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The genetic basis of disease
Our genetic code was shaped over billions of years by continuous evolution and adapta-
tion to our surroundings. Small variations in DNA have decided the fate of all species, 
and beneficial mutations (usually non-pathogenic) have contributed to Homo sapiens 
dominating this earth as we are today. However non-beneficial or pathogenic mutations 
have propagated as well over the course of evolution, which are treatable by modern 
medicine but in some cases lead to unmet medical issues at the genetic level. 

Genetic diseases are specifically defined in the Encyclopedia Britannica as having a clear 
underlying pathogenic mutation in the genome, which leads to a diseased phenotype (1). 
These disorders are then often inherited by the offspring. Our understanding of the genetic 
basis of disease has grown exponentially since the completion of the Human Genome 
Project, especially our ability to diagnose and genotype the underlying causative mutation 
(2). This broad definition of genetic disease encompasses over 70,000 known mutations 
which contribute to hundreds of distinct diseases, with many more being discovered each 
year (3). These genes are expressed to produce proteins in one or several tissues of the 
body, which can lead to relatively simple or very complex diseases. 

A cure-all panacea for treating genetic diseases is unlikely to be found due to the great 
heterogeneity of genetic disorders between diseases, and even between patients ex-
hibiting the same disease. However, the past decades of work towards this goal have 
expanded the toolbox for therapeutic genome editing. The following section will outline a 
brief history of this development until the start of the work outlined in this thesis.

Developments toward the gene therapy panacea
The ability to interfere in the genetics of patients has been in development for decades. 
The first clinically successful approaches were based on viral vectors, which carry a 
transgene of DNA encoding a correct copy the therapeutic target. This can be applied 
in diseases in which a gene lost its function. While such strategies have had an effec-
tive impact, they are based on using viral DNA for their effect, and not the autologous 
DNA of the patient. Furthermore, many genes are large, which makes them not fit in the 
viral methods available for delivery. Many clinical viral vectors can carry in the range of 
5-10 kilobases of genetic material, depending on the vector. Some exceptions do allow 
for larger transgenes (4). An example to illustrate this is the gene encoding dystrophin, 
which is disrupted in Duchenne’s muscular atrophy and is notably large at more than 2 
mega-bases in its native form and 11.4 kilobases as cDNA (5). Finally, viral capsids are 
often recognized by our immune systems, complicating multiple dosing (6). Direct editing 
of the DNA is therefore a logical evolution of gene therapy, as the issues of massive gene 
addition as well as the use of viral DNA and capsid particles can be circumvented and the 
genetic material of the patient themselves can be repaired permanently with the natural 
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gene regulation in place. Other types of mutation such as pathogenic gains of function 
would be treatable in this manner as well.

A perfect genome editor should act regardless of the position and nature of a mutation, 
in a targeted cell population in the body where the diseased gene is expressed. The editor 
therefore needs to be programmable, to accommodate a variety of mutations. Further-
more, the method needs to be precise, as any errors in gene editing may write unexpected 
errors into the DNA of the patient, either on- or off target. Delivery of such molecules 
is another concern. The DNA editing needs to be performed inside the nucleus of cells, 
which is protected from foreign molecules by the nuclear membrane. The gene editor 
should therefore reach the nucleus in the correct dosage, to have high enough on-target 
efficiency without risking off-target gene editing events. Decades of work have led to the 
development of a toolbox of increasingly safe and specific gene editors, which hold the 
potential for curing genetic disorders. The pioneering approaches towards this goal are 
summarized in Figure 1.

The first steps toward genome editors were taken in the 1980s with meganucleases. 
These are restriction endonuclease enzymes with a very strict DNA target. An example 
is the enzyme I-CreI, which has been extensively engineered since its initial characteriza-
tion. However these engineered enzymes were hard to program due to the DNA-binding 
domains being hard to engineer for specific stretches of genomic DNA (7–9). 

Major improvements towards a programmable gene targeting endonuclease were made 
by the engineering of zinc-finger nucleases (ZFN) in 1996 (10). These hybrid proteins 
contain the non-specific FokI endonuclease domain, which is fused to an engineered zinc 
finger (ZF) protein consisting of four to six ZF motifs, although more can be used depend-
ing on the specific DNA target. A single motif is able to bind a unique set of 3 to 4 base 
pairs in the DNA, which provides flexibility as motifs targeting different sequences were 
engineered. However, not all sequences were programmable yet at that stage. Binding 
efficiency was dependent on neighboring ZF motifs and some 3-4 base pair combinations 
were not yet targetable (11). The next revolution in gene editing was that of the transcrip-
tion activator-like effector nucleases (TALENs) in the late 2000s. These nucleases were 
again a fusion of DNA-binding motifs to the FokI endonuclease domain. Each TALE subunit 
recognizes a single nucleotide with higher specificity than a ZF would recognize its 3-4 
nucleotides. This makes TALENs more versatile than ZFN, being able to practically target 
any DNA sequence and not being dependent on neighboring subunits. This lead to all DNA 
sequences being feasible targets. Downsides of TALENs however are that each TALE unit 
is 33-34 amino acids long, leading to a larger encoding gene and protein compared to ZFN 
(12–15). The broader applicability of TALENs contributed to greater understanding of DNA 
damage repair after DSB introduction by these targeted endonucleases.
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The third and currently most widely studied gene editing tool followed in 2012, shortly 
after the development of the TALENs. Clustered regularly interspaced short palindromic 
repeats (CRISPR) were first described as an adaptive immune system which bacteria and 
archaea developed against viral infections (16–18). One of the CRISPR associated (Cas) 
proteins, Cas9, is able to specifically cleave the DNA of an invading virus based on its 
genomic sequence, which is processed into an expression cassette for small RNA mol-
ecules. This DNA-specific CRISPR RNA (crRNA) sequence is duplexed to a trans-activating 
CRISPR RNA (tracrRNA) molecule, which is able to complex to the Cas9 molecule and 
guide the ribonucleoprotein (RNP) to its RNA-determined target (19,20). This flexibility 
is the greatest benefit of using CRISPR over the methods outlined before, as the greater 
adaptability enables many applications such as genome-wide pathway screening, disease 
model generation, and personalized gene therapy (21). Cas9 is a larger protein compared 
to meganucleases, ZFN and TALENS, but much more easily programmed to new DNA tar-
gets. The Cas9 derived from Streptococcus pyogenes (SpCas9) is furthest in clinical devel-
opment as of the time this thesis was written, seeing as the cell therapy product CASGEVY, 
engineered with SpCas9 to knock-out a transcriptional repressor of fetal hemoglobin to 
cure sickle cell anemia, was approved by the FDA in November 2023. This isotype has 
a high enzymatic activity and easy to target to genetic targets compared to other Cas 
isotypes due to a permissive protospacer adjacent motif (PAM) sequence which is com-
mon in the genome. This will be explained further in the next sections. This subtype is the 
primary subject of this doctoral work, and will therefore be central in further discussion. 

Cellular regulation of DNA damage repair
The mechanisms by which genome editing is achieved by these first generations of targeted 
endonucleases will be discussed before further development is outlined. Meganucleases, 
ZFN, TALENs and CRISPR/Cas9 cause double stranded DNA breaks (DSBs). Genome editing 
occurs when the DNA damage repair (DDR) pathways expressed in cells are exploited 
towards therapeutic ends. The main routes for DSB-induced genome editing are given in 
Figure 2A (22–24). 
The classical genome editors specifically exploit double stranded break (DSB) repair. The 
cell undergoes many damaging stimuli each day, which are predominately repaired by the 
non-homology end joining (NHEJ) pathway (25). Broken DNA ends are recognized by pro-
teins (Ku70 and Ku80) which lead to the formation of a protein complex which activates 
DNA ligase 4 (Lig 4). The broken DNA strands are re-ligated, which usually does not result 
in lasting DNA damage. This process is often considered “error prone”, which is only the 
case relative to other pathways as most DSB are re-ligated faithfully (26). In the context 
of genome editors, perfect repair in this way restores the target for DNA digestion, which 
repeats until the genome editor is cleared from the nucleus (27). 
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When NHEJ causes imperfect repair, it leads to small inserti ons or deleti ons (indels) at the 
DNA break, which leads to lasti ng DNA damage. In a functi onal gene, this damage oft en 
causes a reading frame shift  which leads to incorrect protein translati on and, functi onally, 
knock-out of the functi onal gene product. If a DNA template is provided, there’s a chance 
of gene knock-in by blunt-end ligati on which can be used for gene therapy (homology-
independent target integrati on) (28). This mechanism is not explored further in this work 
and more suited for targeted gene integrati on rather than gene correcti on. In additi on, 
the indels generated by NHEJ are predictable, which is possible to exploit for gene cor-
recti on as well. This method is quite infl exible, but might yield interesti ng results in the 
future (29).

Other DDR pathways acti vate rarely compared to NHEJ, but can be harnessed to introduce 
benefi cial mutati ons. The most relevant for the context of CRISPR is homology directed 
repair (HDR), but other pathways are excellently reviewed elsewhere (25). When a cell 
prepares for mitosis, it copies its genome during the S-phase, to divide into daughter cells 
later in mitosis. The HDR pathway is expressed from the S-phase point onward. HDR starts 
by resecti on of the broken DNA strands by proteins (Mre11, Rad 50 and Nbs), followed by 
the use of the copied DNA as a template for DNA repair by DNA polymerases. This process 
can be hijacked by providing a syntheti c DNA template encoding a small mutati on, fl anked 
by sequences homologous to those in the genome around the DSB site (30). By this 
resecti on-templated repair mechanism, the mutati on is writt en into the genome which 
can cure point mutati ons. The greatest issue with uti lizati on of HDR for gene therapy is 
that the NHEJ pathway competes for the same DSB sites, and that the proteins involved 
in NHEJ are expressed in all cell cycle stages as opposed the mitoti cally-enriched HDR 

Figure 1: Schemati c comparison of the structures of fi rst generati on of genome editors, up to and including CRISPR/
Cas9. Key specifi cati ons are given for comparison. Figure was prepared using Biorender.com.
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pathway (Figure 2B). As a result, this approach often yields a combination of specific HDR-
mediated changes in the DNA sequence, alongside various undesired NHEJ-mediated 
non-specific mutations. This has led to the central questions in this doctoral work, as 
well as many developments by other research groups which will be briefly outlined in the 
following section.

SpCas9 as a scaffold for genome-targeting
To understand developments following the discovery of SpCas9, the full mechanism of ac-
tion and structural components need to be outlined. The consensus minimal requirements 
for Cas9-mediated DSB generation is a single guide RNA (sgRNA) molecule, consisting of 
the crRNA and tracrRNA linked together by a hairpin loop, and the SpCas9 molecule. The 
sequence specificity for DNA digestion is determined by the 20 nucleotide spacer domain 

Figure 2: Schematic representa-
tion of the two predominant repair 
pathways at DSB sites and their 
competition. A: Cas9-generated 
blunt-end DSBs activating NHEJ or 
HDR. These respectively can lead 
to indels, leading to gene knock-
out, or gene correction based on 
the HDR template, and compete 
for the broken DNA ends. B: Cell 
cycle dependency of the two repair 
pathways schematically represent-
ed as a function of the cell cycle 
phase the cell is undergoing. Figure 
was prepared using Biorender.com.
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of the sgRNA. In addition, in the case of SpCas9, a protein specific protospacer-adjacent 
motif (PAM) upstream of  the target site in the genome is required, which consists of the 
nucleotides NGG (where N is any nucleotide). Homology between the crRNA and genome 
in the first 12 nucleotides adjacent to the PAM is the main determinant for DNA digestion 
(31). After scanning the DNA for the PAM, and subsequently the spacer sequence, the 
gRNA and DNA hybridize. Finally the protein is able to cleave both DNA strands with the 
two endonuclease domains in its structure. For SpCas9 the RuvC lobe digests the sgRNA-
bound strand, while the HNH lobe digests the complementary strand (32). 

Novel genome editing and regulation mechanisms have been built upon the SpCas9 
scaffold. Early examples exhibit mutations in the catalytic domains. These are the Cas9 
nickases (nCas9) and catalytically inactive (dead) Cas9 variants (dCas9). nCas9 variants are 
created by mutating one of the catalytic domains, so only one domain is active and able 
to nick the DNA. Nickases have been generated by mutating either the HNH or RuvC-like 
domains, leading to single strand breaks (SSB) in either the RNA-targeted or the comple-
mentary strand, which leads to activation of other DDR pathways than for DSB (33). The 
dCas9 variants have mutations in both catalytic domains, which leads to binding of the 
protein to the targeted DNA sequence without generation of any DNA breaks. The dCas9 
remains bound for a long period of time and sterically hinders transcription machinery. 
This leads to the potential to downregulate gene expression without creating permanent 
changes to the DNA (34). Functionally distinct fusion proteins based on dCas9 are also 
under investigation. These methods are CRISPR interference (CRISPRi) and CRISPR activa-
tion (CRISPRa) respectively. These are dCas9 fused to transcriptional regulators to either 
inhibit or induce transcription of a target gene (34). 

Two developments are especially notable due to their mass adoption and rapid clinical 
translation programs. Base editors are a class of Cas9 fusion protein capable of making 
specific point mutations based on enzymatic modification of nucleotides. dCas9 or nCas9 
is fused to either an adenosine deaminase or cytosine deaminase protein, which can per-
form single nucleotide polymorphisms (SNP) from A.T to G.C and vice versa, respectively 
for those nucleotides in a window of the genome close to the binding location of the Cas9. 
The advantage of this approach is the simplification of the required macromolecules, as 
base editing does not require an HDR template, nor does it rely on endogenous repair 
mechanisms (35). This design philosophy was followed by the development of the CRISPR 
prime editor. This constitutes the fusion of an nCas9 molecule to the reverse transcriptase 
from the murine leukemia virus. The RNA required for targeting the construct to the gene 
of interest is engineered to also include a template sequence for the reverse transcriptase, 
through which the DNA can very flexibly be altered. The RNA encoded mutation is then 
incorporated into the target nicked strand by the reverse transcriptase, and subsequently 
stably repaired into the genome by the host DNA repair proteins. This technique has 
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shown the capability to repair the widest variety of pathogenic mutations, ranging from 
SNP to insertions and deletions (36). 

A problem of luxury: too many tools
The CRISPR boom has provided the field a multitude of options to induce gene correction.  
For development of therapy this is a dilemma however, as it is necessary to choose the 
most suitable method for a given problem. For single nucleotide repair specifically, HDR 
competes with the aforementioned base editors and prime editor strategies. The follow-
ing section will argue the choice of gene correction method used in this thesis: CRISPR/
Cas9-mediated HDR. Many of the most common challenges in CRISPR-based gene editing 
applications will be discussed further in Chapter 2.

The three most promising tools for small scale gene correction are given in Table 1. The key 
differences between these methods are the nature of the DNA break induced, the variety 
of the DNA damage which can be repaired by the tool and the physical/chemical prop-
erties of the protein and RNA needed. Of these methodologies, CRISPR/Cas9-mediated 
HDR has been the most widely investigated for introducing specific gene corrections. The 
flexibility is high, as the DNA template can be programmed for deletions, insertions and 
point mutations (37). Furthermore when calculating the concentration needed in 2D cell 
culture, a much lower dosage is required which makes RNP based delivery more feasible. 
In addition, the pharmaceutical advantage is encapsulation of the SpCas9 protein, which 
becomes easier with a lower molecular weight which is the case compared to SpCas9-
based fusion proteins. Other downsides are found in the flexibility of the genome editors. 
Base editors are not suited for all mutations, as T to G is for example impossible and not 
all interesting SNP candidates will be in the editing window of the base editor. 
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The greatest challenge with using HDR is the natural response to repair DSB. NHEJ com-
petes with HDR for the repair of the DNA break, and NHEJ activation leads to a variety 
of mutations within a given cell population which therefore dominates the gene editing 
outcome. In addition, when off-target DNA breaks occur, they are much more detrimental 
when they are DSB as compared to nicks. Fusion proteins aimed at favoring HDR over 
NHEJ have been designed. A notable example is the SpCas9-geminin1-110 fusion, which 
is degraded in all stages of the cell cycle except for the mitosis by ubiquitination of the 
geminin degron domain. As a consequence, SpCas9 is only active during mitosis, during 
which HDR is expressed (45). Another example is fusion to the dominant negative domain 
of the p53-binding protein 1. This is normally a regulator of NHEJ, but the fusion of this 
fragment causes competition at the DSB site which inhibits NHEJ. This makes the prob-
ability of HDR higher as well (46). 

Table 1: Comparison of the most promising gene-correction methods and some typical requirements for their 
activity when used as RNP in vitro. The focus of this comparison is on the ribonucleoprotein complex delivery, 
according to the reasoning provided in the main text. The state of the art in 2019 is taken for most of this com-
parison, as it was the basis for our choices in the broader doctoral thesis.

Gene correction method SpCas9-HDR
(38–40)

Base editors 
(41,42)

Prime editor 2
(43)

Protein scaffold Native SpCas9 SpCas9-nickase SpCas9-nickase

Additional domains Optional (see text) Adenosine/cytosine 
deaminase

Reverse transcriptase

Size (44) Protein: ~160 kDa
mRNA: ~4.7 kB

Protein: ~200 kDa 
mRNA: ~5.5 kB

Protein: ~250 kDa
mRNA: ~6.4 kB

RNA needed sgRNA (~30 kDa)
~100 nt

sgRNA (~30 kDa)
~100 nt

pegRNA (20 kDa)
~100 nt (varies)

DNA template needed Yes No No

Type of cut DSB (SSB for nCas9) None / SSB SSB

RNP concentration 
needed in vitro

~10-30 nM (See 
Chapter 4)

~300 µM 
(electroporation)*

~7,5 µM**

Reported methods for 
RNP transfection

Nanoparticles, 
physical methods

Physical methods(41)
Virus like particles(42) 
***

Physical methods

Mutations addressed by 
the method

Point mutations
Small indels
Large insertions or 
deletions

Point mutations Point mutations
Small indels

*: Calculated from the reference: 15 µg / 1.5 e5 cells in 100 µl
**: Calculated from the reference: 150 pmol / 20 µL
***: Exact RNP dose unknown, dosing was done based on particle count or volume.
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SSB-generating systems like the base- and prime editors avoid this DSB repair issue alto-
gether. As discussed, these are able to respectively repair single nucleotide polymorphisms 
and smaller insertions/deletions, respectively. The downside of these however is that the 
protein necessary for the genome editing is much more complex with the addition of 
the additional enzyme domains. This seems to make it so higher concentrations of base 
editors and prime editors are needed in the cell compared to SpCas9 RNP, as summarized 
in Table 1.

After consideration of all of these arguments, we decided to study SpCas9 RNP-induced 
HDR for gene correction rather than implementing the newer genome editors in this 
thesis. The delivery of protein, rather than pDNA or mRNA, as outlined in Chapter 2 was 
favored in general, because too high exposure time of gene editors in the nucleus may 
lead to more undesired DNA damaging events (47). The native SpCas9 protein is active at 
magnitudes lower concentrations than base editors and prime editors, which is favorable 
to prevent dose-dependent (immune) toxicities. Furthermore, HDR is in theory more flex-
ible to use as the general mechanism can be used for the broadest range of mutations. 
It is however interesting to mention that the base editors and prime editing modalities 
were developed further, which will be reflected upon in Chapter 8 (48–50). The general 
mechanisms underlying HDR were however interesting to elucidate further to pave the 
way for future gene editing strategies in which this mechanism is employed. 

Aims and outline of this thesis
The central aim of this thesis was to study the intracellular bottlenecks for achieving 
HDR-induced gene correction, and to find methods around those bottlenecks to facilitate 
application of HDR in the clinical setting in the future.

In Chapter 2, we present an account on the state of the CRISPR delivery field in 2019, 
especially focused on the applications in ex vivo cell engineering and in vivo genome edit-
ing. We argue for the use of RNP over other cargo formats such as mRNA and pDNA or 
viral vectors. We then identify several key barriers to CRISPR/Cas9 RNP delivery, such as 
the cellular and nuclear membranes and, on a greater scale, specific tissue accumulation. 
Furthermore we highlight the complexity of in vivo delivery of these components, includ-
ing potential immunological complications. 

We adapt a previously reported (51) high-throughput readout for gene editing in Chapter 
3. In cells expressing the enhanced green fluorescent protein (eGFP) gene we are able to 
measure HDR by mutation of two nucleotides resulting in the transition to a blue fluores-
cent protein, while loss of fluorescence indicates NHEJ occurrence. This model allows us 
to measure the effects of CRISPR/Cas formulation variance as well as pathway modula-
tion in cells on the relative occurrence of HDR in a given cell population, which has been 
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used in Chapters 4 through 7 extensively. We finish Chapter 3 with practical guidance on 
establishing this method as well as potential pitfalls and alternatives.  

