DSB24-29. 
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Homology directed repair (HDR) can also process the DSB in the presence of an exogenous supplied piece of 
DNA that bears homology to the locus as well as the intended edit. HDR will use this as a template to fix the 
damaged genomic DNA and in the process incorporate the edit into the genome, producing precise, researcher-
defined outcomes30 (Figure 1). Due to these competing pathways, DSB-reliant genome editing often results in a 
mixture of the desired (template incorporation via HDR) and undesired (indel formation) outcomes. The ability to 
design and generate nucleases that can introduce a DSB with high efficiency at a custom sequence of interest 
is of paramount importance to enable the use of these technologies. Due to the extreme difficulty of 
reprogramming meganucleases to recognize custom sequences, they were quickly replaced by ZFNs and 
TALENs, which were in turn largely sidelined by the biochemical characterization of CRISPR-Cas9 in 201231-36.  

It was discovered that the Cas9 enzyme, previously known to be a major player in the interference 
mechanism of archaeal and bacterial immune systems, could be re-programmed to recognize, bind, and cleave 
a custom DNA sequence using simple Watson-Crick-Franklin base pairing properties between the locus of 
interest and a piece of RNA (called the guide RNA, or gRNA) that the enzyme uses for target recognition31-35 
(Figure 1). The target sequence (called the protospacer) also requires the presence of a short protospacer 
adjacent motif (PAM) for Cas9 binding. The quick turnaround time now achievable between design and validation 
of new gRNAs (which takes days instead of months, as with ZFNs and TALENs), combined with the high 
efficiency of DSB introduction by Cas9 in mammalian cells and in animals35,37 are major factors in the widespread 
and fast adoption of the technology by a wide swath of researchers and its rapid application in the therapeutics 
space. 

DNA base editors are another class of CRISPR-based genome editing tool. Base editors comprise a 
catalytically disabled or inactivated Cas9 enzyme31-35 that does not directly generate DSBs and a deaminase 
enzyme capable of acting on a nucleobase in single stranded DNA (ssDNA). The Cas9 component of base 
editors acts to locally denature a pre-defined genomic locus, and the deaminase then performs a chemical 
deamination reaction on the exocyclic amine of target nucleobases within the single-stranded DNA “bubble” 
(Figure 2). Specifically, DNA base editors fall into two classes: cytosine base editors (CBEs) convert a C●G base 
pair into a T●A base pair through a uracil intermediate,38 and adenine base editors (ABEs) convert an A●T base 
pair into a G●C base pair through an inosine intermediate (Figure 2)16. The resulting uracil or inosine-containing 
intermediates are thought to be processed by DNA repair pathways distinct from those that process DSBs to 
introduce their respective point mutations. 

When progressing a genome editing candidate from a research tool to a therapy, the biological system 
in which it is being used will change. Tool development is usually carried out in immortalized mammalian cell 
lines, as this is time- and resource-efficient. The ultimate target (a specific organ within the body, a certain 
subtype of cells within the body, ex vivo editing of primary cells, etc.) will dictate the intermediary systems in 
which that the candidate will be tested and optimized during preclinical studies. These intermediary systems can 
include organoids, human primary cells, and animal models, and can have considerable impacts on the efficiency 
and specificity of the genome editing, as well as the delivery mode required. Specificity here refers to unintended 
genome edits that can happen in addition to the desired modification and is discussed in great detail in the next 
section. Strategies to deliver the editor are largely dictated by the system being used and include viral and nucleic 
acid-based platforms. Considerations related to therapeutic delivery modes are also discussed in more detail 
later. Importantly, efficiency may change markedly when moving from immortalized cell lines to in vivo work for 
a variety of reasons. Introduction efficiencies of the desired DSB, uracil, or inosine intermediate may be reduced 
due to delivery difficulties of the new biological system. Additionally, cell type-dependent differences in 
expression levels of key DNA repair pathways can also impact genome editing outcomes. Specifically, the HDR 
pathway that DSB-reliant tools depend on is only active in dividing cells. As a result, indels will typically dominate 
over precision outcomes in non-dividing cells such as neurons. While the exact DNA repair mechanisms that 
base editors rely on are currently unknown, several studies have demonstrated efficient base editing in non-
dividing cell types39,40. This suggests base editors may function via more ubiquitous pathways and has lowered 
barriers to the clinic. 
 
Preclinical assessment: Interrogation of unintended editing outcomes  

The term “unintended edits” encompasses any editing event other than the intended therapeutic edit. 
However, having an unintended edit may not necessarily be injurious for a cell. For example, the unintended edit 
can occur in conjunction with the beneficial target mutation and end up being inconsequential. To determine 
whether unintended edits are consequential, careful consideration of their frequency and biological effect, if any, 
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is required. Here we focus on unintended edits induced by either base editors or Cas-nuclease technologies. 
The off-target edits induced by Cas nucleases are likely to be similar to those caused by other types of nuclease 
(for example TALENs or ZFNs), but these will not be explicitly discussed here.  

For Cas-based gene editing technologies, unintended edits can be classified as “guide-dependent” or 
“guide-independent”. Guide-dependent unintended edits are those that occur only when an editor or nuclease is 
paired with a particular gRNA, whereas guide-independent edits arise from some functionality of the editing 
complex unrelated to the gRNA.  

 
Guide-dependent genomic edits 
 There are two types of unintended guide-dependent genomic edits: those that occur at the on-target 
locus (i.e. within the intended protospacer/PAM region) and those that occur at off-target loci that typically have 
sequence similarity to the on-target locus.  
 

i. Guide-dependent genomic edits at the on-target locus 
 For Cas nucleases, classification of edits at the on-target locus as “unintended” depends heavily on the 
biological goal of the experiment. Nucleases are used to knock out a gene or disrupt a regulatory sequence via 
the introduction of indels using NHEJ (Figure 1). In such cases, the therapeutic efficacy of the edit will depend 
on the sequences of the indels that are formed. In these examples, an indel that leads to an in-frame mutation 
or that does not have the desired biological effect on a regulatory region would be considered an unintended 
edit. Other times, a nuclease is paired with a donor DNA template and cellular HDR is used to introduce a defined 
sequence modification close to the DSB site. In these instances, indel introduction at the DSB site, which usually 
does not lead to therapeutic benefit, would be considered an unintended edit.  