We present our optimized lipid nanoparticle formulations to achieve either NHEJ or HDR 
in Chapter 4, which served as a baseline point for the central research effort presented in 
this thesis. We characterize the necessary constituents and process parameters of CRISPR/
Cas9 RNP formulation and the relative NHEJ or HDR efficiencies we can achieve with such 
formulations. We found that in HEK293t cells, around 25% of gene editing outcomes were 
HDR-mediated while the other 75% of cells underwent the undesired NHEJ pathway of 
gene knock-out. This chapter together with chapter 2 outlines the main aim of this work: 
improving HDR over NHEJ. 

In Chapter 5, we expanded on this groundwork, in which we study the role of the cell cycle 
in both gene editing and nuclear delivery of the CRISPR components. We hypothesized 
that during mitosis, when the nuclear barrier is temporarily breached, the HDR pathway 
would be predominant, which led to our omission of the nuclear localization signal often 
(NLS) used on SpCas9 for nuclear delivery during all phases of the cell cycle. We first 
confirmed the cell cycle dependency of Cas9 gene editing, and subsequently investigated 
Cas9 with and without NLS. We expected that this Cas9 lacking the NLS functionality 
would lead to an increased HDR activation, but found a lower HDR activation instead. We 
finally investigated the intracellular distribution of Cas9 with and without NLS and found 
that the cell cycle phase rather than the NLS itself was the major determining factor on 
genomic localization of Cas9.  

In Chapter 6 we screened for possible small molecule drugs used in oncology able to 
enhance CRISPR/Cas9 gene-correction. This screening revealed three compounds with a 
specific HDR increasing effect. One of these, alisertib, was novel. This Aurora kinase A 
inhibitor improved HDR incidence greatly in three different eGFP expressing cell lines. 
This pathway was validated by siRNA against Aurora kinase A, which showed a similar 
improving efficacy. 

In Chapter 7, we engineered SpCas9 to tolerate surface chemical modifications by incor-
poration of an azide functionality into its structure. We apply this for codelivery of siRNA 
for enhancing HDR by transiently inhibiting NHEJ. We characterized conjugation on four 
different amino acids on SpCas9 on efficiency and activity of both the protein and siRNA, 
which showed the feasibility of such an approach.

Chapter 8 is a reflection on the findings in this thesis and how they relate to the broader 
accelerating field of therapeutic genome editing. We furthermore discuss the future di-
rections of CRIPSR-based gene correction and the methods found in this thesis. We high-
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light gaps in the field and the opportunities they present for future research directions, 
especially in light of the recent development of novel gene editing tools and successful 
clinical trials using CRISPR/Cas9 modified cells.

AUTHORSHIP STATEMENT

The initial aims and hypotheses of the doctoral work were laid out by my promotor Enrico 
Mastrobattista. We followed that outline until the publication of chapter 4, which led to 
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ABSTRACT

The discovery of CRISPR/Cas has revolutionized the field of genome editing. CRIPSR/Cas 
components are part of the bacterial immune system and are able to induce double-strand 
DNA breaks in the genome, which are resolved by endogenous DNA repair mechanisms. 
The most relevant of these are the error-prone non-homologous end joining and homol-
ogy directed repair pathways. The former can lead to gene knock-out by introduction of 
insertions and deletions at the cut site, while the latter can be used for gene correction 
based on a provided repair template. In this account, we focus on the delivery aspects of 
CRISPR/Cas for therapeutic applications in vivo. Safe and effective delivery of the CRISPR/
Cas components into the nucleus of affected cells is essential for therapeutic gene editing. 
These components can be delivered in several formats, such as pDNA, viral vectors, or 
ribonuclear complexes. In the ideal case, the delivery system should address the current 
limitations of CRISPR gene editing, which are 1) lack of targeting specific tissues or cells, 
2) the inability to enter cells, 3) activation of the immune system, and 4) off-target events. 

To circumvent most of these problems, initial therapeutic applications of CRISPR/Cas were 
performed on cells ex vivo via classical methods (e.g. micro-injection or electroporation) 
and novel methods (e.g. TRIAMF and iTOP). Ideal candidates for such methods are, for 
example, hematopoietic cells, but not all tissue types are suited for ex vivo manipulation. 
For direct in vivo application however, delivery systems are needed that can target the 
CRISPR/Cas components to specific tissues or cells in the human body, without causing 
immune activation or causing high frequencies of off-target effects.

Viral systems have been used as a first resort to transduce cells in vivo. These systems suf-
fer from problems related to packaging constraints, immunogenicity and longevity of Cas 
expression, which favors off-target events. Viral vectors are as such not the best choice for 
direct in vivo delivery of CRISPR/Cas. Synthetic vectors can deliver nucleic acids as well, 
without the innate disadvantages of viral vectors. They can be classed into lipid, polymeric, 
and inorganic particles, all of which have been reported in the literature. The advantage 
of synthetic systems is that they can deliver the CRISPR/Cas system also as a preformed 
ribonucleoprotein complex. The transient nature of this approach favors low frequencies 
of off-target events and minimizes the window of immune activation. Moreover, from a 
pharmaceutical perspective, synthetic delivery systems are much easier to scale up for 
clinical use compared to viral vectors and can be chemically functionalized with ligands 
to obtain target cell specificity. The first preclinical results with lipid nanoparticles de-
livering CRISPR/Cas either as mRNA or ribonucleoproteins are very promising. The goal 
is translating these CRISPR/Cas therapeutics to a clinical setting as well. Taken together, 
these current trends seem to favor the use of sgRNA/Cas ribonucleoprotein complexes 
delivered in vivo by synthetic particles. 
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INTRODUCTION

RNA-guided endonucleases derived from the bacterial CRISPR/Cas system have gained 
tremendous popularity over the use of protein-guided nucleases for genome editing 
during the past years. This is owed to the ease at which target gene specificity can be 
changed, enabling precise genome surgery on-targeted diseased cells. This gene surgery 
method has widespread applications, including crop manipulation, cancer diagnostics, 
and gene therapy. Preclinical data demonstrate the power of this technology in correct-
ing genetic diseases and we start to better understand the CRISPR/Cas machinery from 
a molecular perspective. However, despite CRIPSR/Cas technology slowly moving into 
the clinic, there remain some critical questions unanswered. One of these questions is 
whether CRISPR/Cas can be administered safely and effectively to humans via direct in-
travenous administration. For this, the delivery method being used is critically important 
and should ideally restrict genome editing to affected target cells only, and thereby avoid 
gene edits in non-target cells. 

In this account we will address the current status of in vivo CRISPR/Cas delivery with both 
synthetic and viral vectors and will focus on the differences in delivery methods in terms 
of on-target genome editing efficiency and off-target effects. In addition, we will discuss 
ways how immunogenicity via bacterial Cas9 in humans can be diminished (1). 

CRISPR/Cas mechanism of action and the minimal components for 
genome editing 
Guide RNA (gRNA) and CRISPR-associated (Cas) proteins are key components of a bacte-
rial defense system based around clustered regularly interspaced palindromic repeats 
(CRISPR). Together, they enable prokaryotes to develop adaptive immune responses 
against invading mobile genetic elements, such as bacteriophages. This CRISPR/Cas sys-
tem has been engineered into a two-part system to enable therapeutic genome editing 
in eukaryotic cells: a single guide RNA (sgRNA) and a Cas endonuclease together form the 
active ribonucleoprotein (RNP) complex. The most commonly used Cas endonuclease is 
Cas9, although other variants have been discovered for gene editing purposes since then, 
such as Cpf1 (2). The sgRNA sequence consists of two domains: the spacer sequence, 
which consists of 20 nucleotides targeting the RNP complex to the DNA, and a backbone 
sequence anchoring it to the protein (3).

Therapeutic gene editing is achieved through induction of a double-strand break (DSB) at 
the DNA locus, directed by the sgRNA. This process requires a specific nucleotide sequence, 
the protospacer-adjacent motif (PAM), to be present on the target strand in order for the 
Cas protein to be activated. The active complex cleaves the two DNA strands upstream of 
the PAM. Different Cas proteins require different PAM sequences, for example 5’-NGG for 
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Cas9 derived from S.pyogenes (SpCas9) or 5’-TTTN for Cpf1. Different Cas proteins also 
have different cleavage patterns. SpCas9 for example induces a blunt DSB 3 nucleotides 
upstream of the PAM. A DSB can be induced near any PAM site specific to the chosen 
Cas protein by changing the 20nt guide RNA sequence. This makes CRISPR/Cas a more 
appealing method for gene editing than the previously used Zinc-finger nucleases and 
TAL-effector nucleases, which rely on the engineering of Fok1 endonuclease to induce 
double-strand breaks (1,4). Cas9 can also be engineered to induce a single-strand nick 
(Cas9 nickase, nCas9) or to simply bind the DNA without endonuclease activity (inactive 
Cas9, dCas9). The latter can be fused to other active regulatory components, such as base-
editors (5,6).

There are several formats in which the sgRNA and Cas protein can be delivered into the 
cell to achieve therapeutic gene editing. These have been summarized in Figure 1A. The 
endonuclease is problematic to deliver, due to the high molecular weight of the protein 
(158.9 kDa for spCas9) and the gene length (around 4 kb). The gene can be delivered either 
as an expression plasmid or by viral vectors which need to be imported into the nucleus 
for transcription. Additionally, it can be delivered as mRNA which is directly translated in 
the cytosol. sgRNA can be delivered as synthetic oligonucleotides, or expressed through 
plasmids or viral vectors. The combination of Cas protein and gRNA can be delivered as a 
single plasmid, viral vector(s), or as preformed RNP complexes which only need to local-
ize to the nucleus. An HDR template for specific repair can finally be delivered as single 
strand DNA (suited for small mutational corrections) or as large DNA plasmids (suited 
knock-in of large sequences or whole genes). HDR template sequences contain the cor-
rected gene and two flanking homology arms (HA) to improve affinity around the site 
of the DSB (1,4,7). After the induction of a DSB, the broken DNA ends are recognized by 
proteins belonging to the DNA repair machinery, leading to activation of DNA repair. This 
is achieved through one of several different repair pathways, which are more extensively 
reviewed elsewhere (8). The most relevant pathways are non-homologous end joining 
(NHEJ), homology directed repair (HDR), and micro-homology mediated repair (MMR). 
NHEJ is imperfect and often leads to small insertions or deletions (indels) in the genome. 
This can be exploited for gene knock-out by introduction of premature STOP-codons or 
shifts of the genetic reading frame. Gene correction and knock-in can be achieved through 
HDR, by addition of a template DNA strand, thereby leading to repair complementary to 
the provided template (8). These are shown in Figure 1B. 
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Direct delivery of CRISPR/Cas
While CRISPR/Cas mediated therapeutic gene knock-out and correction have many poten-
tial applications, the practical execution is not straightforward. Multiple components need 
to be delivered into the nuclei of target cells for the desired therapeutic effect. Delivery 
of genetic material or proteins can be done by directly disrupting the barriers between a 

Figure 1: Schematic summary of CRISPR/Cas endonuclease concepts. A: Different formats in which Cas protein, 
gRNA and HDR templates can be used to achieve gene editing. B: The active RNP complex acts by cleaving 2 DNA 
strands at the sgRNA target site in the prescence of a PAM sequence (red). Three repair mechanisms can occur. 
1: NHEJ, which can induce gene knock-out by random indel formation; 2 and 3: HDR using a ssDNA or dsDNA 
template, respectively (8).
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drug and its target, while barely interacting with the therapeutic cargo. These methods 
are used extensively in vitro to study the effects of CRISPR/Cas systems on the genome 
because they are economical and often easy to implement on cell lines. While most direct 
methods of delivery are difficult to utilize in vivo, they can be used to introduce CRISPR/
Cas components ex vivo to cells harvested from patients, before reintroducing them into 
the patient. Notable examples are hematopoietic cells for treatment of sickle-cell anemia, 
chimeric antigen receptor (CAR) T cells, and germline cells. The main delivery barriers in 
these cases are the target cell membrane, potentially endosomal release, and nuclear 
localization of the active complex (7,9). 

Traditional methods of direct transfection have first been investigated. The main ad-
vantage of these techniques is that the uptake mechanism is independent of the cell.  
Microinjection of single fast-dividing cells has been used to generate a great variety of 
knock-out and transgenic animals by directly injecting zygotes with CRISPR components 
into the nucleus. While this technique is very effective, it has the distinct disadvantage of 
cells requiring individual manipulation (10). Electroporation, by which pores are formed 
in cell membranes upon application of a high voltage, can be used to directly transfect 
cells ex vivo as well as some in vivo tissues. This has, for example, been used to transfect 
human B-cells with CRISPR/Cas RNP to induce production of therapeutic proteins, after 
differentiation into plasma cells (11). Electroporation can be very toxic, however, due 
to this technique harming the cell membrane. In some cases this leads to permanent 
permeabilization of the membrane (12). 

Two novel techniques to deliver CRISPR/Cas RNPs into cells are through induction of 
transmembrane internalization assisted by membrane filtration (TRIAMF) and induced 
transduction by osmocytosis and propane betaine (iTOP). In TRIAMF cells are extruded 
through a membrane, which has smaller pores than the cell diameter, thereby inducing 
transient pore formation in the cell membrane. This method was used to deliver RNPs in 
hematopoietic stem/progenitor cells (HSPCs), which generally exhibit low endocytic up-
take and require more direct methods of transfection. They achieved a similar efficiency 
compared to electroporation techniques, while observing less cytotoxicity (13). In iTOP 
hypertonic sodium chloride is added to the outside milieu of the cells along with propane-
betaine NDSB-201. These components cause the formation of endosomes through mac-
ropinocytosis, which allow uptake of proteins and subsequent release by disrupting the 
endosomal membrane (14). 

While these direct delivery methods are promising to alter specific cells ex vivo, they are 
limited in their application as not all tissues are suitable for ex vivo manipulation. Other 
delivery methods are therefore needed to deliver CRISPR/Cas directly in vivo. This can be 
done either intravenously or through local administration, for example intramuscularly 
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for Duchenne’s muscular dystrophy. The latter has the distinct advantage of achieving a 
high dose in the target tissue and thus a high likelihood of gene editing (15). Intravenous 
administration has the relative advantage of reaching a wider target, such as whole organs 
or systemic targets like vascular endothelium. The optimal route of administration needs 
to be determined for each tissue individually.

Viral delivery methods
The ultimate goal in CRISPR therapy is to genetically correct cells directly in the human 
body and thereby curing a debilitating genetic disease. This requires sophisticated carrier 
systems that ideally target cells with high specificity, combined with minimal cytotoxicity, 
and rapid clearing of the CRISPR system after successful gene modification. However, none 
of the currently available delivery methods fulfill all of the above criteria. Viral vectors 
have been used as a first resort to solve the delivery problem of CRISPR/Cas gene editing 
system. The most widely studied vectors include lentiviral, adeno-associated viral, and 
adenoviral vectors. A comparison of their main properties is given in Table 1.

Adeno-associated viruses (AAV) combine low immunogenicity upon first injection with 
serotype-related target cell specificity and relatively long expression of the gene without 
the necessity for genome integration. However, the packaging capacity is limited and, 
as a consequence, the genetic material encoding the most frequently used spCas9 (4.2 
kB) leaves limited space for necessary regulatory elements, such as promoter and poly-
adenylation signal sequences. This can be solved by splitting spCas9 into two fragments 
that can recombine inside the cell so that the truncated genes will fit the AAV vector, but 
this comes at the cost of efficiency in terms of delivery as well as target DNA cutting (16).

Adenoviral vectors (AV) can easily contain all elements for genome editing due to their 
high packaging capacity, expressing both the Cas protein as well as one or multiple sgRNAs 
from a single vector. In addition, large donor DNA sequences to mediate homology-
directed repair can be co-delivered as well. The advantage of this is that sgRNA and Cas 
protein are consistently expressed in the same cell at a fixed ratio and since AV are non-
integrating, Cas expression is transient in dividing cells. AV have been successfully used for 
in vivo genome editing in mice, although immune-related toxicities were observed (17). 

Lentiviral vectors (LV) are at present the most widely used viral vectors for clinical gene 
therapy applications in which long-lasting expression of a gene is required. The advantage 
of LV is the relatively safe genomic integration of the gene construct and the capacity to 
transduce both dividing and non-dividing cells with high efficiency. However, the feature 
that makes this vector suitable for gene delivery (stable and long-lasting expression) is 
counterproductive for gene editing purposes. Long-lasting expression of the Cas protein is 
considered to be unfavorable for the on-target/off-target ratio of indel formation (18–20). 
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Indeed, a direct comparison of frequencies of indel formation at three potential genomic 
off-target sites by spCas9 delivered as mRNA, pDNA, RNP, or lentivirus showed highest 
off-target frequencies with the lentiviral delivery method (21). To counteract this, self-
inactivating constructs have been designed in which the lentiviral vector encodes for Cas9 
protein and two sgRNAs: one against the target sequence of choice and one against the 
Cas9 gene (22). In this way transient expression of Cas9 from an integrating lentiviral 
vector can be obtained. 

Immunogenicity associated with the use of viral vectors for gene editing is often down-
played by assuming single injections will be enough to obtain gene correction and thereby 
cure of a disease. As long as pre-existing antibodies are absent, this single-shot approach 
could indeed be effective in isolated cases. However, for many monogenic diseases a 
certain threshold of gene-correction is required to revert the disease phenotype. For 
example, to cure hemophilia B, it is estimated that the levels of FIX activity should be 
increased from <2% of normal activity to at least 25-100% (0.25-1.00 IU/ml). Current gene 
therapy applications can reach levels of 0.12 IU/ml, which is enough to revert severe he-
mophilia into a mild form, but not enough to completely stop prophylactic FIX treatment 
(23). Given the low gene correction efficiencies currently obtained through HDR in vivo 
such a threshold can only be obtained in case multiple injections of the viral vector are 
feasible to accumulate enough gene corrections to revert the disease. At present, this is 
not possible as high dose systemic delivery of viral vectors will prime the immune system 
to generate large quantities of neutralizing antibodies upon concomitant exposure, even 
under an immunosuppressive regimen (24). 

Table 1: Comparison of the main properties, advantages and disadvantages of commonly used viral vectors. 
References of current examples are given for future reading.

Vector
type

Packaging
capacity

Diameter Genome
type

Advantages Disadvantages Current
examples

AAV <4.4 kB 20-22nm ssDNA Large variety of 
target tissues, low 
immunogenicity on first 
injection

Low packaging 
capacity

(16)

AV >8 kB 80-100nm dsDNA Large packaging 
capacity, transient Cas 
expression

Pre-existing 
antibodies, high 
immunogenicity

(17)

LV < 8.5 kB 80-120nm ssRNA Large packaging 
capacity

Potential insertional 
mutagenesis

(18–20)
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Non-viral delivery methods
The disadvantages of viral systems, such as a limited packaging capacity and immune 
activation, have led to the development of synthetic delivery vectors. Synthetic materials 
are often well characterized and controlled, do not rely on a viral genome and are tunable 
through chemical modification. Notable properties have been summarized in Figure 2. 
Disadvantages include possible problematical biocompatibility and toxicity, immunogenic 
potential, and problems with therapeutic cargo release. A variety of materials can be 
used to create these particles and address these problems, some efforts of which will be 
discussed here. 

The simplest synthetic delivery method is by direct conjugation of an excipient molecule 
to an active substance. This can, for example, be done by conjugation of cell-penetrating 
peptides (CPPs) to gRNA and Cas protein. By doing so, Ramakrishna et al. have shown 
effective gene editing in HEK293T cells. The conjugation lead to 6,2% editing efficacy for 
RNP and 7,2% for plasmids, measured by knock-out of a reporter gene (25). However, it 
is unlikely that these CPP conjugates will circumvent all delivery barriers outlined in the 
introduction . Sophisticated delivery platforms such as nanoparticles can be engineered 
to do just that. 

Lipid materials are well characterized to create nanocarrier systems. Recent development 
of liposomal systems has given rise to lipid nanoparticles (LNP) based on ionizable cationic 
lipids, which exhibit a cationic charge in the lowered pH of late endosomes to induce 
endosomal escape, because of the tertiary amines in their structure. (26). While these 
LNPs were initially developed for use with RNA interference (RNAi) components such as 
Onpattro™, they can also be used for CRISPR/Cas delivery (27).

One such application was examined by Wang et al.. Briefly they show that using biode-
gradable cationic lipid nanoparticles, one can deliver CRISPR/Cas RNP into cells and induce 
effective gene knock-out (29). The use of a disulfide chain in the lipid would then act as a 
release mechanism by leading to degradation of the particle in the endosome, which may 
also contribute to endosomal release (30). An example of in vivo delivery of CRISPR/Cas is 
the LNP platform developed by Finn et al.. They used an ionizable lipid along with choles-
terol, DSPC and a PEGylated lipid to create nanoparticles for delivery of Cas9 mRNA and 
sgRNA to rat livers. They targeted the gene for transthyretin, after which they showed a 
decrease of >97% of serum transthyretin levels (28). Interestingly they demonstrated that 
multiple injections with these LNPs with weekly or monthly intervals led to cumulative 
gene editing. This will be relevant for correcting genetic defects that require high levels of 
gene correction in order to revert the disease phenotype. A comparison of the mentioned 
cationic lipids has been given in Figure 3.
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Polymer based particles can be used for CRISPR/Cas delivery in a similar manner as lip-
ids. Materials which have been used for delivery of other nucleic acids have also been 
investigated for CRISPR/Cas delivery. Cationic polymers such as polyethyleneimine (PEI) 
can be complexed to nucleic acids and can induce endosomal uptake and release, simi-
larly to cationic lipids. Zhang et al.. have for example formulated particles consisting of 
PEI-β-cyclodextrin to deliver plasmids coding for sgRNA and Cas9 in HeLa cells, achieving 
gene knock-out (31). Sun et al.. have also used PEI in their formulation, in which they 
utilized DNA as a nanomaterial for encapsulation of CRISPR/Cas vectors. These particles 
were coated by PEI to improve endosomal release. They injected these particles directly 

Figure 2: Advantages of synthetic vectors for CRISPR/Cas delivery using a lipid nanoparticle as example. The ac-
tive RNP complex can be encapsulated by synthetic vectors, leading to a transient expression of the Cas protein. 
Additionally, there is less risk of immune activation compared to viral vectors which allows for repeated dosing 
regimens, to potentially achieve cumulative gene editing (28). Most particles incorporate an inert component 
which shields the particle from immune detection, such as polyethylene glycol (PEG). These chains can be func-
tionalized to target specific tissues or cells of interest using targeting ligands. Other cargoes can be co-delivered 
as well, such as immune suppressant drugs. Finally, the chemical nature of the particle formation and modifica-
tion allows for upscaling of the pharmaceutical production compared to biological production methods for viral 
particles. 
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into tumors expressing EGFP in mice and found phenotypes exhibiting efficient EGFP 
knock-out (32). Dendrimeric structures of poly(amido-amine) (PAMAM) can also be used 
for transfection. These particles consist of a core, from which the polymer branches and 
they exhibit cationic primary amines on their surface, which can complex to nucleic acids. 
Kretzmann et al.. for example used dendrimers to deliver CRISPR/dCas9 plasmids to MCF-
7, a human breast adenocarcinoma cell line. They showed effective transfection while 
maintaining low cytotoxicity (33).

Inorganic materials are currently being studied to encapsulate CRISPR/Cas components 
as well. Alsaiari et al.. have for example formulated a network based on zinc to aid cross-
linking of imidazole. The low pH of late endosomes would then, after uptake, result in 
cationic charges due to dissolution of the zeolitic imidazole frameworks (ZIF), after which 
the CRISPR-Cas components are released into the cytosol. These ZIFs have been used to 
successfully deliver Cas9-based RNPs into CHO cells. They showed endosomal release of 
the RNP’s and cell viability for at least 12 hours after transfection (34). Lee et al.. showed 
successful delivery of RNP and HDR template using colloidal gold nanoparticles in a mouse 
model for the treatment of Duchenne muscular dystrophy. They induced HDR to repair a 
single nucleotide mutation which caused knock-out of the active dystrophin. They showed 
that 5.4% of expression was restored compared to the expression in wild-type mice, which 
was sufficient to restore the musculature to a healthy phenotype (35). The main properties 
and stage of development of the described formulations have been summarized in Table 2.

Figure 3: Key lipid structures of the formulations in the main text. D-Lin-MC3-DMA and LP01 are ionizable lipids 
used in Onpattro™ and the formulation of Finn et al. respectively (28). 8-O14B is the biodegradable cationic lipid 
outlined by Wang et al. (29).
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In addition it is poorly understood how an HDR template can be delivered into nuclei 
using synthetic vectors, especially for slow or nondividing cells where the nuclear en-
velope is rarely or not disrupted for mitosis. Viral vectors are innately able to do so and 
often exploit active transport pathways through the nuclear pore complex. A mixture of 
particles containing different cargo may be used to overcome these issues. One example 
is the combination of LNPs for delivery of Cas9 mRNA along with an AAV containing both 
sgRNA and HDR template sequences. The rationale is that the sgRNA and HDR template 
are needed in the nucleus while the mRNA is needed in the cytosol. Yin et al.. showed 
successful delivery and phenotypic repair in a knock-out mouse model of hereditary tyro-
sinemia type I (36). This example shows promise for the utilization of multiple particles in 
vivo for liver targeting. A disadvantage of such an approach is the requirement of uptake 
of both particles into the same tissue at roughly the same time to ensure intracellular RNP 
formation and HDR-mediated repair. 

Table 2: Summary of the specific synthetic delivery systems outlined in the main text. The cargo formats and 
some advantages and disadvantages are given.

Particle 
material

Investigated 
cargo format

Reported advantages Reported 
stage of 
development

Route of 
administration

References

Cationic 
lipids

RNP High endosomal 
escape, 
biodegradable

In vivo 
reporter model 
in mouse brain

Intravenous (29)

Ionizable 
lipids (LNP)

mRNA Cumulative gene 
editing upon 
repeated dosing in 
vivo

In vivo disease 
model for 
tyrosinemia

Intravenous (26,28)

PEI 
polyplexes

Plasmid DNA Easily characterizable In vitro Not yet 
applicable

(31) 

PEI-coated 
DNA 
nanoclews

Plasmid DNA High efficacy upon 
local administration 
in a reporter system

In vivo 
reporter model

Intratumoral 
injection

(32) 

PAMAM 
dendrimers

Plasmid DNA High loading 
efficiency

In vitro Not yet 
applicable

(33) 

ZIF-8 RNP High loading 
capacity, 
biodegradable

In vitro Not yet 
applicable

(34) 

CRISPR 
Gold

RNP Low immunogenicity 
locally, in vivo 
proof of concept 
in relevant disease 
model (Duchenne’s 
muscular dystrophy)

In vivo disease 
model for 
Duchenne’s 
muscular 
dystrophy

Intramuscular (35) 
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For direct in vivo application, current trends seem to favor use of synthetic particles to de-
liver the CRISPR/Cas components either as mRNA or as RNP complexes. Lipid, polymeric, 
and inorganic particles have all been tested in vivo and seem able to deliver CRISPR/
Cas components. Of these, LNP based formulations seem the most promising for in vivo 
gene delivery as their low toxicity was already examined for siRNA formulations earlier. 
Currently the most advanced CRISPR/Cas study has been performed by Finn et al. using 
LNP’s in mice, which targets the liver. This tissue exhibits fenestrated capillary endothelia, 
through which the LNPs can pass. In addition to this passive targeting, these LNPs are 
opsonized by apolipoprotein E in the bloodstream which then acts as a targeting ligand 
due to overexpression of the low density lipoprotein receptor on hepatocytes (37). More 
research needs to be done examining other target tissues to confirm if LNP based delivery 
is more generally applicable and can achieve the desired effects in a clinical setting. 

Immune responses and immunogenicity
Since the CRISPR system is of bacterial origin, an immune reaction against one of its com-
ponents is likely to occur when it is administered for direct in vivo genome editing (38). 
Moreover, the type of delivery vector used may fortify this immune response and should 
therefore be carefully chosen. The mode of delivery (e.g. as gene construct, mRNA or RNP) 
will also influence the overall immunogenicity of the gene editing system as longevity of 
Cas protein expression generally favors antigen presentation and thus potential activation 
of adaptive immune responses (39,40). 

A distinction should be made between innate and adaptive immune responses. Innate 
immune responses can be triggered by the nucleic acid cargo, especially when formulated 
in as nanoparticles (41). It has been reported that exogenous mRNA as well as siRNA 
delivered by lipid nanoparticles activate innate immune responses through activation of 
various pattern recognition receptors, specifically toll-like receptors. Pseudouridine modi-
fication of the in vitro transcribed mRNA or 2’OMe or 2’MOE modifications of the siRNA 
can ameliorate such responses. Furthermore, CRISPR guide RNAs consist of hairpins that 
are known to be good activators of such receptors, like TLR3, PKR, and RIG-I. This should 
be considered when CRISPR/Cas components are delivered as mRNA or ribonucleopro-
teins. Pharmacological inhibition of these innate immune responses would be an option 
to prevent undesired immunological effects against CRISPR/Cas (42–44). For example, 
Toll-like receptor antagonists or drugs inhibiting the downstream signaling pathways (e.g. 
NfkB or MyD88)  could help in dampening innate immune responses against CRISPR/
Cas components, although full inhibition of immune responses is most likely difficult to 
achieve.

Adaptive responses can be directed against the Cas protein or against components of 
the delivery system. Viral vectors (in particular adenoviral vectors) are immunogenic, 
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especially at the high doses that are often needed for effective transduction in humans 
(42–44). Synthetic vectors can also mount adaptive immune responses. For lipid-based 
systems with grafted PEG polymers to enhance circulation times, anti-PEG antibodies have 
been described although clinical effects of such antibodies are under dispute (45,46). 
Anti-vector antibodies may prevent repeated dosing to boost the overall level of gene 
editing that may be needed for a therapeutic effect.

Adaptive immune responses against the Cas proteins are common. In fact, several stud-
ies have demonstrated that both anti-Cas antibodies and Cas-specific cellular responses 
pre-exist in the human population due to exposure via the microbiome (47–49). This pre-
existing immunity has important implications for clinical applications of CRISPR/Cas as it 
may influence the effectiveness of the gene editing therapy but may also cause serious 
safety problems. Antibody-responses can be partly mitigated by mRNA delivery of Cas 
instead of RNPs or by encapsulation of the Cas RNP into nanocarriers to shield the immu-
nogenic protein from neutralizing antibodies. Conversely, Cas proteins could be immuno-
engineered to remove B and T cell epitopes without losing activity or one could revert to 
Cas variants from microorganisms that are not common to humans, such as the recently 
discovered CasX (50). Such strategies would at most lead to reduction rather than elimina-
tion of immunogenicity. More troublesome are the cellular responses that could poten-
tially lead to cell killing after gene correction, thereby nullifying the therapeutic effect. 
Like gene therapy with viral vectors CRISPR/Cas will most likely require co-administration 
of immunosuppressants, a proven method to prevent immune responses against often 
very immunogenic proteins. The downside is that most immunosuppressant regimens are 
systemic, resulting in an increased vulnerability of the patient against infectious diseases 
during treatment. Recent developments in antigen-specific tolerization might be further 
explored to avoid the need of systemic immunosuppression (51). 

Off-target events and the influence of cargo format
While the on-target efficiency of therapeutic gene editing is important to optimize, we 
also need to recognize the risk of gene editing outside the target locus. This can poten-
tially lead to gene knock-out of other genes. Several bioinformatic tools predict off-target 
sites based on homology to the target sequence, which can be used to choose sgRNA with 
minimal off-target effects, for example the Cas-OFFinder tool (52). Occurred off-target 
events can be confirmed experimentally in a biased (based on predicted off-target sites) 
or unbiased (whole genome) manner (53,54). The variety of techniques can make direct 
comparisons between experiments difficult, as there are conflicting variables, such as sen-
sitivity and different on-target efficiencies, between experiments. In addition, the choice 
of Cas protein is significant to reduce off-target events. For example, Shen et al. have 
shown reduced generation of off-target events using Cas9 nickases in mice, possibly due 
to the requirement of two cleavage events instead of one (6). In addition, Anderson et al.. 
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have shown, for example, that using higher fidelity Cas proteins significantly reduce the 
generation of off-target editing events (55). Guide RNAs can be engineered as well, to im-
prove targeting specificity by chemical or structural modifications and DNA replacements. 
Modifications such as phosphorothioates to the ribose-phosphate backbone of gRNA 
have been shown to improve editing efficiency on-target (56,57). Internal 2’-O-methyl-3’-
phosphonacetate modifications lead to fewer off-target events (57). Additionally, Yin et 
al.. demonstrated that partial replacement of RNA nucleotides with DNA nucleotides can 
lead to higher on-target efficiency and reduce off-target cleavage (58). 

To theoretically reduce the risk of off-target events, one can minimize the exposure time to 
the active RNP complex. This can, for example, be achieved by fusing Cas9 to a FKBP12-like 
domain, which marks Cas9 for intracellular degradation unless a specific ligand is bound to 
that domain. This ligand can then be co-delivered, which achieves a period of Cas9 activity 
while also lowering the half-life (18,19). Alternatively, the CRISPR/Cas complex can be 
directly inhibited by the peptide AcrllA4, which is able to bind active RNP complexes and 
directly compete on the PAM recognition site. Using this inhibitory peptide, Shin et al.. 
have shown that there is an ideal time window for Cas9 with mostly on target cutting 
in the first 6 hours followed by off-target events later on (59). The exposure time can 
also be lowered by choosing more transiently active cargo formats. Kim et al.. showed 
that treatment with RNPs reduced the generation of off-target mutations up to 10-fold 
compared to delivered plasmids coding for Cas9 and sgRNA. They also showed that Cas9 
exhibits a maximum activity after 1 day of exposure when delivered as RNP compared to 
3 days when delivered as plasmid, proposing that these kinetic differences contribute to 
the perceived off-target frequencies (60). Kouranova et al.. compared Cas9 delivered as 
protein, DNA vector or mRNA along with sgRNA in two cell lines. They found the highest 
on-target efficiency and lowest off-target events in normal cells treated with RNPs or cells 
stably expressing Cas9 treated with sgRNA (61). Finally, Lattanzi et al.. showed by using a 
deep-sequencing assay on known off-target sites that a lentiviral vector produced more 
off-target editing compared to mRNA, plasmid, or RNP delivery, while not reaching the 
same on-target effects as RNP or mRNA delivery (21). 

Based on the current body of data, delivery of RNPs using bio-informatics inspired sgRNA 
design and an optimized Cas protein seems to be the most rational method to minimize the 
risk of off-target effects. However, the influence of exposure time and dose-dependency 
on off-target editing needs further elucidation, preferably using unbiased whole-genome 
screening. In addition, the main focus in the literature is on the off-target editing events in 
targeted cells. The unwanted targeting of other cells can also be considered as off-target 
events, even if the genomic target is correct. This can be caused by usage of viral vectors 
with an undesired tropism, or by the poor ability of synthetic vectors to target certain 
cell types. For example, the majority of synthetic vectors are accumulated in the liver 
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and spleen after intravenous injection and this may not be desired if a genetic disease is 
manifested outside these organs.

Concluding remarks
CRISPR/Cas genome editing is less than a decade old but has already reached the stage of 
clinical development. CTX001 from CRISPR Therapeutics and Vertex Pharma is the first ex 
vivo CRISPR therapy for beta thalassemia in clinical development and more are ongoing in 
China. These initial applications of CRISPR/Cas in the clinic are treating diseases in which 
the affected cells are readily accessible and can be edited ex vivo. This avoids the ongoing 
challenge of tissue and cell type specific delivery in vivo and mitigates two main hurdles 
that CRISPR/Cas systems are currently facing: immunogenicity and off-target editing ef-
fects. These pioneering clinical trials are being watched with much anticipation but may 
also reveal some unanticipated side effects. While every effort is being taken to ensure 
effectiveness and safety, such potential side effects can only be disclosed by performing 
human trials. 

The ultimate goal would be to cure debilitating (mono)genetic diseases with a single injec-
tion of CRISPR/Cas. We are still far from this goal and to achieve this several shortcomings 
of the CRISPR/Cas system need to be addressed. 

Firstly, we should have better insights into the frequency and clinical impact of off-target 
events. Although the algorithms to predict off-target sites are getting better over time, 
as well as the design of the gRNAs, unbiased whole genome approaches have revealed 
several sites that have remained under the radar of such algorithms. Additionally, the 
clinical consequences of such off-target mutagenesis are unclear. Engineering Cas pro-
teins to make them more potent to specific sites or to induce point mutations without the 
need of introducing double strand breaks are being explored and may in fact be the way 
forward for safe gene editing. Another approach to increase the on-target/off-target ratio 
is to reduce exposure time of the genomic DNA to Cas proteins. Prolonged expression 
seems to favor increased off-target frequency and strategies to limit or control exposure 
times are being explored. Moreover, targeted delivery is also crucial to limit unnecessary 
exposure of non-target tissue to the Cas nucleases. Although we are still far from such a 
magic bullet, several delivery systems have been developed that show good targeting to 
hepatocytes in the liver. As such it is expected that the first applications of direct in vivo 
genome editing will focus on liver diseases in which gene knock-out is enough to revert 
the disease phenotype. With all of these potential reductions of off-target events in mind, 
it will still be nearly impossible to fully eliminate the probability of off-target events, let 
al.one prove that no off-target events have occurred.
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By far the biggest hurdle for widespread in vivo application of CRISPR/Cas is the immu-
nogenicity of the CRISPR/Cas components. Although encapsulation of the components 
in nanocarrier systems might temporarily cause protection against antibody binding and 
neutralization, eventually the components need to be released to exert their gene editing 
action. Cellular responses against cells expressing Cas9 have been described, which pose a 
serious threat to the success and safety of in vivo gene editing. Strategies to mitigate such 
immune responses, including co-administration of immunosuppressive drugs, should 
therefore be explored.

Despite the challenging tasks ahead, the first steps towards direct in vivo application 
of CRISPR/Cas gene editing have been made and the preclinical results look promising. 
Intellia Therapeutics has developed a lipid nanoparticle (LNP) platform for the delivery 
of CRISPR/Cas to the liver, in particular to hepatocytes. With their delivery platform they 
have reached >97% knock down of serum transthyretin (TTR) levels in healthy mice with a 
single injection. Moreover, knock down was effective for at least one year (28).

These encouraging results will spur other in vivo applications with CRISPR/Cas. One that 
might be very interesting is the targeted integration of gene expression constructs for 
long-term in situ expression of biopharmaceuticals. Increasing number of patients require 
lifelong treatment with biopharmaceuticals that often need frequent injections either i.v. 
or s.c. Examples are anti-TNF alfa antibody therapies and enzyme replacement therapies. 
These treatments are expensive and inconvenient for the patient. Targeted insertion of 
gene constructs in long-lived liver hepatocytes could in principle provide prolonged (up to 
years) expression without the need of frequent injections. However, this will only become 
a reality in case we can fully guarantee the safety of in vivo genome editing.  Whatever the 
application, it is important to balance the medical benefit with the risks that come from 
the treatment. With this in mind, it is likely that CRISPR will eventually realize its potential 
to cure a wide range of diseases.
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ABSTRACT

The outcome of DNA damage repair is relevant to determine in many different contexts, 
such as in the application of genome editing strategies. This manuscript describes a pro-
tocol to distinguish the outcome of targeted DNA damage repair from the bottom up, 
through a previously established functional readout of eGFP. This protein exhibits a strong 
green fluorescence. When the gene encoding eGFP is truncated by for example a frame-
shift mutation, the fluorescent properties of the resulting protein are lost. This is therefore 
an indicator of site-specific DNA insertions or deletions causing a frameshift. Alternatively, 
templated DNA repair can be measured by introducing two point mutations, which makes 
the gene encode a blue fluorescent protein instead. In this way, both HDR-mediated gene 
repair and NHEJ-mediated knockout outcomes can be measured simultaneously in a cell 
population, which provides information on the activated DNA damage repair pathways. 
This is easier to scale to high throughput than DNA sequencing based assays. This protocol 
provides practical guidance on establishing this method. The focus is on generating eGFP 
positive reporter cells, as well as how to perform transfection experiments using CRISPR/
Cas9 materials and flow cytometry to measure the DNA damage repair outcomes. Finally, 
data analysis recommendations are provided as well. The protocol requires basic cell 
culture and flow cytometry experience, and in total it takes around one month to produce 
reporter cells and up to one week to perform genome editing experiments. 
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INTRODUCTION

CRISPR/Cas gene editing is a therapeutic modality capable of inducing specific gene cor-
rection or disruption through activation of different DNA damage repair pathways (1–3). 
The Cas9 enzyme forms a ribonucleoprotein (RNP) complex with a guide RNA molecule, 
which can be designed to target specific genes. The RNP induces a blunt double stranded 
break (DSB) upon recognition and binding of the guide RNA to its target DNA sequence, 
and the protein-specific protospacer adjacent motif (PAM) in the target DNA to the PAM-
interacting domain in the Cas9 protein (4). 