For base editors, there are three main classes of on-target, guide-dependent unintended edits: 1) DNA 
bystander edits, which are deamination-induced mutations of either adenosine bases (in the case of ABE) or 
cytidine bases (in the case of CBE or, to a much lesser extent, ABE) that happen to lie within the editing window 
alongside the target base (Figure 3), 2) indels within the protospacer (Figure 3), and, 3) transversion mutations 
at the target base (Figure 3).  
 DNA bystander edits are common and can be easily measured along with the desired editing frequency 
using techniques such as high-throughput sequencing. DNA bystander edits occur if there is an additional 
editable base within the ssDNA region that is accessible for deamination (Figure 3). Bystander edits therefore 
depend on the DNA sequence context surrounding the target nucleotide. In many cases, bystander edits lead to 
silent mutations in the resulting protein so are thought to be without significant biologic effect41. For non-silent 
bystander mutations, gRNA and/or base editor engineering can reduce bystander editing frequencies while 
maintaining on-target editing42. While there are no known examples of CBEs deaminating adenine bases, ABEs 
occasionally have very low deamination activity on cytosine residues, which can also be considered as bystander 
editing (but this is typically <1% sequenced reads)43,44.   
 Indels and transversion edits at the target nucleotide are typically minor products of base editing, and 
CBEs induce these at a higher frequency than ABEs (Figure 3). The mechanism by which indel formation occurs 
with base editors is not fully known, but it is likely related to cellular processing of the U●G mismatch intermediate 
(Figure 3). The base excision repair pathway processes U●G mismatches quite efficiently. Initially, the uracil N-
glycosylase (UNG) enzyme excises the uracil to produce an abasic site (Figure 2)45,46. This abasic site, in 
conjunction with the DNA nick, may lead to an indel (Figure 3). Additionally, further processing of this abasic 
site-containing intermediate by error-prone polymerases can introduce unintended transversion mutations 
(Figure 2). CBEs typically encode an uracil DNA glycosylase inhibitor protein (UGI) to minimize the recognition 
of the U●G mismatch by cellular UNG and reduce these types of unintended edits (Figure 3)15. Consequently, 
base editor constructs lacking UGI have both higher observed rates of indel formation, as well as transversion 
edits46,47. Cellular recognition of an I●C mismatch (the ABE intermediate) is much less active, so no inhibitor is 
required. The single nick induced by some base editors may also contribute to indel formation through imperfect 
cellular repair processes.  
 

ii. Guide-dependent unintended edits at off-target loci 
 Many Cas protein:gRNA complexes can localize to loci in the genome that possess sequence similarity 
to the on-target locus (Figure 3)48. In the case of nucleases, off-target binding can lead to DSB introduction and 
eventually indel formation at these off-target loci. The same off-target binding can occur with base editors, but 
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instead of indel introduction at these off-target loci, deamination of adenosines (in the case of ABEs) or cytidines 
(in the case of CBEs), if they are present in the editing window at the off-target locus, will occur. For this reason, 
the guide-dependent off-target editing profile of a base editor paired with a particular gRNA usually comprises a 
subset of the loci edited when a Cas enzyme is paired with the same gRNA.15,16,49 
 
Large-scale genomic rearrangements  

In addition to production of indels at an off-target locus, if multiple DSBs are generated simultaneously in 
a cell (for example when one occurs at the on-target locus and another at an off-target locus), translocations can 
occur48. Large (kilo50- or mega-base51 scale deletions have also been reported with single or multiplexed gRNAs 
(i.e. multiple, different gRNAs used in the same editing experiment) paired with Cas9, as well as chromothripsis 
(large rearrangement of chromosomes)52. The ability of base editors to cause translocations or other kinds of 
genomic rearrangement, particularly when multiplexed, is much reduced as compared with Cas9 nuclease, 
presumably because base editors do not directly generate DSBs53. Nevertheless, the potential for base editors 
to create large scale genomic rearrangements must be carefully evaluated for each individual case.  
 
Guide-independent off-target DNA and RNA modulation 

For nuclease editors, the most notable guide-independent off-target editing effect is p53-pathway 
activation in p53-wild-type cells54 which has been shown to occur without addition of a gRNA, although more 
research is required to ascertain the full extent of this activity54.  

For base editors, the guide-independent off-target effects arise from the deaminase enzyme. “Spurious 
deamination” can occur due to arbitrary interactions between the deaminase and cellular RNA or transiently 
single stranded regions of cellular DNA (Figure 3). When base editors are highly expressed from strong 
promoters and delivered as plasmids, both ABEs55,56 and CBEs57 can cause a transient elevation to the 
transcriptome-wide level of A-to-U or C-to-U conversion in cellular RNA. Importantly, this activity is dramatically 
reduced when mRNA delivery of the base editor is performed instead of plasmid delivery44, and can be reduced 
further by incorporation of mutations in the deaminase enzyme44,55,56,58-60.  

Some CBEs have the ability to cause low levels of elevated spurious DNA deamination, causing an 
elevated incidence of genome-wide C•G to T•A mutations relative to untreated controls (Figure 3)61,62. This 
activity may be caused by either the deaminase enzyme itself, the UGI component of the base editor, or both. 
UGI alone may cause elevated incidence of C•G to T•A mutations by impairing the repair of either deaminase-
induced or spontaneous cytosine deamination that occur naturally. CBE-induced spurious deamination can be 
reduced by delivering the editor as mRNA58, and can be reduced to undetectable levels by altering the 
deaminase enzyme or incorporating mutations that reduce spurious deamination activity58-60,63. Thus far, there 
has been very little evidence that ABEs can induce spurious DNA deamination, and several methods have 
indicated that earlier generation ABEs do not show elevated levels of spurious deamination44,62. While newer 
generation ABEs (called ABE8’s) have since been engineered with more active deaminases, those that have 
been evaluated by whole genome sequencing (WGS) assays have not displayed elevated levels of A●T to G●C 
edits, when mRNA delivery of the editor was used44.  

Careful studies for each new application will be necessary to evaluate the risks of both guide-dependent 
and guide-independent off-target edits for base editors, as the off-target editing frequency is highly variable, and 
depends on the gRNA, deaminase enzyme, Cas enzyme, cell type and delivery method used.  
 
Off-target risk assessment for nucleases and base editors 

For guide-dependent edits, variation within the human genome (both known and unknown) can create or 
eliminate potential guide-dependent off target binding sites64,65. The computational tools that are available to 
assess guide-dependent off-target effects are limited by the availability of human genome sequencing data, and 
laboratory-based in cellulo or in vivo tools are limited by the genomic sequences of the cells and animals that 
are used for off-target assessment. Nonetheless, in silico off-target prediction based on the protospacer 
sequence of a gRNA and the PAM sequence of the Cas protein used is a common first step in guide-dependent 
off-target prediction. Easy-to-use tools have been developed that are able to predict potential genomic off-target 
loci66, and, more recently, a variant-aware prediction tool has become available67. While in silico approaches 
offer quick insights into the potential for a particular guide RNA to cause off-target editing, they may miss bona 
fide off-target loci, and should be considered as an initial screening method to find potential off-target loci.  



6 

 

In vitro methods for off-target site prediction are more labor-intensive than in silico approaches but are 
essential to screen for additional off-target loci that could not be predicted from the primary gRNA sequence 
alone. ONE-Seq68 is a transformative technique for off-target identification and has enabled a broader, albeit 
guideRNA-sequence-biased, assessment that uses a library-on-a-chip of synthetic DNA instead of depending 
on genomic DNA for off-target editing quantification, and ONE-Seq can be applied to a nuclease or a base editor. 
Additional in vitro approaches to off-target identification include approaches that utilize purified genomic DNA 
incubated with purified genome editing proteins and gRNA (CIRCLE-Seq for nucleases69, Digenome-Seq for 
nucleases or CBEs70,71, and EndoV-Seq for ABEs72. These in vitro tools all require the genome editing agent  to 
function as a purified protein in vitro instead of inside a human cell. Two further in vitro approaches involve 
treatment of living cells with the genome-editing agent and gRNA, followed by isolation of the genomic DNA and 
subsequent innovative molecular biology steps to screen for edited off-target loci. GUIDE-Seq (for nucleases)48 
and, more recently, Detect-Seq (for CBEs)73 are considered in vitro tools since they do not enable direct 
identification of the DNA sequence outcome an off target edit, and are typically performed with the non-
therapeutically relevant plasmid delivery approach.  

Since these in silico and in vitro approaches to identify potential off-target sites are not performed under 
therapeutically relevant circumstances, the candidate off-target loci must be independently confirmed or refuted. 
Experiments performed in cellulo or in vivo using therapeutically relevant delivery methods are required to assess 
whether a candidate of-target site identified through these screening approaches is indeed edited in a relevant 
context. 

Although it will likely remain impossible to take into account the entire genome sequence of each intended 
patient of a gene editing therapy, novel tool development and more extensive genome sequencing efforts within 
the human population will continue to deepen our understanding of the difficult-to-quantify risk posed to patients 
due to low frequency, unknown genome variations. Guide-independent edits are inherently stochastic, as they 
are caused by molecular interaction between the deaminase enzyme and cellular RNA or DNA (in the case of 
base editors) or by an elevated mutational frequency in the case of nucleases54. Methods to detect guide-
independent off-target effects have been developed and optimized to maximize their sensitivity but remain limited 
by the constraints of high throughput sequencing technologies. Endogenous cellular cytosine and adenosine 
deaminases cause varying levels of background deamination, particularly in the cellular transcriptome. Whole 
transcriptome or whole genome sequencing (WTS or WGS) can be used to measure whether spurious 
deamination occurs at a higher frequency amongst treated cells as compared with control cells but cannot 
determine the full complement of nucleotides within the human genome that may be susceptible to off-target 
editing by spurious deamination.  
 It should be noted that the most important aspect of any genome editing agent’s off-target profile must 

be related to the biological consequences of the off-target effects generated by the agent. Detecting the different 

types of off-target edit that occur above a threshold level, while important, is only the first step. More detailed 

work must go into assessment of how, if at all, consequential those edits are.  

 
The Path to Clinic: i) Overview of regulatory authority oversight 

While the breadth of diseases addressable by genome editing illustrates its potential for transformational 
impact on human health, drug developers must navigate a complex regulatory framework implemented by the 
relevant health authorities and supported by national or multi-national laws in order to bring a novel therapeutic 
to clinical studies in patients. Like for all investigational treatment modalities, a data-intensive package must be 
prepared and submitted to bring an investigational gene therapy from pre-clinical proof-of-concept to early-phase 
clinical trials (in the US, this package is the investigational new drug (IND) application and in Europe this package 
is a clinical trial application (CTA)). INDs in the US are typically classified as either commercial or research. An 
additional type of application is the individual-patient, expanded access IND74. This mechanism may be used 
with increasing frequency as more investigators gain expertise in methodologies that enable identification of 
genome editing approaches with potential to treat patients needing customized therapies for life-threatening 
genetic diseases for which no standard treatments are available. On the other hand, the resource needs required 
to successfully negotiate the many steps of the IND or equivalent application process creates challenges for 
investigators and institutions with limited resources and likely will limit the scalability of clinical applications of 
genome editing in the near term.  