Cells have evolved mechanisms to repair DSBs, including those induced by CRISPR/Cas. 
DSBs are primarily resolved through the non-homologous end-joining (NHEJ) pathway, 
which anneals the broken DNA strands with a small chance of DNA insertions and dele-
tions at the CRISPR/Cas target site. Perfectly repaired DNA can be targeted by CRISPR/
Cas again, which leads to a cumulatively high chance of mutations at the target site (5–7). 
Alternatively, DSB can be repaired by homology-directed repair (HDR), which resects the 
DNA strands and uses a template DNA molecule to guide the repair. In nature, this is 
done by the sister chromatid during mitosis, however this process can be hijacked by 
delivering a synthetic DNA template to induce specific mutations. Small therapeutic muta-
tions are often encoded on single stranded oligo deoxynucleotides (ssODN). In the context 
of CRISPR/Cas-mediated (therapeutic) mutations, the PAM site is often also mutated to 
ensure that the DNA is no longer cleavable by SpCas9. Cas9 isotypes generate blunt-ended 
DSBs, but staggered DSBs are also possible to generate, for example by using Cas12a 
endonucleases or two separate target sequences using Cas9 nickases, which have been 
mutated to inactivate one nuclease domain. Staggered breaks reportedly are more easily 
repaired by HDR (8–10). Cas9 nickases and catalytically inactive Cas9 are additionally used 
in the form of fusion proteins with distinct functionalities, such as base editors and prime 
editors, which use an additional enzyme to directly facilitate DNA modification instead of 
the endogenous cellular repair pathways that rely on a repair template (11–13). A high-
throughput method to simultaneously study these repair mechanisms is a valuable tool 
to employ, as it would allow rapid investigation of many research questions surrounding 
CRISPR functionality, as well as delivery. Such a method was developed by Glaser et al 
in 2016, which will be expanded in this work with practical guidelines for utilization in a 
laboratory without prior genome editing experience.

Development of the protocol
The homology between genetically similar fluorescent proteins can be exploited to study 
various biological processes. The 3D structure of eGFP is a barrel of beta-sheets, which 
causes fluorescence due to the stabilization of a chromophore in the core of the protein 
which undergoes specific interactions with water (14). The fluorescence of eGFP is very 
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sensitive to small changes in this chromophore microenvironment, such as protein unfold-
ing or amino acid substitutions. As such, some modifications in these core chromophore 
amino acids can strongly influence the fluorescent properties of the protein. For a broad 
overview of eGFP and similar fluorescent proteins, the reader is directed to fpbase.com 
which catalogues functional fluorescent protein mutants and their properties. One such 
modification in eGFP is by two amino acid mutations: T65S and Y66H. These shift the 
fluorescent properties of eGFP from the usual green signal to a faint blue fluorescence.

In the context of CRISPR, this method was first reported by Glaser and colleagues in 
2016 to simultaneously measure NHEJ and HDR-mediated gene editing (15). Non-specific 
mutations at the target site, especially frameshifts, lead to inactivation of eGFP and loss 
of fluorescence, which is a robust readout for unwanted genetic mutations such as the 
error prone NHEJ pathway outlined above. In this way, both outcomes can be functionally 
analyzed in a treated cell population. The initial Cas9 HDR strategy described by Glaser 
et al. used three point mutations to induce the mutation of T66S and Y67H, as well as 
a mutation that inactivates the PAM site of their guide RNA targeting sequence. Our 
work refines this design by targeting the antisense DNA strand with the sgRNA, allowing 
mutation of the PAM as well as the two amino acids with two point mutations, as shown 
in Figure 1. We have reported the successful use of this refinement to screen CRISPR 
formulations for HDR (16). 

Expertise needed to implement this protocol
The protocol assumes that the laboratory is equipped with equipment and necessary li-
censes for sterile cell culturing and lentiviral work, as well as bacteria culturing for plasmid 
amplification and purification. The investigator should be comfortable with these basic 
techniques, as well as flow cytometry. 

Figure 1: Genetic and amino acid mutations used in this work. The PAM sequence necessary for SpCas9 using 
this guide RNA is highlighted in yellow, and is mutated by the two point mutations induced by the HDR template, 
highlighted in blue. The Cas9 cut site is indicated by a red line. The two amino acid mutations (T65S and Y66H) 
induce the transition from eGFP to BFP.
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Potential applications
The population-level distribution of DNA damage repair outcomes can provide insight in 
the efficiency and ratio of various genome editing processes. This method is useful for ini-
tial in vitro formulation screening, in which the dosages of individual CRISPR components 
may be varied to assess the relative efficacy of HDR. Furthermore, the effect of a variety of 
exogenous therapies on DNA damage repair induced by CRISPR can be assessed (17). Parts 
of this protocol can be used in an in vivo setting as well, as eGFP positive animal tissues 
can be homogenized and analyzed by flow cytometry to study NHEJ and HDR outcomes. 
Finally, the method can be used for any DNA-targeting genome editors which induce point 
mutations, such as Cas9 prime editors.

Comparison with other methods
Studying the expression of mRNA or protein can be laborious, with methods such as qPCR, 
ELISA or blotting being suited for reading out the phenotype. Genotyping is a laborious 
process as well, involving DNA isolation, sequencing and advanced data analysis through 
for example TIDE/TIDER or next-generation sequencing-based methods such as CRISPRes-
so (18–21). Therefore, this protocol addresses the need for a simple and rapid readout 
method to study the outcome of DNA damage repair in a high-throughput manner.

Other fluorescent reporter systems have been developed for answering specific ques-
tions, such as the activation of NHEJ with a positive readout (22). The protocol described 
in this work, relying on loss of eGFP fluorescence (negative readout) and gain of BFP 
fluorescence (positive readout) takes longer as the loss of eGFP fluorescence takes some 
time due to the relatively long half-life of eGFP inside the cell. However, the information 
gained through this protocol is more complete as this readout method simultaneously 
shows the incidence of NHEJ and HDR, allowing a direct assessment of the ratio between 
these processes. As such, other models could be considered if the research question does 
not require assessment of both repair mechanisms, for example when the CRISPR/Cas9 
therapy is used for only gene knock-out.

Experimental design
First, a suitable cell line needs to be selected to address the desired research question. 
As the nature of this protocol is constitutive expression of eGFP, eGFP will have to be 
stably expressed for robust readout methods. Any method for constitutive expression of 
transgenes may be used in this first phase, however due to the convenience and robust-
ness, this protocol will expand on the use of lentiviral vectors. Once a cell line selection 
is made, the lentivirus need to be prepared. In this current work, HEK293T-eGFP cells are 
used as an example to show the full protocol. However, this protocol can be applied to 
a wide range of cell types. For context, we have successfully generated Hepa 1-6-eGFP, 
HepG2-eGFP and IMR90-eGFP cells as well. 
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In case the laboratory does not have prior access to plasmids for lentiviral production, or 
to a lentiviral transfer plasmid for eGFP expression, these plasmids are available through a 
variety of commercial suppliers, as well as through the Addgene DNA repository. The pro-
tocol furthermore assumes that the laboratory is able to amplify and purify plasmid DNA 
(pDNA) for use in downstream cell culture applications. For more information, the reader 
is referred to the excellent Microbiology References available on Addgene.com: https://
www.addgene.org/mol-bio-reference. It is recommended to prepare a plasmid Midiprep 
to acquire sufficient pDNA for lentiviral production. The pDNA, consisting of a lentiviral 
transfer plasmid encoding eGFP, and envelope plasmid and lentiviral packaging plasmids, 
needs to be introduced in HEK293T cells, which function efficiently as a production cell 
line for lentivirus. The pDNA needs to be transfected into the cells, which can be done by 
a variety of methods. Often, polycationic materials are used such as polyethyleneimine or 
Lipofectamine 2000. The choice of methodology is not critical, so long as it is validated for 
efficient pDNA transfection. After prolonged incubation, the supernatant of the cells will 
contain viral particles usable for transduction. 

Preferably, for this assay only one copy of the eGFP gene is integrated on average into 
each target cell. To ensure this, a low viral titer needs to be used for stable cell line gen-
eration, in combination with the expression of selection antibiotic resistance gene. The 
susceptibility for taking up lentiviral vectors and integrating DNA varies per cell line, so the 
required amount needs to be empirically determined. This can be determined for example 
by fluorescence-based titration, for further reading we recommend protocols from Ad-
dgene.com (https://www.addgene.org/protocols/fluorescence-titering-assay/). Since we 
recommend infecting with a low multiple of infection (MOI, 0.1) this protocol does not 
require concentration of the viral supernatant after isolation. Instead, it is likely that in 
most cases the desired MOI can be found using a concentration range of the unconcen-
trated lentiviral supernatant to the desired target cell population. Prior to antibiotic selec-
tion, the fluorescent eGFP signal can be seen under a fluorescent microscope, as a visual 
indicator of successful transduction. Untransduced cells can subsequentially be killed 
off by the selection antibiotic or removed by fluorescence-activated cell sorting (FACS) 
based on the eGFP expression. In the eGFP transfer vector used in this work, a puromycin 
resistance gene is included, and a kill curve experiment was performed prior to determine 
2 µg/mL as a sufficient dosage for the cell types used in this manuscript. Other antibiotics 
or cell lines would require separate kill curves to determine the optimal concentration 
of the selection antibiotic, as this is both antibiotic- and cell dependent. The protocol 
for such kill curve experiments falls outside of the scope of the current manuscript. If 
a large variation in fluorescent signal is observed between cells, a more homogeneous 
signal distribution can be obtained by selection of a single clones through methods such 
as limiting dilution or fluorescence activated single cell sorting (FACS). This would ensure 
that, after growing the cells out, they have similar amount of gene copies and expression 
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which helps in downstream data analysis. However in most cases this is not strictly neces-
sary. Single integration clones can for example be screened by quantitative PCR on single 
colony-forming cells (23).

Once the eGFP+ reporter cell line is prepared, it can be used to study the DNA repair 
pathway outcome phenotypically. In this work we describe the direct transfection of 
SpCas9, sgRNA and an ssODN template. However, this protocol can easily be adapted to 
suit other genome editors such as Cas9 from different bacteria, and novel systems like 
prime- and base editors. In addition, other cargo formats such as mRNA or DNA-encoded 
CRISPR proteins can be used. The adaptation is up to the investigator, and only the steps 
outlined in section 3 will differ. The transfected cells will need to be kept in culture for at 
least 5 days post transfection to allow the eGFP protein levels to sufficiently decrease, and 
for BFP expression to rise. This longer time span is necessary for an accurate read-out, 
as GFP has a half-life of approximately 26 hours (24). Following this, the cells need to be 
harvested and processed for flow cytometry. 

Limitations
As this protocol is focused on repair processes for point mutations, it is not suited for 
characterizing or optimizing gene editing strategies that involve large sequence insertions, 
deletions or other mutation types which may be solved using CRISPR based gene therapy 
tools. Furthermore, BFP is measured in the blue channel of flow cytometers, which may 
limit the use of common cell viability stains such as DAPI. Moreover, the sensitivity of flow 
cytometry analysis may be affected by increased cellular (auto)fluorescence observed in 
cellular senescence, toxicity, or with the addition of specific compounds. When this oc-
curs, the data interpretation becomes more challenging, and the data may instead to be 
validated at the genetic level using analysis techniques such as TIDER (18). Other limita-
tions, and potential troubleshooting solution, will be discussed in the Discussion section.
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Table 1: Materials and equipment required to perform this protocol 

Material Source Catalogue number

Cell lines

HEK293T ATCC CRL-3216

Cell line(s) of interest* N/A N/A

Cell culture essentials 

Dulbecco′s Modified Eagle′s Medium - high glucose Merck D5671

Trypsin-EDTA solution Merck T4049

Dulbecco’s phosphate buffered saline Merck D8537

Puromycin** Invivogen Ant-pr-1

Antibiotic-antimycotic solution 100x Merck A5955

Fetal bovine serum Biowest S1810-500

OptiMEM reduced serum medium Fischer Scientific 11520386

Plasmids

pMD2.G Addgene #12259

psPAX2*** Addgene #12260

pRSV-Rev*** Addgene #12253

pMDLg/pRRE*** Addgene #12251

pHAGE2-Ef1a-eGFP-IRES-PuroR ⴕ Cloned in house N/A (25)

Transfection materials ⴕ ⴕ

Polyethylenimine, Linear, MW 25000, Transfection 
Grade

Polysciences 23966

ProDeliverIN CRISPR OzBiosciences PIC0500

CRISPR components Oligo sequence

SpCas9 Produced in house ⴕ ⴕ ⴕ N/A 

sgRNA against eGFP locus Merck GCUGAAGCACUGCACGCCGU

Optimized BFP mutation template Merck caagctgcccgtgccctggcccaccctcgt
gaccaccctgAGCCACggcgtgcagtgct
tcagccgctaccccgaccacatgaagc

Other reagents

Paraformaldehyde Merck 158127

Bovine serum albumin Merck A9418

EDTA

Equipment list

TC20 cell counter (or other cell counting method) Bio rad N/A

BD FACS Canto II (or equivalent flow cytometer) BD Lifesciences N/A

Laminar Flow hood N/A N/A

Nikon Eclipse ti2 microscope Nikon N/A
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Procedure

1:	 Generating stable eGFP-positive cell lines through lentiviral transduction 
1A: 	� Ensure that the HEK293T are grown for at least one week after thawing to allow 

them to recover. One day prior to starting, passage them to a T25 flask at 30-50% 
confluency

NOTE 1: Lentiviral production is a scalable process. For the production of larger volumes 
of lentiviral stocks, volumes and reagent concentrations listed below can be scaled up 
linearly according to the increase in cell culture surface.

1B: 	� Lentivirus production (total duration: 4 days). 

NOTE 2: It is encouraged that these protocols are performed under BSL2 safety standards 
for personal safety

	 i:	� Mix in an Eppendorf tube 1.5 µg of psPAX2, 1.5 µg of pMD2.G, and 3 µg 
of pHAGE-EF1a-eGFP-Puro in 500 µL of OptiMEM without antibiotics.

NOTE 3: When using 3rd generation lentiviral packaging plasmids, transfect 1.5 µg of pRSV-
Rev, 1.5 µg of pMD2.G, 1.5 µg of pMDL-RPE and 3 µg of lentiviral transfer plasmid instead. 

	 ii:	� Add 3 µg 25 kDa linear PEI per µg of plasmid DNA in a second tube in 500 
µL of OptiMEM without antibiotics. 

NOTE 4: Other transfection methods work as well, as long as they provide efficient levels 
of transfection.

Table 1, continued.
*: Whichever cell line is needed in the screening work. In previous work we have used a variety of cell lines, includ-
ing HEK293T, Hepa 1-6, HepG2 and IMR90 cell lines successfully.
**: Choice of selection antibiotic may differ, depending on the selection antibiotic resistance gene present on the 
lentiviral transfer plasmid used.
***: When using 2nd generation lentiviral plasmids, the use of second generation lentiviral packaging plasmid 
psPAX2 is required. When using 3rd generation lentiviral transfer plasmids, lentiviral stocks can either be made us-
ing 2nd generation lentiviral packaging plasmid psPAX2, or 3d generation lentiviral packaging plasmids pRSV-Rev in 
combination with pMDLG/pRRE
ⴕ: This plasmid can be replaced with any 2nd or 3rd generation lentiviral transfer plasmid for eGFP expression. Co-
expression of a selection antibiotic resistance gene for mammalian cells is recommended.
ⴕ ⴕ: Or equivalent transfection method for pDNA
ⴕ ⴕ ⴕ : Can be obtained from commercial manufacturers as well
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	 iiii:	 Incubate both tubes for 5 minutes at ambient temperature.
	 iv: 	 Add the contents of the DNA tube to the PEI tube and mix gently
	 v: 	 Incubate the tube for 10-15 minutes at ambient temperature.
	 vi: 	� Add the mixture directly to the culture medium in the T25 flask contain-

ing HEK293T cells.
	 vii: 	� Incubate the cells with the transfection mixture overnight at 37 °C in a 

cell incubator. 
	 viii:	  �The following morning, aspirate the supernatant from the T25 flask and 

add 5 mL of warm culture medium. Addition of 1x antibiotic/antimycotic 
solution is recommended. 

	 ix: 	� Incubate for an additional 48 hours at 37 °C in the cell incubator.
	 x: 	� Harvest the supernatant containing the lentiviral particles in a 15 mL 

conical tube. 
	 xi: 	� Centrifuge the tube for 5 minutes at 500 x g at ambient temperature to 

remove cells.
	 xii: 	� Collect the supernatant and filter using a 0.45 um syringe filter into a 

clean 15 mL tube. 
	 xiii: 	� The supernatant can be used directly for transduction (1c), or stored at 

-80 °C until further use. Avoid repeated freeze-thaw cycles as this affects 
virus integrity.

	 xiv: 	� (optional): Concentrate the lentiviral supernatant, for example by ultra-
centrifugation at 90.000 x g for 90 minutes, or by polyethylene glycol 
precipitation.

1C: 	 Target cell transduction

NOTE 5: It is encouraged that these protocols are performed under BSL2 safety standards 
for personal safety

NOTE 6: Follow the manufacturer’s instructions regarding needed cell culture media, con-
fluency, passaging etc. for the cell line of interest. The steps outlined here are generally 
applicable to immortalized adherent cell lines. 

NOTE 7: Determination of the lentiviral titer or multiplicity of infection (MOI) is not in-
cluded in this protocol. Since the aim is to have 1 integration of the eGFP expression 
construct per cell, we recommend performing a dilution range to determine the MOI of 
the lentiviral stock, and transduce the cells at a MOI of 0.1. 

	 i: 	� Passage cells to be 50% confluent on the day of transduction in a T25 
flask.
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	 ii: 	 At 50% confluency, aspirate the cell culture supernatant.
	 iii: 	 Add up to 5mL lentivirus-containing supernatant to the cells.

NOTE 8: For a T25 flasks of HEK293T cells, 0.5 mL of lentiviral supernatant was generally 
sufficient in our experience. In contrast, for IMR90, 2.5 mL of supernatant was used dem-
onstrating a far lower transduction efficiency in these cells. As such, it is recommended to 
determine the MOI on the cell type that is intended for transduction.

NOTE 9: The infectivity of the lentiviral supernatant can be increased by pre-incubation 
using polybrene, see also the following reference (26). 

	 iv: 	 Incubate the cells overnight at 37 °C in a cell culture incubator.
	 v: 	� The following morning, safely remove and discard the cell culture me-

dium, and add 5 mL of fresh complete culture medium.
	 vi: 	 Incubate the cells for 24 hours at 37 °C in a cell culture incubator.
	 vii: 	� If applicable, add selection antibiotics (e.g. puromycin, in this case at a 

final concentration of 2 µg/mL) to the cell culture medium.
	 viii: 	� Incubate the cells at 37 °C in a cell culture incubator. The required culture 

time with the selection antibiotic is strongly dependent on the selection 
antibiotic. It is recommended to default to the manufacturer’s guidelines 
for the selection antibiotic. In the case of puromycin selection, we gen-
erally adhere to at least 5 days of selection. Throughout the antibiotic 
selection, cells can be cultured as usual. However, we recommend that 
the cell culture medium is refreshed every 2-3 days supplemented with 
appropriate selection antibiotics, e.g. 2 µg/mL puromycin. Afterwards, it 
is not uncommon to culture the cells in a decreased selection antibiotic 
“maintenance” concentration, which is often a 2-fold decrease of the 
lowest selection concentration. Again, as this may differ among selection 
antibiotics, we recommend to default to the manufacturer’s guidelines. 

NOTE 10: The puromycin selection (or any other used selection antibiotic) will cull non-
transduced cells, so the confluency will likely be lower. If many dead cells are noted (float-
ing in the medium), refresh the medium. eGFP expression will be visible after 24-48h on 
the epifluorescence microscope, which is a visual confirmation of successful transduction.

	 ix: 	� Expand the cells to appropriate (e.g. T175) numbers for cryopreserva-
tion. 
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NOTE 11: Some cell types may exhibit a variability in the expression levels, which is visible 
under the microscope as faint and strong eGFP signals. If this is the case, an additional 
selection method to normalize the eGFP signal is advised as outlined under 1d. 

1D (Optional): 	� Ensure monoclonal selection of highly fluorescent clones by limiting 
dilution. 

NOTE 12: Fluorescence-activated cell sorting (FACS) can be performed in bulk as alterna-
tive method, if the lab has access to the appropriate equipment.

NOTE 13: Limiting dilutions are only possible if the cell line used is suited for culture in 
a low confluency. It may be advised to use conditioned medium (supernatant from the 
culture flask) to ensure growth stimulation at the start of the protocol. This approach is 
not suitable for cell lines with limited proliferative capacity.

	 i: 	� Harvest the newly transduced cells using an appropriate method during 
passaging (e.g. trypsinization, cell scraping, etc).

	 ii: 	� Mix 7.5 µL of cell suspension with 7.5 µL of a 0.1% Trypan Blue solution. 
Add this to a counting slide and count the cells using an appropriate cell 
counting method (in our case, we used a TC20 cell counter).

	 iii: 	� Dilute the cells to 10 cells/mL. 
	 iv: 	� Plate out 100 µL (~1 cell) per well in 96 well plates
	 v: 	� Incubate the cells at 37 ° C until clear colonies are visible in the plate.

NOTE 14: the time until clearly visible colonies are formed this depends on the cell line 
used. Culture medium may need to be replaced multiple times until visible colonies are 
formed.

	 vi: 	� Determine which wells show satisfactory and consistent eGFP signal by 
a suited method, for example epifluorescence microscopy.

	 vii: 	� Expand this clone to appropriate (e.g. T175) numbers for cryopreserva-
tion. 

NOTE 15: Only isolating a single clone may lead to genetic or phenotypical changes due to 
clonal drift. Therefore it is recommended to pool at least 3 clonal lines. 

2: 	 Transfecting cells with CRISPR/Cas9 formulations, and usual incubation times

NOTE 16: in this section a commercial transfection kit is used for induce CRISPR/Cas9 
transfection, which may act as a positive control in more complex screens of Cas9 delivery. 
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We used formulations containing ribonucleoprotein complexes as well as a single ssODN 
HDR template, however other delivery formats such as mRNA or pDNA are expected to be 
compatible with this model as well. The design of sgRNA and template DNA optimized for 
classical CRISPR/Cas9 HDR are given in Figure 2. Examples of calculations will be given for 
HEK293T-eGFP cells. However, transfection conditions may need to be optimized per cell 
type and formulation. 

2A: 	� Calculate the amount of SpCas9, sgRNA, HDR template and ProDeliverIN CRISPR 
needed. Typical experiments for HEK293T at 15 nM SpCas9 per well in a 96 well 
plate require 2 pmol of Cas9 per 133 µL of cell culture medium. The required con-
centrations of sgRNA and HDR template DNA can be calculated by extrapolating 
a 1:1:2 molar ratio of SpCas9:sgRNA:HDR template. The volume of ProDeliverIN 
CRISPR required is 1 µL for each 2 pmol of protein

2B: 	 Cell plating
	 i: 	 Culture cells according to normal cell culture protocols.
	 ii: 	� Harvest cells in an appropriate manner for the used line, e.g. using 

trypsin/EDTA solution.
	 iii: 	� Mix 7.5 µL of cell suspension with 7.5 µL of a 0.1% Trypan Blue solution. 

Add mixture of cells and Trypan Blue to a counting slide and count the 
cells using an appropriate cell counting method (in our case, we used a 
TC20 cell counter).

	 iv: 	� Dilute cells to a suitable confluency for a 96 well plate using completed 
medium in 100 µL/well. For example: 100.000 cells/mL, resulting in 
10.000 cells/well when 100 µL is used. Seed the cells in the well plate.

NOTE 17: For some transfection reagents it is recommended to exclude antibiotics from 
the cell culture medium at this stage. Transfections in the presence of antibiotics may 
show increased toxicity for certain transfection reagents.

	 v: 	 Incubate overnight at 37 °C in a cell culture incubator.

2C: 	 RNP formulation
	 i: 	� Pipette SpCas9 in a 1.5 mL Eppendorf tube, dilute it to 2.5 µM using 

OptiMEM.
	 ii: 	 Add sgRNA in a 1:1 molar ratio of SpCas9:sgRNA, mix by pipetting.
	 iii: 	� Incubate the tube at ambient temperature for 15 minutes to allow RNP 

formation.
	 iv: 	� Dilute the RNP complexes to 0.1 µM using OptiMEM. Mix well by vortex-

ing. 
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	 v: 	� Add the HDR template at a 2:1 ratio of DNA:SpCas9. Mix well by vortex-
ing. 

	 vi: 	� Add ProDeliverIN CRISPR reagent at a ratio of 1 µL ProDeliverIN CRISPR 
to 2 pmol of SpCas9 protein.

	 vii: 	� Incubate for 5 minutes at ambient temperature.

2D: 	 Transfection

	 i: 	 Add 17.7 µL of the transfection mix to each well to reach 15 nM of RNP.

NOTE 18: This transfection mix shows dose-response linearity in HEK293T-eGFP cells, so 
the added volume may be modified to reach higher or lower gene editing efficiencies.

	 ii: 	� Incubate the cells for at least 24h (optimally >48h) to allow uptake of 
CRISPR materials.

NOTE 19: Some transfection reagents show toxicity over time. In this case it is recom-
mended to wash the cells by replacing the culture medium. We recommend to default to 
guidelines of the manufacturer of the transfection reagent.

3: 	 Harvesting cells and performing flow cytometry

NOTE 20: To visualize both NHEJ and HDR DNA repair outcomes, an incubation time of 5 
days is recommended, as optimized in Supplemental Data 1. This is due to the long half-
life of eGFP, as well as the signal of BFP which needs time to accumulate in the cell. Expan-
sion of cells for several days after the genomic modification does not affect experimental 
outcome, as the modification is retained when cells divide. Depending on the proliferation 
speed of the used cell type, it might be required to allow further expansion of cells and to 
avoid over-confluency and cell death.

3A: 	 Expansion of treated cells from the 96-well plate.

	 i: 	� Assess the confluency of the cells under the microscope to determine 
whether cell passaging is required. If so, proceed to step 3a.ii.

	 ii: 	 Aspirate the medium from all wells.
	 iii: 	� Harvest cells in an appropriate manner for the used line. In the case of 

HEK293T-eGFP cells, wash the cells with 50 µL of PBS, and subsequently 
add 30 µL of Trypsin-EDTA to all wells.

	 iv: 	� Incubate at 37 °C to allow cell detachment (5 minutes for HEK293T-
eGFP).
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	 v: 	� Dilute the trypsin in all wells with 80 µL of complete medium containing 
1% antibiotic-antimycotic solution.

	 vi: 	� Resuspend all cells and transfer them to a 48-well plate to allow expan-
sion

NOTE 21: This is a 3x dilution based on the well surface areas. For cells doubling once per 
day, if the cells are <50% confluent this will lead to roughly 1/6 confluency in the new 
plate which will reach around 100% confluency in 3 days. Change the transferred cell 
number according to the used cell line and experience.

	 vii: 	� Add 400 µL of completed medium containing 1% antibiotic-antimycotic 
solution.

	 viii: 	� Incubate the cells until a total of 5 days post transfection at 37 °C. Cells 
may be expanded to larger surfaces if necessary before the 5 day end-
point.

3B: 	 Cell harvesting and washing for flow cytometry
	 i: 	 Aspirate medium from all wells
	 ii: 	� Harvest cells in an appropriate manner for the used line. In the case of 

HEK293T-eGFP cells, wash the cells with 50 µL of PBS, and subsequently 
add 50 µL of Trypsin-EDTA to all wells, ensure that the cells are covered 
by gently tilting the plate.

	 iii: 	 Incubate the plate for at least 5 minutes at 37 °C to detach the cells
	 iv: 	 Add 200 µL of complete medium to all wells and resuspend the cells
	 v: 	 Transfer the contents of each well to a BD Falcon U bottom plate
	 vi:	 Centrifuge the plates at 500 x g at ambient temperature for 5 minutes.

NOTE 22: There should be visible cell pellets in the wells

	 vii: 	� Carefully remove the supernatant using a multichannel pipette. Make 
sure not to disturb the pellets. Add 200 µL of PBS to each well and resus-
pend by gently pipetting up and down 5x.

	 viii: 	� Centrifuge the plates at 500 x g at ambient temperature for 5 minutes.
	 x: 	� Carefully remove the supernatant using the multichannel pipette. Make 

sure not to disturb the pellets. Add 200 µL of 1% paraformaldehyde to 
each well and resuspend by gently pipetting up and down 5x.

NOTE 23: When fixing samples with 1% PFA, it is recommended that flow cytometry 
analysis is performed on the same day. Longer storage of fixed cells, even in higher PFA 
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concentrations, is not recommended as the eGFP and BFP signals diminish over time and 
cellular autofluorescence may increase.

	 xi: 	 Incubate for 30 minutes at 4 °C to fix the cells. 
	 xii: 	 Centrifuge the plates at 500 x g at ambient temperature for 5 minutes.
	 xiii: 	� Carefully remove the supernatant using the multichannel pipette. Make 

sure not to disturb the pellets. Add 200 µL of PBS to each well and resus-
pend by gently pipetting up and down 5x.

	 xiv: 	 Centrifuge the plates at 500 x g at ambient temperature for 5 minutes.
	 xv: 	� Carefully remove the supernatant using the multichannel pipette. Make 

sure not to disturb the pellets. Add 200 µL FACS buffer to each well and 
gently resuspend by pipetting up and down 5x. As a FACS buffer, we 
recommend 1% BSA and 5 mM EDTA in PBS without Ca2+/Mg2+.

	 xvi: 	� Measure cell fluorescence by flow cytometry. The eGFP signal can be ex-
cited using a blue laser (e.g. 488 nm) and measured using any filter able 
to measure around its emission maximum of 510 nm. The BFP signal can 
be excited using an ultraviolet laser (e.g. 405 nm) and measured using a 
filter suitable able to measure around its emission maximum of 440 nm. 

NOTE 24: It is recommended to first run untreated eGFP+ control cells to optimize the 
measurement settings for the forward scatter (FSC), side scatter (SSC) and fluorescent 
signals. The FSC/SSC plot should have a large event cluster in the middle of the plot, while 
the eGFP signal should be in the top 25-30% of the detector limit to have good resolution 
for the eGFP signal. The BFP signal of these cells should be in the bottom 25-30% of the 
measuring range. It is important that as little events as possible exceed the lower and/or 
upper limit of the detection range. 

NOTE 25: Compensation to correct for spectral overlap of BFP and eGFP may be required 
in some cases. This can be done by measuring eGFP+ cells and setting compensation in 
the BFP channel, when using a BD FACS Canto II flow cytometer, this compensation level 
is typically around 1%. We recommend to default to guidelines of the manufacturer of 
software used for flow cytometry analysis.

NOTE 26: Including measurement of non-fluorescent (untransduced) control cells to ac-
curately gate eGFP and BFP positive cells is recommended.

4: Data analysis
The flow cytometry plots give information on both gene knock-out and gene correction 
pathway activation. Using these values, we can calculate the total gene editing efficiency 
, as well as the relative incidence of HDR pathway activation.
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4A: 	 Gating and data management (Figure 2)

NOTE 27: The plots shown here were generated using the Flowlogic software package, 
but the general analysis strategy described below is applicable to other software as well.

	 i: 	� Import the raw .fcs files collected from the flow cytometer into the 
analysis software. 

	 ii: 	� Group all controls and conditions with similar treatments. Optimally 
there is only one variable between the control and conditions.

	 iii: 	� In the FSC(A) vs SSC(A) plot, gate the appropriate cell population, and 
exclude smaller cell debris fragments and larger cell aggregates if pres-
ent (as shown in Figure 2A, left panels)..

	 iv: 	� Select single cells based on pulse geometry gating by plotting either 
FSC(A) vs FSC(H) or SSC(A) vs SSC(H) and draw a linear gate containing 
single cells (as shown in figure 2A, middle panels).

	 v: 	� Plot the eGFP vs BFP channels against each other, preferably using a dot 
plot or density plot graph. 

	 vi: 	� In the eGFP+ controls without gene editing, draw a gate with low BFP 
signal (at the height of the highest cells in the plot and lower) and low 
eGFP signal (bordering the large cluster at a high eGFP signal). Name this 
gate eGFP- / BFP-.

	 vii: 	� In the same plots, draw a gate above the eGFP- / BFP- gate. Name this 
gate eGFP- BFP+.

NOTE 28: If all went well, all plots now have gated populations for gene knock-out (eGFP- 
BFP-) and gene correction (eGFP- / BFP+). An example is given in Figure 2A, right panels). 

NOTE 29: It is recommended to confirm the gates for negative fluorescent signals by 
analyzing measurements of non-fluorescent (untransduced) control cells. 

	 viii: 	� Calculate the percentage statistics of the eGFP- / BFP- gate and the 
eGFP- / BFP+ gate for all samples. 

	 ix: 	 Export the data for graphical representation and statistical analysis.
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4b: 	 Calculating gene editing efficiencies.
	 i: 	� Calculate the percentage of eGFP- BFP- cells in the untreated eGFP+ 

controls; this negative population, which is commonly present at a low 
percentage, can yield false positives for gene knockout if not corrected 
for. It is therefore important to subtract these “blank” percentages from 
all experimental conditions when analyzing gene-editing data. 

	 ii: 	� For eGFP- BFP- values from all conditions, subtract the blank percentage 
calculated in (i).

	 iii: 	� Repeat the process in (i) and (ii) for the eGFP- BFP+ gate, to subtract 
potential false positives within this gate for all samples as well.

NOTE 30: After correction, these populations represent the “Absolute gene knock-out (B)” 
and “Absolute gene correction(A)” populations as shown in Figure 2B in populations 1 and 
2. 

	 iv: 	� To calculate total gene editing, add up the percentages of A and B. This 
is now population C: “Total gene editing”. 

	 v: 	� To calculate the “Relative gene correction” incidence D, calculate the 
following:

		�  Relative gene correction = absolute gene correction / total gene editing; 
D=A/C*100%

Figure 2: Utilizing the flow cytometry data from gene edited eGFP cells. A: Gating strategy outlined in section 4a. B: 
Schematic representation of the mixed cell population in the eGFP cells after gene editing, representative for the 
two main gene editing outcomes of correction (1) and knock-out (2), as well as unedited cells (3). C: Dose escala-
tion curve showing dose linearity in this model using lipid nanoparticles carrying Cas9, sgRNA and an ssODN HDR 
template (86nt, see Table 1) as validation. 
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Anticipated results: screening HDR template length and concentration
In Figure 3, some fluorescent microscopy pictures are given to show the eGFP fluores-
cence of HEK293T-eGFP cells growing in normal culturing conditions. 

We have utilized this model for a wide variety of research questions, which will be ad-
dressed in other chapters of this thesis. Some example data was already given in Figure 2C, 
where an escalating dose of CRISPR/Cas9 formulations showed a linear dose-dependent 
effect. Another example is the optimization of HDR template length and concentration 
in ProDeliverIN CRISPR/Cas9 transfections. Briefly, we used templates with a variety of 
homology-arm lengths and concentrations in HEK293T-eGFP cells. The templates are 
noted in Table 2. Transfections were done as written down in Table 2, with variable HDR 
template concentration and length. 

Figure 3: Microscope images of HEK293T-eGFP in low confluency. The eGFP and brightfield channels are given 
separately to show that all cells express similar levels of eGFP, as shown in the overlay as well. Scalebar: 20 um. 
Images were aqcuired using the Yokogawa CV7000 confocal microscope.

Table 2: HDR templates for mutation of eGFP to BFP with varying lengths of the homology arms. The nucleotides 
containing the mutations are capitalized for clarity. 

Length (nt) Sequence

26 gaccaccctgaGcCacggcgtgcagt

46 ccaccctcgtgaccaccctgaGcCacggcgtgcagtgcttcagccg

66 gtgccctggcccaccctcgtgaccaccctgaGcCacggcgtgcagtgcttcagccgctaccccgac

86 caagctgcccgtgccctggcccaccctcgtgaccaccctgaGcCacggcgtgcagtgcttcagccgctaccccgaccacat
gaagc

166 cctacggcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctg
aGcCacggcgtgcagtgcttcagccgctaccccgaccacatgaagcagcacgacttcttcaagtccgccatgcccgaag
gctacgt
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The trend in Figure 4 shows that both template length and concentration, affect the 
relative HDR incidence. Optimally, a template of 86nt is used (6nt for the mutation to 
BFP; 40nt homology arms around the template) at a 2:1 ratio of template to SpCas9. This 
gives the highest relative HDR incidence for the least amount of DNA for these cells and 
transfection reagents. 

Discussion, troubleshooting and conclusions
The goal of this protocol is to simultaneously measure the NHEJ and HDR pathways of 
DNA damage repair in a way that is high-throughput and scalable. This was achieved 
by adopting the eGFP to BFP conversion model as described by Glaser et al, with some 
modifications to the sgRNA and ssODN template DNA. We have extended this method to 
the practical guide provided in this manuscript, to enable easy adoption of the protocol. 

Figure 4: Optimization of HDR template length in HEK293T-eGFP cells. Here, using ProDeliverIN CRISPR/Cas9 
transfections, the homology arms in the ssODN template were varied in length from 10 nt to 80 nt at both sides 
of the mutation. The molar ratio of the template to the Cas9 RNP in the formulation was varied as well to opti-
mize relative HDR gene correction. N = 3 technical replicates. A: Gene knock out caused by these formulations, 
measured as the percentage of non-fluorescent (eGFP- BFP-) cells. B: Gene correction caused by these formula-
tions, measured as percentage of blue cells (eGFP- BFP+). C: Unedited cells, measured as percentage of green 
cells (eGFP+ BFP-). D: Relative (Rel.) gene correction incidence, measured as percentage of blue cells in all gene 
edited cells. 
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The method presented here is versatile in that it enables easy readout of genome editing 
by point mutations, can be easily ported over to a wide variety of cell types using lentiviral 
transduction and selection methods and that it can be used for a variety of research ques-
tions. In this work we demonstrate that the ssODN HDR template can be optimized for our 
formulation, and that the data provided by the model gives insight into both the NHEJ and 
HDR pathway activation in the same cells. 

The assay itself relies on the phenotypic shift of the green fluorescent eGFP signal to a 
blue fluorescent phenotype. The strengths in this methodology are the ease of subject-
ing it to high-throughput analysis methods, while using accessible laboratory equipment 
such as flow cytometers and eGFP-expressing cells which are commonly available through 
various commercial sources, or easily produced as outlined in section 1. The functionality 
of eGFP, which is sensitive to small modifications, can model single nucleotide polymor-
phism-induced phenotypic changes. This is the main cause of many relevant diseases, 
which leads to eGFP being a representative abstraction of such mutations. eGFP as model 
however does have its limitations. As the turnover of eGFP protein is slow, the knock-out 
efficiency is ideally measured after at least 5 days. This creates technical challenges, as 
the cells need to be kept alive for a long timeframe. However, the mutation is stable, as 
it is made at the genomic level, and as such the effects on expression of eGFP and BFP 
remain changed. This makes it possible to expand the treated cells to a suitable number 
for further experiments (Supplementary Figure 1). This may be a concern if the cells do 
not tolerate passaging or require expensive culture media however. Another drawback 
is that blue fluorescence is used as a positive readout in this model. Cells often exhibit 
autofluorescence in the lower wavelengths when they are in distress, which could yield 
false positives if this is not corrected for. This may be especially problematic when using 
(transfection) reagents that may induce cellular senescence or toxicity. Proper controls 
are therefore recommended to compensate for such effects; such controls may include 
the use of non-targeting sgRNAs. Additionally, the intensity of the fluorescent signal of 
BFP is relatively weak, as compared to other fluorescent proteins such as eGFP. A potential 
solution to address this is to use an inverted readout compared to this work, where the 
BFP mutant described here can be mutated to eGFP. The methodology presented in this 
chapter would be applicable to that model as well, except that a different lentiviral trans-
fer plasmid and slightly redesigned sgRNA and ssODN template are necessary. Other blue 
fluorescent proteins are described as well, but would require more mutations leading to 
those being less suitable for studying point mutations.