Among the required pre-clinical components that must be satisfied are descriptions of studies 
establishing biological plausibility for the proposed therapeutic modality, justification for the doses to be tested 
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in humans, description of the therapeutic’s absorption (if applicable) and distribution in a relevant in vivo model 
system, and in vivo toxicology studies that inform an appraisal of potential risks to humans. For genome editing 
applications, assessment of off-target biology is a necessary extension of the pre-clinical toxicology data 
package. Additionally, extensive documentation of chemistry, manufacturing and control (CMC) information is 
required. This CMC module must include details of the drug substance and drug product, manufacturing 
materials (e.g. vectors, cells, reagents, and excipients), all product manufacturing procedures, including a 
description of the final formulation, product stability and testing for sterility, identity, purity, potency and dose75.   
 The mechanistic basis of a particular gene editing therapeutic may invoke a specific set of considerations 
for its path to clinic. For example, a gene editor selective for a mutation-containing protospacer76 may require 
IND-enabling preclinical studies to be completed using reagents that contain the same mutation intended to be 
targeted in human subjects. Another set of considerations relates to gene editors using a common nuclease or 
non-nuclease-based editor selected for a rare genetic disease shared by individuals with different pathogenic 
mutations necessitating one of several potential guide RNAs to be selected corresponding to the mutation 
position. In this context, whether or not a specific regulatory framework will enable an editor with multiple potential 
guides to be considered a single investigational product could have significant impact on its clinical development.  
 The clinical trial protocol(s) within the IND details the elements of studies to be performed in patients, 
including enrollment criteria, study interventions and overall trial conduct. Key documents supporting the 
protocol, such as informed consent forms, are included. Summaries of any prior data (safety and efficacy) 
resulting from use of the investigational therapy in humans are also included. The Investigator’s brochure (IB, 
submitted with the IND summarizes pre-clinical data that are relevant to the study of the investigational therapy 
in patients as well as prior clinical results (if any) and communicates an initial understanding of potential risks 
and benefits to investigators who are directly overseeing the care of patients enrolled in the study. This 
information is required to be updated periodically, according to regulatory authority guidance and when there are 
important new findings affecting the assessment of risk vs. benefit.   
 
 
The Path to Clinic: ii) Manufacturing considerations  
 
gRNA optimization  

Producing high-quality, therapeutic grade gRNAs at commercial scale is an objective that biotech 
companies and pharma are actively pursuing. There are at least three challenges related to the length of these 
oligos that organizations need to conquer when bringing a therapeutic forward that includes a synthetic RNA of 
this length (>100 nucleobases for S. aureus and S. pyogenes Cas9) forward: 1. Surmount challenges related to 
the synthesis of a long nucleic acid polymer, 2. Identify the target oligonucleotide and unwanted side reactions 
that occur during chemical syntheses through analytical development, and 3. Scale-up manufacturing of these 
long synthetic gRNAs.  
 A primary challenge towards creating synthetic sgRNAs for SpCas9 gene editing therapies is due to the 
long length of the polymer. The gRNA for SpCas9 is typically ~100 nucleotides and are even longer for effectors 
such as SaCas9, prime editors, and many others. Unfortunately, standard nucleic acid polymerization 
approaches via solid phase syntheses, developed over the past decade, suffer from poor crude yields (typically 
10-25% depending on the sequence and scale) and low overall product purity (post HPLC one can expect to 
achieve 60-80%) at this length. To date, the vast majority of oligonucleotide therapeutics that have gone to the 
clinic and marketed are substantially smaller (typically 20-50 nt; e.g. siRNAs, antisense oligonucleotides 
(ASOs))77,78 and new synthetic methods must be developed to be compatible for oligonucleotide polymers >50nt 
in length. Initial solutions, however, ultimately proved to be of little benefit for clinical applications.  
 One approach towards accessing guide RNA reagent more robustly involved leveraging the natural dual 
guide system79.This approach disconnects the single guide RNA into two shorter and more synthetically 
accessible pieces. However this dual guide RNA approach creates a more complicated drug product overall and 
gene editing efficiencies are typically lower in eukaryotic cells with a complexed two-component guide versus a 
single-guide RNA. Another approach involves a truncated guide RNA from the 3’ end, however these guides are 
not suitable for technologies such as prime editors which rely on a user-defined 3’ extension of the sgRNA, and 
typically underperform as they appear to form RNP complexes less robustly than full-length gRNA in the 
intracellular environment80,81.  
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 More recently, new chemical approaches have been developed to synthetically access RNA polymers 
for long, sgRNA synthesis. One such approach generates gRNAs through a convergent, split and ligate synthesis 
wherein the polymer is synthesized in smaller fragments, and then stitched together. Reported synthetic 
strategies leverage an azide-alkyne cycloaddition reaction that can robustly “click” together the more accessible 
smaller RNA fragments into the desired larger single gRNA reagent.82,83 While this advancement proved to be a 
step closer towards manufacturing gRNAs of lengths >50 nt with both higher purity and final yield, ligation of the 
two RNA components generates an artificial triazole linkage that may not be suitable for clinical use without 
extensive pharmacokinetic/pharmacodynamic (PKPD) experiments to evaluate any toxicities associated with 
these non-natural linkages.   
 Other chemical approaches aim to change the process for solid-phase synthesis of RNA itself, which has 
largely been unchanged since the 1980s, by substituting the standard tertbutyldimethylsilyl (TBDMS) protecting 
group for a less bulky one. Notably, one of the main challenges towards creating long, sequence defined RNAs 