Finally, there is a chance to find double positive (eGFP+ / BFP+) cells in flow cytometry. 
This could occur when multiple copies of eGFP are inserted in the reporter cells, of 
which not all are corrected through HDR. This may lead to a large variation in eGFP signal 
between cells, which makes data interpretation difficult. Moreover, this may lead to an 
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underrepresentation of gene-editing effects, as cells that have undergone a knock-out of 
only a part of their eGFP open reading frames cannot be distinguished from un-edited 
cells. Should this occur, care should be taken to select cells with a single integration of 
eGFP. This can be achieved for example by using low lentiviral titers or monoclonal selec-
tion as described under section 1D. PCR based methods can confirm the copy number in 
the cells as well (27). Alternatively, observation of eGFP+/BFP+ cells can be the result of 
incomplete degradation of the eGFP protein after genetic editing due to the high stabil-
ity and long half-life of eGFP,. In this case, a longer incubation time after transfection is 
recommended to allow its degradation. An assay to follow the gene-edited cells over time, 
such as the data in Supplemental Figure 1, is suggested in that case. One potential solu-
tion is to use destabilized eGFP proteins, which are formed by the fusion domains to eGFP 
that decrease the cellular half-life of the protein. One example is the use of residues from 
the mouse ornithine decarboxylase (MODC) protein that contain the PEST amino acid 
sequences (proline, glutamic acid, serine, and threonine) which acts as a signal peptide 
for protein degradation (28). Alternatively proteolysis targeting chimera’s (PROTACs) can 
be designed to induce rapid degradation of eGFP through ubiquitination (29). However, 
a potential limitation of such approaches, is that cellular fluorescence signals of such 
modified proteins are generally lower as their decreased half-life results in a lower ac-
cumulation of fluorescent protein. 

The designs presented in this protocol, based on the work by Glaser et al., are specifically 
suited for SpCas9, which recognizes the NGG PAM sequence (15). Other guide RNA se-
quences may need to be designed when working with other CRISPR protein types or gene 
editing systems to align with other PAM sequences, in which case the HDR template needs 
to be redesigned as well to include alternative silent PAM-inactivating mutations, required 
to increase HDR efficiency. In the case of PAM-independent Cas9 variants, or the use of 
alternative nucleases, such as zinc fingers nucleases or TALENS, this additional mutation 
can be omitted (30,31). If PAM-deactivating mutations are considered to be included in 
the HDR template, it is important to assess that these mutations do not induce any ad-
ditional unwanted amino acid changes.

This reporter system allows for rapid in vitro development of formulations for CRISPR/
Cas9 delivery, as well as functional screening of CRISPR-enhancing therapies (16,17). 
This lowers the complexity of starting to work on CRISPR therapy development, allowing 
more groups to join the research effort on curing genetic diseases and unraveling the 
mechanisms that drive genome correction. By using an easily accessible model such as 
eGFP, these efforts are comparable between studies and may be easier to interpret on the 
fundamental level before application to specific diseases.
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Supplementary figure 1: eGFP mutation stability shown as flow cytometry event histograms over time. Cells 
were kept in culture for the noted amount of days. *: The data for 4 days of incubation were taken from a differ-
ent transfection experiment than the other plots and added to illustrate that the eGFP signal is not yet degraded 
enough to distinguish gene knock-out.
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ABSTRACT

The CRISPR-Cas9 system is an emerging therapeutic tool with the potential to correct 
diverse genetic disorders. However, for gene therapy applications, an efficient delivery 
vehicle is required, capable of delivering the CRISPR-Cas9 components into the cytosol of 
the intended target cell population. In this study, we optimized the formulation conditions 
of lipid nanoparticles (LNP) for delivery of ready-made CRISPR-Cas9 ribonucleic protein 
(RNP). The buffer composition during complexation and relative DOTAP concentrations 
were varied for LNP encapsulating in-house produced Cas9 RNP alone or Cas9 RNP with 
additional template DNA for gene correction. The LNP were characterized for size, surface 
charge, and plasma interaction through asymmetric flow field flow fractionation (AF4). 
Particles were functionally screened on fluorescent reporter cell lines for gene knock-out 
and gene correction. This revealed incompatibility of RNP with citrate buffer and PBS. We 
demonstrated that LNP for gene knock-out did not necessarily require DOTAP, while LNP 
for gene correction were only active with a low concentration of DOTAP. The AF4 studies 
additionally revealed that LNP interact with plasma, however, remain stable, whereby 
HDR template seems to favor stability of LNP. Under optimal formulation conditions, we 
achieved gene knock-out and gene correction efficiencies as high as 80% and 20%, respec-
tively, at nanomolar concentrations of the CRISPR-Cas9 RNP.
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INTRODUCTION

The clustered regularly interspaced short palindromic repeats (CRISPR) associated (Cas) 
endonuclease proteins, such as Cas9, have emerged in recent years as a viable therapeu-
tic option for genetic diseases. The Cas9 endonuclease was first identified as a bacterial 
defense mechanism against viral infections and has been repurposed into a powerful tool 
to cleave DNA in an RNA-guided fashion in various cell types. The Cas9 protein, together 
with a guide RNA molecule, forms an active ribonucleoprotein (RNP) complex (1). DNA 
cleavage is mediated by recognition of a 20-nucleotide sequence between the guide RNA 
and the host DNA, which hybridizes and allow the nuclease to attach to its DNA target. 
Additionally, the presence of a protospacer-adjacent motif in the host DNA is necessary to 
facilitate the conformational change in the nuclease to introduce a double strand break in 
its target (2). When the genomic DNA is cleaved by the Cas9 enzyme, the host DNA-damage 
repair response is activated (3). In mammalian cells, the most prominent pathways are the 
canonical non-homologous end-joining (c-NHEJ) pathway, the microhomology-mediated 
end joining (MMEJ) pathway, and homology-directed repair (HDR) (4). C-NHEJ and MMEJ 
are notably error-prone repair mechanisms, both of which can lead to formation of small 
insertions and deletions in the target gene. This, in turn, may lead to gene knock-out, 
which is therapeutically relevant for gene therapy of diseases caused by gain-of-function 
mutations (5–7). HDR is mostly active in the G2/S phases of mitosis in dividing cells, and in 
the presence of a homologous DNA template, this pathway can lead to precise DNA repair 
of disrupted genes (8). Especially, the latter signifies potential for gene therapy, thereby 
curing diseases by editing and correcting the genetic mutations.

Direct in vivo gene editing requires the delivery of the CRISPR-Cas9 components into 
the correct target cells’ nuclei (9). SpCas9, a Cas9 protein derived from Streptococcus 
pyogenes, is currently under clinical investigation for both ex vivo and direct in vivo thera-
peutic applications (10–12). Examples include subretinal injection of adeno-associated 
viral vectors encoding the CRISPR-Cas9 components for the treatment of Leber congenital 
amaurosis, and delivery of CRISPR-Cas9 with non-viral particles such as NTLA-2001 for 
targeted gene editing of hepatocytes for hereditary amyloid transthyretin amyloidosis 
(13,14). Lipid nanoparticles (LNP), which employ cationic or ionizable cationic lipids, serve 
as particularly promising candidates for delivery of the different cargo formats of the 
CRISPR-Cas9 components. Since LNP complex their cargo via electrostatic interactions, 
they are especially suited to formulate polyanionic DNA or RNA molecules, due to their 
anionic phosphate backbone. However, the preassembled RNP complex, with or without 
co-entrapment of a DNA template to drive homology-directed repair, can also be formu-
lated in LNPs, as was recently demonstrated (13,15–17).



82 Chapter 4

Direct delivery of the pre-assembled RNP has several advantages over Cas9 expressed 
from DNA or mRNA templates. Since RNP are pre-assembled, they are directly active 
once inside the nuclei of target cells as opposed to Cas9 expression from DNA or mRNA 
templates. First, these need to be translated into the endonuclease in the cytosol, and 
subsequently, find an intact single guide RNA (sgRNA) within the cell in order to become 
active (18). Related to this, direct delivery of RNP assures optimal stoichiometry between 
Cas9 and sgRNA and protects the sgRNA from rapid degradation within the cell (19). 
Finally, RNP are short lived inside cells, with a half-life of approximately one day (20). 
This limits the likelihood of off-target gene editing which has been shown to be time 
dependent (21,22).

Despite these advantages, delivery of RNP has met with several pharmaceutical chal-
lenges. The stability of RNP during LNP formulation is an issue. Solely relying on ionizable 
cationic lipids to mediate electrostatic interactions with the net negatively charged RNP 
requires an acidic environment. Acidic conditions can however affect RNP stability (23,24). 
Therefore, in this study, formulations already used for siRNA or mRNA delivery with C12-
200 ionizable lipid were further developed for delivery of RNP (24,25). Specifically, formu-
lation conditions must be optimized to find a good balance between RNP functionality, 
protection from premature clearance, and timely intracellular release. This work sought to 
explore several of such often overlooked steps in the pharmaceutical formulation of RNP 
into LNP, which, as shown here, are often critical in determining gene editing efficiency 
(24). This includes buffer composition during formulation, as well as lipid composition of 
LNP for delivering RNP with or without a single stranded DNA (ssDNA) HDR templates. 
To understand the effects of these parameters, these LNP were characterized based on 
their size, surface charge, RNP complexation, and activity. Additionally, their stability in 
human plasma was studied. Lipid nanoparticles complexing RNP and HDR template were 
investigated on gene editing capacity in fluorescent reporter cell lines suited to read out 
gene knock-out and specific gene correction, resulting in promising results for in vivo gene 
correction.

MATERIALS AND METHODS

General Reagents
All reagents and chemicals were acquired from Sigma-Aldrich (Zwijndrecht, The Nether-
lands) unless otherwise specified. 2′ O-methyl and phosphorothioate end-modified sgRNA 
and template DNA sequences were acquired from Sigma-Aldrich (Haverhill, the United 
Kingdom, sequences given in Supplementary Tables 1 and 3) and stored in RNAse-free Tris 
EDTA-buffer pH 7.0 (Thermo Fisher, Landsmeer, The Netherlands). Primers for polymerase 
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chain reaction (PCR) were acquired from Integrated DNA Technologies (IDT, Leuven, 
Belgium), sequence shown in Supplementary Table 2. In addition, 1,1′-((2-(4-(2-((2-(bis(2-
hydroxydodecyl)amino)ethyl)(2-hydroxydodecyl)amino)ethyl)piperazin-1-yl)ethyl)
azanediyl)bis(dodecan-2-ol) (C12-200) (25) was acquired from CordonPharma (Plank-
stadt, Germany), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) from Lipoid 
(Steinhausen, Switzerland), Cholesterol and 1,2-dimyristoyl-rac-glycero-3-methoxypoly-
ethylene glycol-2000 (PEG-DMG) from Sigma-Aldrich (Zwijndrecht, The Netherlands), and 
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) from Merck (Darmstadt, Germany).

SpCas9 protein production and purification
SpCas9 with a nuclear localization signal (NLS) was expressed in the LPS-free Clearcoli™ 
BL21 strain (Lucigen Corporation, Middleton, WI, USA) using pET15_SpCas9_NLS_His 
plasmid (Addgene #62731) (26). After growth in LB-Miller medium until the OD600 
reached 0.55–0.7, protein production was induced with 0.5 mm isopropyl β-d-1-
thiogalactopyranoside (IPTG), followed by overnight fermentation at 18 °C. All bacteria 
were subsequently pelleted by centrifugation and lysed by tip sonication using a 3 mm tip 
(Bandelin electronic GmbH & Co. KG, Berlin, Germany), in 50 mL of phosphate buffered 
saline containing 25 mm imidazole on ice. The lysate was subsequently centrifuged, re-
suspended in the same buffer, and filtered through a 0.45 μM MiniSart filter (Sartorius, 
Amersfoort, The Netherlands). Immobilized metal affinity chromatography (IMAC) was 
performed on this lysate using a 1 mL nickel HisTrap HP column (Cytiva, Medemblik, 
The Netherlands) in combination with the Äkta PURE chromatography system (Cytiva, 
Medemblik, The Netherlands). A stepwise gradient of imidazole was applied from 25 mM, 
going up to 100 mM and ending at 250 mM.

After collection of all fractions, the eluted SpCas9 was dialyzed twice against storage buf-
fer (final composition of 300 mM NaCl, 0.1 mM EDTA, 10 mm Tris, pH 7.4) at a 1:1000 ratio 
of sample to dialysate, followed by addition of 8.3% (w/v) glycerol prior to freezing. The 
samples were snap-frozen in liquid nitrogen and stored at −80 °C after dialysis.

SpCas9 characterization and stability study
The protein size and protein impurities were assessed using sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE). The samples were treated with Laemmli 
sample buffer containing 12.5 mM dithiothreitol (DTT). The proteins were separated on 
4–12% Bis-Tris gel (Thermo Fisher, Landsmeer, The Netherlands), after which staining was 
done using the Pierce silver stain kit (Fischer Scientific, Landsmeer, The Netherlands). Gels 
were imaged in the ChemiDoc Imaging System (Bio-Rad Laboratories B.V, Veenendaal, The 
Netherlands). The intensity of the gel bands was quantified by densitometry in ImageJ 
(version 1.52p), to calculate the protein impurities in the SpCas9 samples over time (27). 
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This assay was repeated periodically to determine the protein stability during 6 months 
of storage.

To visualize in vitro cleaving activity of SpCas9, an in-house optimized activity assay was 
performed. SpCas9 was first incubated with sgRNA specific for the EGFP gene (Supplemen-
tary Table 1) for 10 min at room temperature, at a molar ratio of 1:1 at a concentration of 
1 μM. Subsequently, 2 μL of this RNP was mixed with 3 μL Buffer 3.1 10×, (New England 
Biolabs, Ipswich, MA, USA), 250 ng linearized plasmid DNA containing the enhanced green 
fluorescent protein (EGFP) locus (pMJ922, Addgene #78312 (28)), 1 μL Ribolock R1 RNAse 
inhibitor (Thermo Fisher, Landsmeer, The Netherlands) and filled to 30 μL with nuclease-
free water (Thermo Scientific, Landsmeer, The Netherlands). The reaction was completed 
in 2 h at 37 °C. The samples were treated with 1 μL proteinase K (Thermo Fisher, Lands-
meer, The Netherlands) and filled to 30 μL with nuclease-free water (Thermo Scientific, 
Landsmeer, The Netherlands), and then separated using agarose gel (1%) electrophoresis 
and visualized with 5 μL Midori Green (Nippon Genetics, Düren, Germany) staining per 
100 mL of agarose. SpCas9 activity was calculated by gel densitometry, by determining 
the area under the curve in ImageJ, and calculating the relative cleaved fraction. This was 
repeated over the course of one year to determine the protein stability in storage.

Lipid nanoparticle formulation
To formulate LNP for gene knock-out (LNP-RNP), sgRNA and SpCas9 were mixed at a 1:1 
molar ratio in different formulation buffers (100 mM citrate buffer (pH 4.0), Dulbecco’s 
phosphate buffered saline (PBS) (pH 7.4), 50 mm HEPES buffer (pH 7.4, LNP-RNP [HEPES]), 
or nuclease-free water at an RNP concentration of 0.4 μM. Complexation was performed 
for 15 min at room temperature. Concurrently, the lipids were mixed in ethanol to achieve 
a total lipid to sgRNA ratio of 40:1 (w/w), resulting in a total lipid weight of 9.6 μg based on 
a previous report (24). The lipid components were C12-200, DOPE, cholesterol, PEG-DMG 
and DOTAP (molar ratio 35:16:46.5:2.5:variable). Different molar ratios of DOTAP were 
tested to find the optimal amount for complexation with RNP. The RNP and lipids were 
mixed by pipetting at a volume ratio of 3:1 (18 μL RNP to 6 μL lipids) and incubating for 15 
min at room temperature. Subsequently, the formulation was diluted 4 times with PBS to 
a final RNP molar concentration of 76.9 nM in 100 μL. The formulation steps with exact 
volumes are shown in Table 4.

LNP carrying RNP and HDR template (LNP-RNP-HDR) were formulated in the same manner 
in HEPES buffer or nuclease-free water (LNP-RNP-HDR [HEPES] and LNP-RNP-HDR [H2O], 
respectively), except that the HDR template was added at varying molar ratios of RNP/
HDR template (1:2, 1:3.8, 1:5, 1:10 and 1:20) to the RNP complex, prior to complexation 
with the lipids.
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Physical characterization of lipid nanoparticles
LNP were diluted 1.3 times further in 1 × PBS (pH 7.4) for characterization of size and 
polydispersity index (PDI) through dynamic light scattering (DLS) using a Zetasizer Nano 
S (Malvern ALV CGS-3, Malvern, UK) (settings: temperature 25 °C, viscosity 0.8872 cP, 
RI 1.330). The ζ-potential was determined with a Zetasizer Nano Z (Malvern ALV CGS-3, 
Malvern, UK) after 9 × dilution in 10 mM HEPES buffer at pH 7.4 (settings: temperature 25 
°C, viscosity 0.8872 cP, RI 1.330, dielectric constant 78.5). Each sample was measured in 
triplicate to determine size and ζ-potential two days after formulation.

Quantification of RNP complexed with LNP
Complexation efficiencies were determined in LNP prepared in the different formulation 
conditions. RNP at 1.25 μM and a final formulation volume of 0.47 mL in PBS were used. 
For determination of SpCas9 complexation, the LNP formulation was additionally dialyzed 
against 1 × HEPES buffered saline (HBS) with Float-A-Lyzer molecular weight cut-off 
(MWCO) 300 kDa dialysis chambers (Avantor®, Arnhem, The Netherlands) to remove free 
SpCas9 from the formulation.

Reversed-phase high performance liquid chromatography (HPLC) (Waters Alliance e2695, 
Milford, MA, USA) was performed to determine the amount of SpCas9 that was com-
plexed with LNP, using an Xbridge protein BEH C4 300 Å column (Waters #186004505) 
with a linear acetonitrile gradient, from 5% to 100% in 5 min and back again in 1 min, with 
10 min of total elution time. The mobile phase additionally contained 0.1% trifluoroacetic 
acid. The column was heated at 30 °C. Fluorescence detection was set at ex. 280 nm, em. 
350 nm (10 pts/s), and the UV-Vis detection was set at 214 and 280 nm (2 pts/s). Samples 
were treated with 2% Triton X-100 for 5 min before injection. Samples were injected with 
an injection volume of 50 μL at a flow rate of 1 mL/min. A calibration curve of empty LNP 
spiked with SpCas9, with a concentration range of 0–300 nM and treated with 2% Triton 
X-100, was used to quantify the SpCas9 concentration.

The Quant-iTTM RiboGreen® RNA kit (Fisher Scientific, Landsmeer, The Netherlands) 
was used to determine the complexation efficiency of sgRNA. The protocol provided by 
the supplier was followed, except that sgRNA was used instead of the RNA standard to 
generate a calibration curve in RNAse-free TE buffer. A calibration curve with and without 
2% Triton X-100 was made in duplicate. LNP samples and the calibration curve that were 
not treated with 2% Triton X-100 were treated with the same volume of 1 × RNAse-free 
TE buffer. Fluorescence signal (ex. 485 nm, em. 520 nm) was determined using a Jasco 
FP8300 Spectrofluorometer with a microwell plate reader (JASCO Benelux BV, De Meern, 
The Netherlands).
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Stability of lipid nanoparticles in human plasma
The stability of LNP was determined by asymmetric flow field flow fractionation (AF4) mea-
surements using the AF2000 separation system (Postnova Analytics, Landsberg, Germany). 
The system is equipped with a degasser, isocratic pumps, auto samples, fractionation 
channels, and an in-line DLS detector (Zeta Nano ZS, Malvern Instruments, Malvern, UK). 
For separation, a FFF channel was used with a 350 μm spacer and a regenerated cellulose 
membrane with a molecular weight cut-off of 10 kDa. PBS was used as mobile phase.

LNP-RNP [HEPES] and LNP-RNP-HDR [HEPES] or LNP-RNP-HDR [H2O] were prepared as 
described above, with a total lipid concentration of 4.4 mM and RNP concentration of 
1.6 μM. In addition, 3 μM HDR template was added to the LNP-RNP-HDR formulation. 
The LNP formulations were not diluted with PBS as described previously, since high con-
centrations were needed for the AF4 studies. To verify potential destabilizing effects of 
blood components on the LNP, the nanoparticles were treated with 20% human plasma 
(#HMPLCIT, BioIVT, West Sussex, UK) and incubated for 1 h at 37 °C. Subsequently, 20 μL 
were injected at a flow rate of 0.2 mL/min and focused for 4 min with a crossflow of 1.5 
mL/min and a focus flow of 1.8 mL/min. After 1 min transition time, the crossflow was 
kept consistent at 1.5 mL/min for 5 min before it was decreased with a linear decay of 1 to 
a final cross-flow of 0.5 mL/min over a span of 25 min. Then, the crossflow was decreased 
with an exponential decay of 0.3 for 30 min until it reached 0 mL/min, at which it was kept 
constant for 10 min. During the entire run, the detector flow rate was 0.5 mL/min.

Cell culture
HEK293T stoplight cells and HEK293T cells with stable EGFP expression were cultured 
in low-glucose DMEM medium supplemented with 10% fetal bovine serum (FBS), at 
37 °C and 5% CO2. The cell lines were both graciously gifted by Dr. Olivier de Jong and 
constructed as described previously, using the lentiviral plasmids containing the gene of 
interest (Stoplight construct (29) or EGFP (30)) in a pHAGE2-EF1a-IRES-PuroR or pHAGE2-
EF1a-IRES-NeoR backbone, respectively. Alongside these lentiviral plasmids, HEK293T 
cells were transfected with pMD2.G plasmid, and PSPAX2 plasmid (Addgene #12259 and 
#12260, respectively) at a 2:1:1 ratio for lentiviral production. Lentiviral supernatant was 
then used to transduce HEK293T cells. To prevent multiple integrations of the fluorescent 
reporter constructs, HEK293T cells were transduced using an MOI < 0.1 and subsequently 
cultured and expanded with their respective selection antibiotics. After 2 weeks, cells 
were sorted using a BD FACSAria III cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA), 
after which they were further expanded in the presence of selection antibiotics.

For subculturing between experiments, 1 mg/mL Gibco® Geneticin® Selective Antibiotic 
(G418 sulfate, Fischer Scientific, Landsmeer, The Netherlands) was supplemented. Cell cul-
ture plastics were acquired from Greiner Bio-One (Alphen aan de Rijn, The Netherlands).
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Gene editing efficacy assays
HEK293T stoplight cells were plated at a density of 3 * 105 cells/cm2 on a 96-well black 
plate (Greiner CellStar #655090). The following day, the cells were treated with 10 μL 
of LNP-RNP supplemented with 1% antibiotic/antimycotic solution (Sigma-Aldrich, Zwijn-
drecht, The Netherlands). Cells were washed after 24 h with 100 μL of low-glucose DMEM 
medium supplemented with 10% FBS and 1% antibiotic/antimycotic solution. The cells 
were incubated for another 24 h at 37 °C and 5% CO2. Following this, the cells were treated 
with 2 μg/mL Hoechst 33342 in complete cell culture medium for 15 min and imaged us-
ing a Yokogawa CV7000 Confocal Microscope (Yokogawa Corporation, Tokyo, Japan). The 
fluorescence image analysis was performed with the Columbus Software (Perkin Elmer, 
version 2.7.1), of which the analysis workflow is shown in Supplementary Figure 18. Gene 
editing efficiency was defined as the number of cells expressing EGFP divided by the 
number of cells expressing mCherry, as described previously (29). LNP formulations were 
compared to a positive control, consisting of RNP delivered using ProDeliverIN CRISPR (Oz 
Biosciences, San Diego, CA, USA), as specified by the manufacturer, except that a 3.3 μL:1 
μg ratio of reagent to protein was used.

The mutation of the EGFP signal to BFP as a measure of gene correction was based on 
the work of Glaser et al. (31). Briefly, HEK293T-EGFP cells were seeded at a density of 3 * 
105 cells/cm2 in an appropriate cell culture plate. The following day, medium was supple-
mented with 1% antibiotic/antimycotic solution and LNP formulations were added to each 
well, containing a varied concentration of RNP, HDR template, and lipid concentrations. As 
a positive control, ProDeliverIN CRISPR was used to deliver the RNP and the HDR template 
in a molar ratio of 15:15:28.5 nM. Cells were washed after 24 h with fresh medium and in-
cubated for two days. Subsequently, they were passaged and expanded for two additional 
days, leading to a total of five days incubation after transfection. Cells were subsequently 
harvested, washed twice with PBS, fixed in 1% paraformaldehyde, and transferred to a BD 
Falcon U-bottom 96-well plate (Becton Dickinson, Franklin Lakes, NJ, USA).

Cell fluorescence was determined by flow cytometry using the BD FACS CANTO II (Becton 
Dickinson, Franklin Lakes, NJ, USA). BFP was measured using the Pacific Blue channel of 
the flow cytometer, while EGFP fluorescence was determined in the FITC channel. Data 
was analyzed with the Flowlogic software (Inivai Technologies, Mentone, Australia, ver-
sion 7.3). Gene knock-out was defined as a loss in green fluorescent signal, whereas gene 
correction was defined as a gain in blue fluorescent signal. The gene editing efficiency was 
determined by the population negative for EGFP and BFP, indicating gene knock-out, as 
well as the population positive for blue fluorescence, indicating HDR correction using the 
specified template. A plasmid encoding this BFP plasmid is given in Supplementary Figure 
1, and was acquired from Twist Bioscience (San Francisco, CA, USA). The gating strategy 
and model validation are presented in Supplementary Figure 2.
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To validate the functional gene-editing readouts, a T7 endonuclease I (T7E1) assay was 
performed. Genomic DNA was extracted from HEK293T stoplight cells and HEK293T-EGFP 
cells 2 or 5 days after the transfection with LNP-RNP and LNP-RNP-HDR, respectively, us-
ing the PureLink Genomic DNA Mini Kit (Thermo Fisher, Landsmeer, The Netherlands), 
following the manufacturer's instructions. PCR amplification was performed using primers 
designed specifically for the target locus (Supplementary Table 2) using Q5® Hot Start 
High-Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA, USA). Afterwards, PCR 
products were purified using a QIAquick PCR Purification kit. The PCR products were de-
natured at 95 °C for 10 min in the presence of NEBuffer 2 (New England Biolabs, Ipswich, 
MA, USA) and annealed at −2 °C per second temperature ramp to 85 °C, then, at −0.1 °C 
per second temperature ramp to 25 °C. Following this, hetero-duplexed sequences were 
incubated with 5U T7E1 enzyme (New England Biolabs, Ipswich, UK) at 37 °C for 18 min to 
achieve digestion of mismatched DNA.

RESULTS

SpCas9 production, characterization and stability in storage
SpCas9 was recombinantly produced by transforming the LPS-free ClearColi™ BL21 strain 
with plasmid pET15_SpCas9_NLS_His (Addgene #62731). The elution chromatogram of 
SpCas9, given in Supplementary Figure 4, shows that the principal protein component 
elutes at 250 mM imidazole. To study the long-term stability of in-house produced 
SpCas9, purified SpCas9 from a representative batch was snap frozen in liquid nitrogen 
and stored in aliquots at −80 °C until needed for analysis of protein size, activity, and for 
use in LNP formulations. As shown in Figure 1A, the SpCas9 protein appeared as a clear 
band on SDS-PAGE at the expected molecular weight of 160 kDa. SpCas9, proved to be 
active at introducing a targeted double strand break in plasmid DNA only when complexed 
with the cognate sgRNA, as seen in agarose gel electrophoresis in Figure 1B. This activity 
was retained over time, as an activity digest after 12 months of storage showed similarly 
high SpCas9 activity. The activity did not differ significantly from the positive commercial 
control for each assay performed over time (Supplementary Figure 3). The relative peak 
area of the principal SpCas9 band, calculated by SDS-PAGE densitometry, did not dete-
riorate over time, as shown in Figure 1C (gel excerpts underlying this graph are given in 
Supplementary Figure 5). These results show that the recombinant SpCas9, produced and 
stored with these methods and conditions, was active and stable at least for one year. This 
recombinant SpCas9 was used in subsequent formulation and gene editing studies.
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Characterization and efficacy of LNP formulations for gene knock-out 
(LNP-RNP)
Since pH and ionic strength may influence Cas9 RNP activity as well as RNP complexation 
during LNP preparation, different LNP formulations for gene knock-out were prepared 
by varying buffer composition during complexation of RNP with lipids, as well as the 
total amount of DOTAP in the final LNP-RNP formulations (Figure 2). LNP consistently 
showed a particle size between 100 nm and 200 nm and a PDI below 0.2, as well as a 
𝜁-potential between −5 and −20 mV (Figure 2B,C). Interestingly, the LNP-RNP formulation 
prepared with nuclease-free water in the complexation phase and containing DOTAP 5 
mole% seems to result in a high average particle size and polydispersity index (~1000 
nm, PDI 0.8), suggesting this formulation is colloidally unstable, leading to LNP aggrega-
tion. A larger polydispersity index was additionally determined for LNP-RNP formulated in 
nuclease-free water with DOTAP 2 mole%. Quantification of the amount of SpCas9 protein 
and sgRNA associated with the LNP was done with HPLC and Quant-iTTM RiboGreen® RNA 
assay, resulting in complexation efficiencies of 63.7% and 68.6% (formulation: DOTAP 5 
mole%, 50 mM HEPES buffer for RNP complexation), respectively (Supplementary Figures 
7 and 8). As RNP is a 1:1 complex of sgRNA to SpCas9 protein a similar complexation 
efficiency to lipid nanoparticles is expected, as validated by studying both SpCas9 and 
sgRNA. Thus, complexation of SpCas9 was used in a further study to compare the effect of 

Figure 1: SpCas9 characterization after purification and extended storage. A: SDS-PAGE gel of the purified re-
combinant SpCas9. 1: PageRuler Plus prestained protein ladder. 2: Positive control SpCas9 acquired from Sigma 
Aldrich. 3: In-house produced SpCas9. B: Activity of the SpCas9 protein (lane 1 left gel, lane 3 right gel) compared 
to a commercial sample (lane 2, left gel) and a negative control (lane 3, left gel). Generuler 1kB ladder (lane 4 left 
gel, lane 1 right gel) was used for determining the size of the DNA fragments. The activity is shown for SpCas9 
after 3 months and 1 year in storage. C: Relative density of the 160 kDa protein band on the SDS-PAGE gels over 
time, defined as percentage purity. 
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Figure 2: LNP characterization and plasma stability: (A) Chemical structures of the LNP components in the for-
mulations ((1) C12-200; (2) cholesterol; (3) DOTAP; (4) DOPE; (5) PEG-DMG); (B) and (C) LNP-RNP characteristics 
screened for varying DOTAP concentrations and complexation buffers, (B) average particle size and PDI in PBS as 
determined by DLS (measured in triplicate) and (C) ζ -potential of these formulations in 10 mM HEPES buffer pH 
7.4 (measured in triplicate). Two of these formulations were further characterized on stability in plasma (AF4); 
(D) and (E) AF4 fractograms recorded by DLS detector showing the derived count rate (D) and particle size (E) 
for LNP-RNP formulated in HEPES buffer with DOTAP 0 and 5 mole%. Inserts show a zoomed-in version of the 
samples measured without plasma. Detector flow was set to 0.5 mL/min.
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formulation buffer on RNP complexation in LNP and interestingly no differences could be 
detected (Supplementary Figure 9).

To determine LNP-RNP stability under near-physiological conditions, AF4 was applied to 
detect intact LNP and measure its average size distribution when incubated in 5× diluted 
human plasma. The formulations tested during the AF4 studies were LNP-RNP [HEPES], 
containing DOTAP 0 and 5 mole%. Depicted in Figure 2 are fractograms detected by in-line 
DLS detectors (Figure 2D,E). LNP show a retention time around 40 min. The peaks on the DLS 
fractograms of nanoparticles incubated with plasma over the range of the retention times 
between 10 and 20 min are likely to be plasma proteins, suggested by an overlay of the 
chromatogram of 20% human plasma (Supplementary Figure 17). LNP-RNP particles show 
a significantly higher derived count rate after incubation with plasma (Figure 2D). These re-
sults indicate that these LNP do interact with the plasma components, suggesting formation 
of a protein corona on the surface of the LNP (32). Based on these findings on particle size, 
RNP-lipid complexation efficiency and stability, the particles were deemed suitably stable 
and monodisperse to be tested on reporter cell lines for their gene editing efficiencies.

Determination of gene knock-out efficiency of different LNP-RNP 
formulations
LNP were applied to the HEK293T stoplight cell line to determine functional delivery of RNP. 
These cells constitutively express mCherry and, upon introduction of a +1 or +2 frameshift 
targeted by CRISPR-Cas9 downstream of the mCherry coding sequence, co-expression 
of EGFP is induced (29). The influence of buffer composition during RNP formation was 
first assessed, as acidic buffers were shown to be detrimental in past reports (17,24). 
Based on EGFP expression percentages, RNP formed in 50 mM HEPES buffer (pH 7.4) or 
nuclease-free water resulted in much higher gene editing in comparison to citrate or PBS 
buffer (Figure 3A,C). This was confirmed at the genetic level using the T7E1 assay and TIDE 
analysis (Figure 3E and Supplementary Figures 13–S16). An acidic environment clearly 
has a negative effect on RNP and LNP formation in accordance with the literature (24). 
Contrary to these findings, however, limited editing activity was observed in PBS, which 
is a physiological buffer system. An in vitro activity assay was performed to investigate 
these effects further. These assays showed that complexation in PBS and citrate leads to 
irreversible inactivation of the RNP at a DNA-cleavage level (Figure 3B and Supplementary 
Figure 6B). In contrast, RNP mixed at different NaCl concentrations (up to 1 M) did not lose 
activity (Supplementary Figure 6B). Taken together these findings indicate that pH or ionic 
strength alone do not account for the loss of Cas9 activity in the formulations.

The gene knock-out efficiencies determined by flow cytometry were consistently lower 
than those determined by image analysis (Supplementary Figure 12C). The higher values 
obtained with image analysis can be explained by false positives due to difficulties in seg-
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Figure 3: Determination of gene knock-out efficiency in HEK293T stoplight cells: (A) Confocal microscopy images 
(60 ×) of HEK293T stoplight cells after treatment with different LNP formulations at a RNP concentration of 7.7 
nM (RNP were complexed in different conditions, i.e., 100 mM citrate buffer, PBS buffer, 50 mM HEPES buffer, 
and nuclease-free water). Red represents mCherry, green represents EGFP (Cas9 gene editing), and blue repre-
sents Hoechst (nucleus). Scale bar 34 μm. Images were optimized on ImageJ in brightness and contrast for each 
channel, respectively; (B) Cas9 activity in vitro using the same buffers as in (A) during RNP complexation. Uncut 
(11 kB) and cut (8kB and 3kB) DNA are highlighted by arrows. (1) Generuler 1 kB DNA ladder; (2) untreated DNA; 
(3�6) RNP complexed in citrate (3), PBS (4), HEPES (5), or water (6); (C) gene knock-out efficiencies for different 
LNP formulations (with final RNP concentration 7.7 nM) determined by confocal image analysis using Columbus® 
software (tested in triplicate); (D) dose-dependent gene knock-out efficiencies of two selected LNP-RNP formu-
lations (0% DOTAP and 5% DOTAP, 50 mM HEPES buffer) as compared with the commercial transfection agent, 
ProDeliverIN (tested in duplicate); (E) T7E1 digests performed on the same samples and ordered as in panel (C). 
(1) DNA ladder; (2) LNP-RNP containing DOTAP 5 mole%, prepared in 100 mM citrate buffer; (3) LNP-RNP con-
taining DOTAP 5 mole%, prepared in PBS; (4�7) LNP-RNP prepared in 50 mM HEPES buffer with DOTAP 0, 0.25, 2 
and 5 mole%, respectively; (8�11) LNP-RNP prepared in water with DOTAP 0, 0.25, 2, and 5 mole%, respectively; 
(12) negative control. The unedited gel is provided in Supplementary Figure 13A as the order of the lanes was 
changed for clarity within this figure.



4

93IMPACT OF FORMULATION CONDITIONS ON LIPID NANOPARTICLE CHARACTERISTICS AND FUNCTIONAL DELIVERY 
OF CRISPR RNP FOR GENE KNOCK-OUT AND CORRECTION

menting individual cells in highly confluent cell images. Nonetheless, flow cytometry con-
firmed that complexation of the RNP and LNP in HEPES buffer or nuclease-free water are 
the preferred complexation conditions. As LNP-RNP formulations still have approximately 
30�40% of free RNP that was not removed prior to transfection, LNP-RNP transfection 
efficiencies were compared before and after dialysis overnight against 1 × HBS using a 
300 kDa MWCO dialysis membrane to remove free RNP. No difference in gene knock-out 
efficiency was observed (Supplementary Figure 12B), indicating that gene editing was 
primarily caused by the RNP complexed to LNP.

A three-way ANOVA was performed to statistically determine the effect of formulation 
conditions, experimental repeat, and molar ratio of DOTAP on gene knock-out efficiency. 
Based on the statistical analysis, the LNP-RNP formulation using nuclease-free water 
resulted in significantly higher gene editing outcomes as compared with those prepared 
in HEPES buffer (Supplementary Figure 17). This result depended on the molar ratio of 
DOTAP used during nanoparticle formulation as well (Supplementary Figure 17), indicat-
ing that RNP and LNP complexation in HEPES buffer requires higher mole% of DOTAP than 
in water. The statistical analysis, however, does show batch variation from one experiment 
to another, especially between formulations with HEPES buffer.

Dose-dependent gene knock-out was studied with two formulations complexed in 50 mM 
HEPES buffer pH 7.4 and with LNP containing DOTAP 0 or 5 mol% (Figure 3D). From these 
results, the concentration to reach 50% of the effect (EC50) was calculated as a measure 
of gene knock-out efficiency by fitting a dose-response curve (agonist vs. response) using 
GraphPad PRISM version 9.1 (r2 for LNP-RNP 0% of DOTAP = 0.98, r2 for LNP-RNP 5% of 
DOTAP = 0.99, and r2 for ProDeliverIN RNP = 0.93). The LNP formulated with DOTAP 0 
mole% have a higher EC50 value (0.8 nM) than the formulation with DOTAP 5 mole% (0.2 
nM). In comparison, the fit led to an EC50 value of 1 nM for the ProDeliverIN positive con-
trol. In conclusion, therefore, LNP-RNP with DOTAP 5 mole% formulated in HEPES buffer 
seems to be the best performing nanoparticle for gene knock-out. Incubation of HEK293T 
stoplight cells with LNP-RNP did not result in any cytotoxicity at an RNP concentration 
around 7.7 nM (Supplementary Figure 10A). Incubation of cells with 15 nM of LNP-RNP 
did result in a lower absolute number of cells (Supplementary Figure 10B).

Characterization of LNP formulations for gene correction (LNP-RNP-HDR)
The LNP formulations additionally containing a single stranded DNA template for HDR-
mediated gene correction were optimized using a similar rationale as the LNP-RNP 
formulations. Water and HEPES buffer at pH 7.4 were selected as primary formulation 
conditions following the LNP-RNP screening. Further variables were molar ratio of RNP 
to HDR template, and mole% of DOTAP in the LNP composition. To determine whether 
ssDNA HDR template had an effect on size and ζ-potential, these values were determined 
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for formulations prepared in HEPES buffer, as differences amongst formulation conditions 
were not expected as shown in Figure 2. Their characteristics were similar to those found 
for LNP-RNP (Figure 4A,B), except for the formulation with a 1:1 ratio RNP:HDR, which re-
sulted in a higher polydispersity index. The ζ-potential of these particles was, interestingly, 
similar to that of the LNP-RNP particles, even though more anionic charges were added 
to the formulation (up to 10-fold molar excess of template DNA as compared with RNP).

Figure 4: Characterization of LNP-RNP-HDR formulations: (A,B) Representative LNP-RNP-HDR characteristics 
screened for varying HDR template concentrations (in molar ratios as compared with RNP) at a fixed complexation 
buffer (50 mM HEPES) and at a fixed lipid composition (DOTAP 0.25 mole%). (A) Average particle size and PDI as 
determined by DLS (measure in triplicate) and (B) ζ -potential of these formulations in 10 mM HEPES buffer pH 7.4 
(measured in triplicate); (C) AF4 fractograms recorded by DLS detector showing the derived count rate (DCR) of LNP-
RNP-HDR formulations at a fixed HDR template concentration (1:1.9 molar ratio) and DOTAP concentration (0.25 
mole%) in varying complexation buffers, with and without plasma incubation; (D) AF4 fractograms recorded by 
DLS detector of particle size for LNP-RNP-HDR (same formulations as in (C)). Detector flow was set to 0.5 mL/min.
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The plasma interaction of these particles was additionally tested using AF4. The results of 
the LNP-RNP-HDR particle formulated in nuclease-free water, remarkably, do not show a 
shift in retention time, as opposed to LNP-RNP (Figure 4C,D). Interestingly, the increased 
count rate after plasma incubation is less pronounced in particles entrapping HDR tem-
plate. Moreover, the particles additionally entrapping an HDR template do not change in 
size (Figure 4D) (33,34).