using phosphoramidite chemistry utilized in solid phase synthesis protocols, is accessing orthogonally protected 
monomer building blocks that can be coupled efficiently and in high yields. While the synthetic strategies for DNA 
have overcome hurdles associated with creating oligonucleotide chains greatly exceeding 100 nts in high yields 
using solid-phase synthesis, similar outcomes with RNA synthesis have lagged behind. By comparison with 
DNA, achieving such lengths at high yield with traditional RNA solid-phase synthesis has suffered due to the 
added complexities associated with the additional 2’OH of RNA which must be protected to inhibit side reactions. 
These necessary protecting groups can thus cause additional steric clash during coupling of nucleotides which 
severely limits the length and yield of synthetic RNA. As such, innovation in chemistries have been achieved that 
replace earlier techniques and utilize protection/deprotection schemes that are optimized for RNA nucleosides 
that are less bulky and thus more effectively couple, such as 2’-O-thionocarbamte, or cyanoethoxy methyl (and 
derivatives), to enable simple and robust solid-phase oligonucleotide polymerization.84,85 Additionally, changing 
the TBDMS protecting group could also enable more green and less harmful downstream processing steps, such 
as the use of solutions of hydrofluoric acid used for deprotection of TBDMS groups. 
 A second key challenge of therapeutic oligonucleotide manufacturing is analysis of the long target RNA, 
side products and byproducts generated from the synthesis of the materials. For gene editing applications, side 
products formed during synthesis that deviate from the desired sequence of the sgRNA, can affect gene editing 
outcomes such as overall efficiency of on target editing and/or formation of additional guide-dependent off-
targets. Assays utilizing UV spectrometry, HPLC, UPLC-MS, capillary gel electrophoresis (CGE) all may be 
developed to fully characterize the quality and purity of sgRNA synthesis, as is typically performed with shorter 
therapeutic RNAs.86 High resolution HPLC methods for purity evaluation87 and methods to sequence target 
sgRNA must, however, continue to be developed for these longer RNA molecules. For example, while tandem 
mass spectrometry is typically used to sequence siRNA and ASOs, the length of sgRNA greatly challenges the 
use of this method. For this reason, to verify the sequence integrity of these longer synthetic RNAs, assays 
developed that leverage next generation sequencing resolution are being examined to qualify the correct 
sequence integrity of the strand. For any clinically relevant oligonucleotide utilized for current gene editing 
therapies, many analytical assays and tools will continue to need to be developed.  
 The third major challenge is scale-up and manufacturing of these long RNA oligonucleotides required for 
gene editing. For the first time, organizations need to perform the very difficult synthetic gymnastics outlined 
above for these longer RNA molecules (>50 nts), on large scales (gram to kilogram) than is required for process 
development on a research scale. While some chemistries have been developed to improve the overall yield of 
the polymerization reactions on a small scale, these strategies may not be compatible with large-scale (grams 
to kilograms) needed for commercialization due to cost and sourcing of reagents and process changes related 
to larger scale reactions (e.g., longer coupling times). For example, unwanted side products, such as double 
additions that form duplications in the gRNA sequence, may increase upon scale up leading to a small, but 
potentially meaningful subset of gRNAs with mismatches (relative to their intended target sequence) in the 
protospacer. In addition to sequence fidelity, chemists must also be mindful of manufacturing challenges 
associated with incorporation of modifications commonly used to the modify the RNA backbone such as 
phosphothioate, 2’OMe, and 2’F. These chemical enhancements are necessary to increase stability of the 
oligonucleotide in cells88,89 and are typically incorporated into all synthetic gRNA clinical reagents. Of note, in 
vitro transcription (IVT) solutions, which deploy enzymes to create polynucleic acid linkages, cannot be leveraged 
for gRNA synthesis due to the need of controlled incorporation of the modified RNA backbone necessary for 
reagent stability within the cell.   
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IVT-derived mRNA optimization  
 Messenger RNA encoding CRISPR-associated Cas9 gene editors as mRNA has emerged as a promising 
reagent in delivery for both ex vivo (electroporation) as well as in vivo (lipid nanoparticle (LNP)) delivery 
applications. mRNAs that encode Cas9-based gene editors including SpCas9 nucleases, base editors, and 
prime editors range in size from ~4,000 to greater than ~5,000 nucleobases, depending on the editor. To 
generate RNA of these lengths, in vitro transcription (IVT) strategies have been applied. Since the first report in 
1990 describing the successful use of IVT-derived mRNA that induced the translation of the corresponding 
encoded protein in animals, many advancements have been made to enable mRNA to be used as therapeutic 
tool. Notably, mRNA-LNP formulations has garnered global attention recently as a dominate form of vaccine 
administration during the COVID-19 pandemic (e.g., Moderna and Pfizer mRNA vaccines). One of the beneficial 
attributes of mRNA is that protein expression from mRNA is transient, and in the context of gene editing this is 
a beneficial safety feature helping to avoid off-target effects and immunogenicity that could result from durable 
gene editor expression.90 Conveniently, the in vivo half-life of mRNA can be controlled via the total exposure 
time of the drug substance, which is influenced by the dose and delivery modality. Also, LNPs carrying mRNA 
can be administered repeatedly since no anti-vector immunity is present such as with AAV or other viral 
technologies.  
 In order to create a robust mRNA transcript for clinical delivery there are several key material attributes 
that must be optimized. First, mRNA is typically codon optimized to achieve maximum levels of translation within 
the cell91. Various computer algorithms can be used to generate numerous sequence variants, but the optimal 
codon usage must be experimentally determined often through in vitro screening of series of candidate 
sequences within the intended cell type. In addition to codon optimization, mRNA reagents are typically modified 
to enhance stability in vivo. Functional enhancements to the mRNA include a 5’ cap, 5’- and 3’ untranslated 
region (UTR)92 and an extended, 3’ poly(A) tail93.  

For robust translation of mRNA within a cell, a 5’cap structure is incorporated into the mRNA reagent 
since natural eukaryotic mRNA contains a 7-methylguanosine (m7G) modification linked to the mRNA during 
transcription. Binding of this cap by either translation initiation factors (e.g. EIF4E) or to decapping enzymes (e.g. 
DCP1) regulates the balance of mRNA translation94 and decay95. To date, there are many different 5’ cap 
analogues that can be utilized including m7GpppG, anti-reverse cap (m2

7,3,-OGppG) and phosphorothioate-
modified cap, and researchers chose the most appropriate modification based on cell type and cell differentiation 
state96. 

Another feature of mRNA transcripts is the inclusion of UTR sequences before and after the encoded 
protein on the mRNA. Many IVT mRNAs include 3’-UTRs of alpha and beta globin mRNAs that increase stability 
and some cellular and viral UTRs can also be encoded such as elongation factor 1alpha (EEF1A197)  and UTRs 
from orthopoxvirus98.  

Last, IVT mRNA typically includes a terminating, polyadenylate (poly(A)) tail which further influences the 
stability and translational efficiency of the mRNA in partnership with the other enhancements on the mRNA 
transcript. It has been found that the optimal length of the poly(A) tail should be between 120 and 150 
nucleotides99,100.  
 In addition to optimization considerations for mRNA stability, researchers must also address the inherent 
immunostimulatory properties of exogenous mRNA delivered for clinical use. Crucially, following IVT of a desired 
mRNA, the reaction product must be purified from any double-stranded RNA (dsRNA) contaminants produced 
during the IVT reaction101. These dsRNA contaminates are similar to viral genomes and their replication 
intermediates and thus elicit a type I interferon response, resulting in inhibition of translation and degradation of 
cellular mRNA and ribosomal RNA101-103.  Encouragingly, dsRNA contaminants can be efficiently separated from 
the desired RNA oligomer within the IVT mixture using tailored FPLC or HPLC protocols. Because single-
stranded mRNAs, as well as their degradation products, are also known to elicit an immune response when 
delivered exogenously (endosomal sensors such as Toll-like receptor 7 (TLR7) and (TLR8)104 are sensitive to 
ssRNA) additional consideration must be made to evade type I interferon production such as through the 
incorporation of modified nucleosides such as pseudouridine105-108, 5-methoxyuridine109, and 1-
methylpseudouridine110,111.   
 Concomitant with mRNA reagent optimization, delivery strategies must be developed. For ex vivo 
strategies, conditions are optimized to co-transfect synthetic gRNA and mRNA through electroporation 
conditions to cells of interest (e.g., CD34+ cells for sickle cell anemia, T-cell engineering) followed by re-infusion 
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of the transfected cells. For in vivo applications, LNP formulations are typically leveraged as they are a robust 
vehicle for mRNA delivery112,113. Of note, most current mRNA-complexed LNPs mainly target the liver when 
administered systemically due to binding of apolipoprotein E and subsequent uptake by hepatocytes114. Current 
efforts by multiple organizations across the field are actively working to modulate the specificity of LNPs to target 
other cell types for in vivo administration. New strategies toward cell specific LNP formulations may be developed 
once advancements in fundamental understanding of the mechanisms guiding mRNA escape into the cytoplasm 
are more fully understood. While outside the scope of this review, great progress has been made in developing 
delivery vehicles for gene editing payloads involving both mRNA-LNP formulations115,116 as well as viral 
strategies including AAV117,118. 
 
Protein optimization for RNP delivery 
 An alternative to delivery of a nuclease or base editor as an mRNA is to deliver the genome editing agent 
as a purified ribonucleoprotein (RNP) complex that is pre-complexed with a gRNA. This can offer the advantage 
the molar stoichiometry of the genome editing protein and the gRNA can be precisely matched and controlled. 
Typically, synthetic and chemically protected gRNAs are used as described above as they offer superior potency 
to unprotected gRNAs88. For example, a press release from Editas Medicine119 demonstrates that RNP delivery 
of AsCas12a can mediate effective editing in human hematopoietic stem and progenitor cells (HSPCs).  
 Purification of both Cas nucleases and base editors that have functionality in human cells has been 
performed at a research scale by electroporation or lipofection49,120 and AsCas12a nuclease has been purified 
on cGMP scale119. Reports of optimization of Cas9 recombinant expression and subsequent purification outline 
the process121,122. In brief, a pET plasmid vector encoding for inducible expression of the genome editing protein 
with a purification tag attached is transformed into an E.Coli (BL21) strain and the resulting culture grown to mid-
log phase. Commonly, a cold shock (4°C incubation) is performed prior to inducing expression of the genome 
editing protein, and the culture is often grown at a reduced temperature (for example, 18°C) after protein 
expression is induced49. After lysing the resultant E.Coli, the genome editing protein must be purified from 
contaminating E.Coli proteins.   

Protein purification from the bacterial vector is typically multi-step, including, for example, a Ni2+ column 
if the purification tag is a His6, followed by a heparin chromatography column. Further purification steps, for 
example, a size exclusion column, may further enhance the purity of the genome editing protein, and may enable 
purification of genome editing proteins without a protein-based purification tag. Protein purity can be assessed 
using common techniques including SDS-PAGE. It is important that purified proteins contain below an 
acceptable threshold of bacterial endotoxin123 (for example, <10 EU/mg protein) and that proteins are stored in 
an appropriate buffer such that they retain potency over time121.  

Every step of the protein expression and purification process must be optimized for each new construct 
to maximize protein purity and yield. Applying an existing protein production process to a new construct is often 
more time consuming than optimizing mRNA production for a new mRNA sequence and yields of recombinant 
Cas fusion proteins are typically lower than yields of recombinant Cas proteins alone. Nonetheless, RNP delivery 
remains an active area of research and development.  

 
Viral delivery 
 Delivery of genome editing agents using viral vectors, most commonly adeno-associated virus (AAV), is 
an alternative to electroporation or lipid-mediated transfection of mRNA encoding for the genome editing agent 
plus a gRNA or an RNP complex of the genome editing agent and gRNA.  AAV is a common choice for viral 
delivery because research indicates that AAVs can be non-pathogenic and non-inflammatory, although this must 
be carefully re-evaluated for each novel application124. Further, there are several serotypes of AAV with well-
studied tropisms. The packaging capacity of AAV (4.9kbp) can pose challenges for larger genome editing agents, 
including base editors, that must be split into two separate AAVs. Careful inclusion of a protein intein can enable 
the base editor to be split into two pieces, with the intein facilitating reconstitution of an intact base editor if the 
AAVs encoding the two parts are co-infected in a single cell40,125. While these split-intein base editors afford 
efficient editing in mouse models, the manufacturing of two separate AAVs may pose a practical challenge.  For 
nucleases, their smaller size simplifies the use of AAV: for example S.aureus Cas9 plus two gRNAs can be 
encoded into a single AAV; such a construct has been used with AAV serotype 5 to facilitate effective editing in 
a mouse model of LCA1013. AAV production may require optimization for each AAV produced (both from the 
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standpoint of the sequence encoded in the AAV and the tropism of the AAV). The development and production 
of effective AAVs, particularly with novel tropisms, remains an active area of research. 
 
Gene editing clinical trials: selected concepts  

Excluding numerous studies of engineered, investigational CAR-T and other immune cell types being 
studied as anti-cancer therapies, over 20 active or pending gene editing trials appear in searchable databases 
at time of writing (Figure 4). Investigational gene editing therapies are particularly well-suited for addressing 
rare diseases, as many have monogenic etiologies and no effective, available therapy126.  Patients with life-
threatening illnesses and high unmet clinical need will likely be the focus of enrollment into gene editing clinical 
trials for the foreseeable future. Similar to investigational anti-cancer therapies, it is not acceptable to enroll 
healthy volunteers into gene editing trials, due to the attendant toxicity risks and/or potential for permanent 
sequalae127. Unmet need is demonstrated for a particular illness by identifying the treatment gaps remaining for 
patients in the context of existing therapies approved in a particular regulatory jurisdiction and elucidating how 
an investigational therapy may fill these.  For example, in sickle cell anemia (SCA), other than allogeneic 
hematopoietic stem cell transplant, which is available to a relatively small proportion of patients, currently 
approved therapies are neither curative nor do they modify the full range of sources of morbidity and mortality 
for many patients128. Thus, one way current trials of investigational gene therapies in SCA can ensure 
enrollment of patients with unmet need is to limit eligibility to those with signs and symptoms of poorly 
controlled disease despite management with existing, approved therapies. Additional eligibility criteria may be 
implemented to minimize the potential risks of the particular investigational therapy to study patients and to 
ensure potential clinical benefit can be measured readily, in order to develop an early understanding of the 
risk/benefit profile.  

Rare diseases addressable with an investigational, gene editing approach may require significant effort 
in advance of trial enrollment to identify eligible patients. Converging efforts to catalog whole genome sequencing 
data and build rare disease registries, along with partnering with patient advocacy organizations, will be 
instrumental in enabling diseases to be matched to nascent gene editing strategies as well as patients to 
available trials129,130. Commercial sources of genomic data as well as direct-to-consumer genetic testing may 
accelerate these efforts. However, sponsors of genome editing studies and investigators must safeguard the 
privacy of patient-identifying information, including genetic data, and prevent their misuse131 as part of Good 
Clinical Practice (GCP), which is an international ethical and quality standard for all aspects of clinical trial design 
and conduct ensuring integrity of clinical trial data and protection of human subjects. 
 In addition to study population, the selection of study endpoints is the key driver of clinical trial design, 
determining the nature and timing of patient-directed assessments and study conduct, database design and 
statistical analyses. For most early-phase studies, safety and pharmacokinetic/pharmacodynamic endpoints 
generally are dominant, whereas later phase studies will generally emphasize endpoints that enable refining 
risk/benefit assessment and understanding therapeutic effect size, often in relationship to a prospectively-
evaluated comparator treatment. As a component of GCP, one must consider whether opportunities exist for 
reducing bias in clinical study designs, including randomizing subjects to treatment arms, using placebo controls, 
or blinding subjects, investigators and sponsor-affiliated parties to treatment assignments. However, in rare 
disease trials, these strategies often are impractical or impossible, and treatment efficacy and clinical benefit 
may be evaluated within a first-in-human study without a comparator group. 

Beyond subject and endpoint selection, the clinical study design for investigational gene editing therapies 
will depend heavily on the delivery modality (e.g. in vivo vs. ex vivo editing, autologous vs. allogeneic gene edited 
cell product). For example, dose selection for an ex vivo-edited, autologous hematopoietic cell therapy may be 
based on pragmatic considerations, such as the cell dose capable of reconstituting host hematopoiesis38, 
whereas other delivery modalities may warrant a dose escalation design in early-phase clinical testing. Due to 
the nature of gene editing therapies as well as the possibility that some delivery modalities will not be amenable 
to repeat dosing, the starting dose in a dose exploration study cannot intentionally be set at a sub-therapeutic 
level. The ability to dose a particular gene editing therapeutic once versus multiple times is a major determinant 
of how emerging safety data will be incorporated into clinical decision making within the context of a study 
protocol. Safety assessments implemented for an investigational gene editing therapy should integrate an 
understanding of potential risks suggested by the analysis of non-clinical toxicology data, including off-target 
results, the specific delivery modality, and underlying disease state within the trial design. Sentinel dosing and 
stopping rules may be employed to minimize risks to additional subjects while the safety of a particular editing 
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approach is being evaluated in individual subjects. Furthermore, given the potential for permanent change to 
host cell genomes and delayed adverse events, health authorities including the FDA have required that gene 
editing clinical protocols include long-term safety observation periods that can last as long as 15 years132.  
 Initial determinations of efficacy in early-phase gene editing trials may necessitate a combination of 
standard clinical assays and pharmacodynamic and biomarker-based approaches that either directly or indirectly 
reflect the functional outcome of a desired edit. As a particular gene editing therapy moves past initial proof-of-
concept testing in humans, execution of larger scale clinical trials to clarify effect size and define risk/benefit 
profile may be challenging due to scarcity of patients whose disease characteristics match the eligibility criteria. 
While health authorities may accord some flexibility in study design, particularly for rare diseases127,133 compared 
to investigational therapies undergoing late-stage clinical trials for more common illnesses with multiple approved 
and available therapies, rigor in efficacy assessments will be a requirement for gene editing modalities. 
Ultimately, efficacy must be related to endpoints that are based on demonstration of clinical benefit (improvement 
in how a patient feels, functions, or survives) for a therapy to gain marketing authorization, though validated 
surrogate endpoints may be possible under conditional approval pathways offered by some health authorities.  
 
Access and Equity 

It is imperative that careful ethical considerations (in addition to safety measures) be taken as precision 
genetic medicines are developed from powerful technologies into personalized medicines. One major ethical 
consideration is to understand how these novel therapies will be paid for by society as whole, given that most 
healthcare systems and payers are accustomed to complex disease treatments delivered over a lifetime rather 
than one-time curative therapies. Furthermore, we as a society should ensure that financial status of potential 
patients does not prohibit access to personalized medicine as this will only exacerbate the already considerable 
health disparities present in many societies today.134,135  

Additionally, there are several ethical issues to consider during the process of selecting disease targets. 
Many practical factors influence target selection, such as assessment of the potential relative risk/benefit ratio 
for a particular novel therapeutic based on preclinical data. However, we have a moral obligation to also ensure 
that the populations from which these genetic diseases derive are diverse and not specific to demographics that 
are already highly privileged. The recent focus on the development of cell therapies for SCA (which 
disproportionately affects individuals of sub-Sahara African descent) is a good example that demonstrates equity 
and diversity in disease selection.  

Furthermore, there are current inequities in genome-wide association studies (GWAS) that need to be 
addressed136,137. GWAS are the primary mechanism by which we identify genetic disease in the first place. 
Currently, over 88% of GWAS participants are of European descent138. This propagates into an over-
representation of European-specific genetic variants in the collection of genetic diseases from which we are 
selecting our targets. To alleviate this large inherent bias, enormous changes must be made in our pipeline for 
genetic disease discovery. Finally, as we continue to expand our knowledge of genotype-phenotype relationships 
there will be intense ethical debates surrounding the labeling of a phenotype as a “disease” versus a “trait”. For 
example, genetic variants that cause hereditary deafness have been identified and it may be tempting to label 
deafness as a disease. However, the deaf community is a vibrant cultural and linguistic minority group, and the 
discrimination that they experience from the majority population is far more detrimental to their well-being than 
their auditory capacity139,140. In the end, we must seek out the expertise of a diverse group of individuals, including 
scientists, clinicians, bioethicists, policy makers and patient advocacy groups as we embark on the journey from 
bench to bedside. 
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Figure Legends 
 
Figure 1. Overview of nuclease-based genome editing. A. Cas9 first complexes with a guide RNA (gRNA), which 
comprises a ~20 nucleotide long spacer region on the 5’ end, and a ~80 nucleotide long backbone on the 3’ end. 
Binding to genomic DNA requires that the sequence of the locus of interest matches that of the spacer region of 
the gRNA (this region of the DNA is called the protospacer) and has a protospacer adjacent motif (PAM) directly 
next to the protospacer. B. After the Cas9:gRNA ribonucleoprotein (RNP) complex binds to the genomic locus 
of interest, two amino acid residues of the Cas9 protein cleave the DNA backbone of either DNA strand to 
produce a double-stranded DNA break (DSB). C. The resulting DSB can be processed by two different DNA 
repair pathways, which will produce different outcomes. Non-homologous end joining (NHEJ) introduces non-
specific small insertion and deletion (indel) products at the site of the DSB (red outcome). Homology-directed 
repair (HDR) will use an exogenously-supplied piece of DNA bearing homology to the DSB site as a template 
for repair, introducing a user-defined change in the genome (blue outcome). 

Figure 2. Overview of base editing. A. Cytosine base editors (CBEs) comprise a single stranded DNA (ssDNA) 
specific cytidine deaminase enzyme shown here fused to a catalytically impaired Cas9 nickase (cas9n). An uracil 
glycosylase inhibitor (UGI) peptide is also usually included. The gRNA is designed such that a target C●G base 
pair is within a specific “window” of the protospacer. After the Cas9n:gRNA complex locally denatures the 
genomic DNA at the protospacer, the cytidine deaminase enzyme converts the target cytidine into a uracil to 
produce a U●G mismatch, and the Cas9n nicks the DNA backbone of the opposite strand. As uracil has the 
same base pairing properties as thymidine, replication or repair of this intermediate using uracil as a template 
(the nick in the DNA backbone helps to bias repair in this direction) will produce an overall C●G to T●A base pair 
conversion. Efficient uracil excision by the DNA repair enzyme uracil N-glycosylase (UNG) can result in 
unintended editing outcomes that are outlined in Figure 3.  C●G to non-T●A conversions and indels. The UGI 
component of CBEs acts to suppress this undesired pathway. B. Adenine base editors (ABEs) work similarly but 
utilize adenosine deamination chemistry to convert a target adenosine base within the protospacer to an inosine. 
Inosine excision by the cell’s endogenous DNA repair machinery is quite inefficient, thus A●T to G●C base pair 
conversions comprise the overwhelming majority of editing outcomes with ABEs. 

Figure 3. Schematic of “unintended edits”. A. Guide-dependent unintended edits can occur at the on-target locus 
or at an off-target locus. Those at the on-target locus include “bystander” editing by base editors (top right). This 
occurs when additional adenosine (in the case of ABEs) or cytidine (in the case of CBEs) bases are present 
within the protospacer and become deaminated alongside the intended target adenosine or cytidine base. 
Additional unintended edits at the on-target locus include indels and transversion edits (left), which can occur 
via efficient uracil excision by the DNA repair enzyme uracil N-glycosylase (UNG), which will produce an abasic 
site. Further processing of this abasic site intermediate can result in an unintended byproduct of base editing: 
C●G to non-T●A conversions and indels. The UGI component of CBEs acts to suppress this undesired pathway. 
Unintended edits at off-target loci (bottom right) occur when the Cas9:gRNA complex binds to sites within the 
genome that are similar to the spacer sequence but do not match completely. In this case, mismatches or bulges 
between the spacer and the genomic DNA will be present, but Cas9 can still bind and localize long enough for 
Cas9 to introduce a DSB (or for BEs to deaminate adenosines or cytidines that are present within the 
protospacer) at these off-target loci.  B. Guide-independent unintended edits by BEs occur via “spurious 
deamination” mechanisms. In these cases, if cytidines (in the case of CBEs) or adenosines (in the case of ABEs) 
are present in ssRNA or ssDNA within the cell, they can become deaminated. 

Figure 4. Active and upcoming clinical trials of gene editing therapies. These are grouped by disease category 
(Left) and modality (Right), excluding engineered immune effector cell therapies for cancer. Included are active 
or not-yet recruiting trials listed in Trialtrove (Informa) or clinicaltrials.gov databases, identified using one or more 
of the following search terms: gene edit(-ing/-ed), genome edit(-ing/-ed), CRISPR, TALEN, zinc finger nuclease 
(ZFN). Terminated, withdrawn, completed, unknown status, or not-yet-recruiting trials without status updates 
provided within the last 2 years were excluded. Investigational immune effector cell therapies for cancer, 
including CAR-T, were not included, due to lack of consistent or clear designation of the editing technology 
utilized for manufacturing in some cases. Long-term follow-up or extension trials or trials of investigational 
diagnostics were not included. Values shown are absolute numbers per category. Geographic regions 
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represented: USA only (13 trials), China only (6) and multi-national (3). HSPC – hematopoietic stem and 
progenitor cells, CC9 – CRISPR/Cas9 
 