Determination of Gene Correction Efficiency of Different LNP-RNP-HDR 
Formulations
LNP-RNP-HDR were tested for their gene editing efficacy on HEK293T cells with consti-
tutive EGFP expression. The loss in EGFP indicates gene knock-out, while a gain in the 
blue signal indicates gene correction (Supplementary Figure 2). Several concentrations 
of HDR template were screened (Figure 5A,B), as well as DOTAP percentages. Leaving out 
DOTAP from the formulation led to a significant reduction in the efficiency of gene editing 
(Supplementary Figure 20). The formulation that yielded the highest gene correction ef-
ficacy was the LNP prepared in water, which contained DOTAP 0.25 mole% at a 1:2 molar 
ratio of RNP to HDR template. This formulation yielded a gene correction efficacy of 11.4% 
of the total cell population, as well as a gene knock-out efficacy of 59.6% of the cells at 
a final RNP concentration of 7.7 nM. For the LNP formed in HEPES buffer, the overall 
gene correction efficacies were lower. The percentage of HDR events within the total gene 
editing outcomes is given in Figure 5B. This percentage is consistently higher for particles 
complexed in water as compared with HEPES buffer, which indicates that the particles 
formulated in water were overall more suited for HDR. Another trend is that addition of 
higher relative concentrations of HDR template is associated with lower gene editing.

A dose-escalation study was performed for LNP-RNP-HDR formulations prepared in water 
or HEPES buffer with DOTAP 0.25 mole% and a 1:2 ratio of RNP:HDR template, which per-
formed well in the screening. The dose-dependent toxicity of these formulations after one 
day was assessed by the MTS assay (Figure 5C). Cell viability decreased slightly over the 
concentration range but stayed above 90% along the whole concentration range for both 
formulations. The dose-dependent efficacy was determined by fitting a dose-response 
curve (agonist vs. response) using Graphpad PRISM version 9.1 for both gene correction 
(r2 for LNP-RNP-HDR [H2O] = 0.96 and r2 for LNP-RNP-HDR [HEPES] = 0.79) and gene knock-
out (r2 for LNP-RNP-HDR [H2O] = 0.97 and r2 for LNP-RNP-HDR [HEPES] = 0.86). These 
curves showed that formulations prepared in water exhibited a lower EC50 (7 nM) for gene 
correction as compared with the particles prepared in HEPES buffer (47 nM). For gene 
knock-out, the EC50 was lower for all conditions, but the same trend was observed where 
the water particles showed a lower EC50 (1 nM) than HEPES particles (10 nM) (Figure 5D). 
Gene editing was additionally confirmed by the T7E1 assay (Supplementary Figure 21), 
indicating that cells in this population contained insertions or deletions in their genome. 
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These data combined showed that LNP-RNP-HDR formulated in water reached a gene 
correction efficacy of 19.2% at a concentration of 15 nM RNP with good cytocompatibility 
(95% cell viability).

Figure 5: (A) Formulation optimization to achieve gene correction using LNP at an RNP concentration of 7.7 nM, 
with varying molar ratios of RNP/HDR template and percentages of DOTAP in the lipid composition (tested in 
triplicate). Complexation of RNP and lipids was performed in water or HEPES prior to transfection. The concen-
tration of DOTAP and template DNA was varied; (B) heatmap representation of the relative gene correction ratio 
(percentage incidence as compared with the sum of outcomes) within the gene-edited populations of Figure 5A; 
(C) MTS cell viability of a dose range of the best performing formulations formed in HEPES buffer (pink) or water 
(black), containing DOTAP 0.25 mole% and a 1:2 molar ratio of HDR template to RNP (tested in duplicate); (D) 
dose escalation study performed with the same formulations in (C) (pooled data from 2 batches, pink represents 
HEPES buffer and black represents water), represented for the gene correction, gene knock-out, and relative 
incidence of HDR as percentages within the gene-edited population (tested in duplicate). 
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DISCUSSION

We based our formulations on previous literature regarding LNP for mRNA delivery as 
a starting point (24,35,36). These use ionizable lipids to simultaneously reduce toxicity, 
as well as facilitate nucleic acid entrapment and endosomal escape in target cells. Our 
findings support previous reports, showing that for complexation of RNP, the buffer dur-
ing RNP and lipid nanoparticle complexation and the inclusion of cationic lipid DOTAP 
are necessary for stable particles (24). Moreover, the resulting LNP formulations were 
biocompatible as highlighted in Figure 5C and Supplementary Figure 10. We, however, 
further optimized these conditions for additional complexation of HDR template DNA. 
Buffer composition during RNP complexation played a major role on its downstream effect 
on cells. This seems not to be due to Cas9 encapsulation (Supplementary Figure 9), but 
rather the Cas9 bioactivity as shown on in vitro gel digests (Supplementary Figure 6B). 
Whereas the RNP formed in water or HEPES was active, the RNP formed in citrate was 
not. Citrate, in particular, was tested, as it is used for lipid ionization in reported LNP for-
mulations in the past. To our surprise, in vitro activity of SpCas9 RNP in PBS was severely 
reduced as well. This suggests that the inhibitory effect is not due to pH or ionic strength 
during complexation, but rather a specific buffer ion interaction. We showed that HEPES, 
for example, did yield active RNP in our particles. Further investigation of this effect may 
reveal buffer incompatibilities of Cas9 RNP.

Another interesting finding is the negative ζ-potential. An explanation for the observed 
negative ζ-potential could be adsorption of excess RNP to the surface of the LNP (37). 
Interestingly, the addition of HDR template does not seem to change particle size or 
shift the ζ-potential further toward negative, indicating that these are not surface bound 
(Figure 4A,B).

The efficacy of our optimized particles is in line with the existing literature. Efficiency in 
gene editing seems to saturate around a concentration of 5–10 nM RNP, thus, higher 
concentrations of particles would not be required (Figure 3D). In comparison, Suzuki et 
al. showed editing saturation at 1 nM with their lipid nanoparticles, however, formulation 
conditions were not comparable to the conditions reported in this study (17). It is interest-
ing to also note that the incidence of NHEJ-based gene knock-out is more efficient in these 
formulations than HDR-based gene correction. This ratio, indicated in Figure 5D, needs 
significant improvement before HDR can be considered for clinical application.

Finally, the AF4 studies show interesting insights with respect to particle stability and 
potential protein corona formation in the presence of human plasma. More elaborate 
studies would need to be performed to verify the nature and content of such a protein 
corona and possibly specify which plasma proteins accumulate on the surface of the par-
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ticles. Such investigations would be relevant, as a protein corona could mediate specific in 
vivo localization of the LNP, for example, the adsorption of apolipoprotein E to the surface 
of LNP results in hepatocyte-specific uptake (33,34). Incubation with plasma shifts the 
retention time of LNP formulated without a ssDNA HDR template to a slightly earlier re-
tention time (Figure 2D, Figure 4C and Supplementary Figure 19). This indicates a change 
in the particle morphology due to interaction with plasma, which is worth investigating 
further, and indicates that the HDR template may have a positive influence on particle 
stability (38). Previous studies have shown that, in fact, additional anionic charges favor 
RNP stability in formulations, resulting in better gene editing efficiencies on cells after 
delivery via electroporation. In any case, these results suggest that the particles are stable 
for in vivo applications and, thus, warrant further in vivo experimental studies.

Conclusions
In this study, we set out to find optimized formulation conditions for LNP containing Sp-
Cas9 RNP, with and without HDR template. Our main findings are as follows:
1:	 Preparing RNP for formulation in nuclease-free water or HEPES buffer yielded supe-

rior gene editing results as compared with PBS or citrate buffer, due to inadequate 
formation of an active RNP complex in the latter two buffers. There was no marked 
difference in encapsulation efficiency of Cas9 between these tested systems.

2:	 Incorporation of DOTAP in the LNP-RNP formulation was associated with a high gene-
editing efficacy overall, while for LNP-RNP-HDR, a lower concentration was optimal.

3:	 High gene knock-out efficacies above 80% were achieved for LNP-RNP prepared in 
HEPES buffer, with DOTAP 5 mole%, with a clear dose-dependent relationship.

4:	 As a highlighted result, 20% gene correction efficacy was achieved with LNP-RNP-HDR 
formulated in nuclease-free water, DOTAP 0.25 mole%, and a 2:1 ratio of HDR tem-
plate to RNP, with a clear dose-dependent relationship as well, and high cell viability 
(>90%).Moreover, we demonstrated that these LNP formulations remained colloidally 
stable in the presence of human plasma; however, changes in scattering intensity and 
average size were detected, which might indicate formation of a protein corona on 
the particle’s surface. Additionally, we provide a protocol for in-house production, 
purification, and long-term storage of the SpCas9 protein, which can be stored for at 
least a year at −80 °C without loss of activity. These findings contribute to understand 
the necessity of optimal formulation conditions to create LNP for direct in vivo delivery 
of CRISPR-Cas9 components.
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Supplementary Information

Model validation using BFP-expressing plasmid transfection
The designed BFP-expressing gene was ordered in a pET17 vector from Twist Biosience. 
The full plasmid map is given below in Supplementary Figure 1. This gene was transfected 
into HEK293T cells in a 6-well plate using Lipofectamine CRISPRMax (Thermo Scientific) 
using the manufacturer’s specifications. Cells were grown for 2 days and harvested by 
trypsinization. Flow cytometry was performed to assess the signal and separation of the 
signal compared to HEK293T-EGFP cells. Both samples were acquired separately, as well 
as a mixed sample, to optimize the machine settings and separate the signals.

Supplementary Table 1: Guide RNA spacer sequences used in this work.

Target 20 nt Spacer Sequence

Stoplight construct GGACAGUACUCCGCUCGAGU

EGFP construct GCUGAAGCACUGCACGCCGU

Supplementary Table 2: PCR primers used for amplification of the Stoplight and EGFP loci, for T7E1 and TIDE as 
specified in the primer code.

Primer Code Sequence 5’ – 3’

Stoplight (T7E1) Forward GAAGGGCGAGATCAAGCAGA

Stoplight (T7E1) Reverse GGTCTTGTAGTTGCCGTCGT

Stoplight (TIDE) Forward GGACGGCGAGTTCATCTACA

Stoplight (TIDE) Reverse CTTCATGTGGTCGGGGTAGC

EGFP (T7E1) Forward CGTAAACGGCCACAAGTTCA

EGFP (T7E1) Reverse GTCCATGCCGAGAGTGATCC

Supplementary Table 3: Template DNA used in the EGFP to BFP mutation assay. DNA mismatches, encoding 
the mutation, are highlighted blue. The PAM sequence, needed for Cas9 activity, is additionally mutated in this 
sequence.

86 bp (40bp Homology 
arms)

caagctgcccgtgccctggcccaccctcgtgaccaccctgAGCCACggcgtgcagtgcttcagccg
ctaccccgaccacatgaagc
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Supplementary Figure 1: Plasmid map encoding the mutant EGFP gene, which encodes a blue fluorescent pro-
tein.
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Supplementary Figure 2: A and B: gating strategy to find single cells employed in all flow cytometry experiments 
using HEK293T cells. C: HEK293T cells expressing EGFP. D: HEK293T cells transfected with pTwist_BFP. E: HEK293T 
cells. F: mixed population of C and D to assess the ability to distinguish BFP and EGPF signals. G: untreated HEK-
EGFP cells from the dose-escalation study presented in Fig. 6 of the main text. H: LNP-RNP-HDR at 0.25% DOTAP, 
a 1:2 molar ratio of RNP to template DNA and concentration of 30nM of RNP in the well, after formulation in 
nuclease free water.
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Additional information regarding the stability study of SpCas9 protein
The linear plasmid used is 10.930 base pairs long. After cleavage of the EGFP site, two 
strands of 7926 and 3004 base pairs are formed. The gels were analyzed by densitometry 
in ImageJ to calculate the cleaving efficiency of the SpCas9 protein. A background sub-
traction was performed using a rolling ball radius of 50 pixels. Lanes were drawn in the 
middle of the bands. The areas of each peak were calculated (AUC) and the activity was 
calculated by dividing the AUC of the digested bands by the AUC of the sum of all bands.

The purity of AF647-Cas9 was determined using SDS-PAGE and measured by fluorescence 
using the UV/Stain free/Blot free sample tray and the Alexa 647 preset on the Chemidoc 
imager. Here it is notable that a small fluorescent population is visible under the front 
of the loading dye, which may correspond to the free AF647 label. This is also seen in 
the final sample, which contained the crude labeled protein prior to purification. The 
Cas9 additionally shows up as a fluorescent band high in the gel around 160 kDa, which 
is expected. The peak area of the free dye (under the front) was approximately 1% as 
determined by densitometry. Most of the impurities were found to be larger than the 
original Cas9 molecular weight, which is in contrast to SDS-PAGE of the unlabeled protein 
as seen in Fig. 1b.

Supplementary Figure 3: Calculated in vitro SpCas9 activity calculated over a long storage time. Variation be-
tween assays is thought to be due to plasmid quality, which is why the protein was compared to a commercially 
available control each time.
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Supplementary Figure 4: Typical elution chromatogram of SpCas9 during His-tag purification.

Supplementary Figure 5: SDS-PAGE gel excerpt used in the gel densitometry stability study (27).
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Supplementary Figure 6: In vitro cleavage activity assay of RNP complexed in various conditions as used during 
nanopaticle formulation. A) pH values measured with pH paper of the different conditions. B) Agarose gel of the in 
vitro cleavage activity assay with various sodium chloride concentrations.
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Supplementary Table 4:  Schematic representation of LNP preparation with the exact volumes for an exemplary 
LNP-RNP formulation.

100 µl LNP formulation; c(RNP) = 0.4 µM; c(total lipids) = 2.2 mM; 50 mM HEPES buffer pH 7.4; 5 
% DOTAP

Material

1.	 RNP complexation

20 µM sgRNA 0.36

3.75 µM SpCas9 1.92

*HEPES buffer was added to both gRNA and SpCas9 to a final volume of 9 µl, respectively
i.	 add 9 µl of 0.8 µM SpCas9 to 9 µl of 0.8 µM sgRNA
ii.	 incubate for 15 minutes at RT

2. Preparation of lipid mixture

20 mM C12-200 0.23

10 mM DOPE 0.21

10 mM 
cholesterol

0.61

1 mM PEG-DMG 0.33

7.12 mM 
DOTAP*

0.09

* EtOH was added to lipid mixture to a total volume of 6 µl

3. LNP formation

i.	 add 25.44 µl of RNP to 6 µl of lipids
ii.	 incubate for 15 minutes at RT
iii.	 dilute 4x with 1x PBS to final formulation volume of 100 µl
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Supplementary Figure 7: Determination of complexation efficiency of SpCas9 in LNP. A) Chromatogram (fluores-
cent detector; ex. 280 nm, em. 350 nm) of the full HPLC run on the Xbridge protein BEH C4 300Å column of empty 
LNP spiked with different SpCas9 concentrations for calibration. B) Zoomed-in chromatogram of the SpCas9 peak 
in samples of empty LNP with different SpCas9 concentrations for calibration. C) Calibration curve determined 
with EMPOWER software. (Linear fit equation: y = 1.35*105x - 1.94*106; R2 = 0.970) D) Chromatogram of LNP-
RNP where the RNP was formulated in 50 mM HEPES pH 7.35 or nuclease-free water (non-dialyzed vs dialyzed) 
and with 5 mole% DOTAP. E) Overview of the determined molar concentration of SpCas9 in the LNP samples. 
Complexation efficiency was determined by dividing the concentration of SpCas9 of the dialyzed samples by the 
non-dialyzed sample, respectively for the two different RNP conditions. Dilution factor of 1.3 was included in the 
calculations as samples were slightly diluted during dialysis (indicated by italic numbers).
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Supplementary Figure 8: Determination of the complexation efficiency of sgRNA in lipid nanoparticles. A) Cali-
bration curve of the fluorescent signal of Quant-iTTM RiboGreen® RNA reagent dependent on gRNA concentra-
tion (excitation: 485 nm; emission: 530 nm). Linear fit equation: without 2 % Triton X-100 y = 27.24*x + 5.109 
(R2 = 0.972); with 2 % Triton X-100 y = 26.78*x + 16.32 (R2 = 0.936) B) Overview of the gRNA concentrations 
calculated with the linear fit equation in LNP-RNP samples. Two different RNP conditions were compared (50 
mM HEPES pH 7.35 buffer and nuclease-free water). Complexation efficiency was determined by dividing LNP 
samples treated without 2 % Triton X-100 with LNP samples treated with 2 % Triton X-100.
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Supplementary Figure 9: Complexation efficiency of Cas9 to LNPs in different formulation conditions. Complex-
ation efficiency was determined by HPLC as shown in figure  Supplementary Figure 8. For each formulation 
condition, a LNP-RNP was formulated and run on Xbridge protein BEH C4 300Å column as a non-dialyzed and 
dialyzed sample (to remove free SpCas9). Efficiencies were calculated by di-viding the concentration of SpCas9 
of the dialyzed samples by the non-dialyzed sample. Concentrations of SpCas9 were determined via EMPOWER 
software based on standard samples of a calibration curve as depicted in Supplementary Figure 8. In this experi-
ment the lipid nanoparticles were formulated with a 1:50 weight ratio between gRNA and total lipids.

Supplementary Figure 10: A) Cytotoxicity assay to determine cell viability of HEK293T stoplight cells after treat-
ment with lipid nanoparticles with final RNP concentration of 7.7 nM in triplicate. Different LNP-RNP samples 
with different RNP conditions and molar ratio of DOTAP do not show an effect on cell viability. B) Absolute num-
ber of stoplight HEK293T cells per well to show cell viability in dependency of dose of LNP-RNP formulations with 
0 or 5 mole% DOTAP. Cells were treated in duplicate with nanoparticles. Absolute number of cells treated with 
LNP were compared to cells treated with commercial transfection agent ProDeliverIN.
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Flow cytometry to determine gene knock-out efficiencies in HEK293T 
stoplight cells
To support the image analysis, gene editing efficiency was also determined by flow cy-
tometry using the BD FACS CANTO II (Becton Dickinson, Franklin Lakes, USA). Cells were 
harvested off of the Greiner 96-well black plate by trypsinization and transferred to a BD 
Falcon U-bottom 96 well plate (Becton Dickinson, Franklin Lakes, USA), where the cells 
were pelleted and washed 2x with 200 µl PBS by centrifugation at 300xg for 5 minutes. 
The cells were then resuspended and fixed in 1% paraformaldehyde. EGFP fluorescence 
was measured in the FITC channel, mCherry fluorescence was measured in the PERCP-Cy5 
channel. Gene editing efficiency was determined by calculating the parent percentage of 
EGFP-positive cells in the mCherry-positive cell population using FlowLogic software. Flow 
cytometry data analysis is represented in Supplementary Figure 11 and the results are 
given in Supplementary Figure 12.

Supplementary Figure 11: Top panel shows the gating strategy to determine single cells within the HEK293T 
stoplight cells during flow cytometry studies. Bottom panel shows selection of mCherry population and within 
that population the EGFP positive selection.
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Supplementary Figure 12: Optimization of formulation. A) Optimization of molar ratio between SpCas9 protein 
and gRNA. Gene editing is depicted after 48 hrs and 72 hrs of treatment of HEK293T stoplight reporter cells with 
LNP-RNP. The commercial transfection agent RNAiMAX was used as a positive control (following manufacturer’s 
protocol). As a negative control free RNP at same concentration was added to cells. B) Dialysis of LNP-RNP 
against 1x HBS with Float-A-Lyzer MWCO 300 kDa does not result in less gene editing than undialyzed LNP for-
mulation. C) Comparison of image analysis and flow cytometry to determine the gene knock-out efficiency of 
various LNP-RNP formulations. For simplicity, only 5 % DOTAP was depicted in this graph. That flow cytometry 
analysis yields lower gene editing values than image analysis was seen for each complexation condition for RNP 
and LNP, but the trends follow the same pattern.
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Tracking of Indels by Decomposition (TIDE) analysis
TIDE was performed as described by Brinkman et al (39). In short, genomic DNA was 
isolated 48h after transfection from HEK293T Stoplight cells using the PureLink Genomic 
DNA Mini Kit (Thermo Fisher, Landsmeer, the Netherlands) following the manufacturer’s 
instructions. The target region was amplified by PCR, using the sequences given in 
Supplementary Table 2. The PCR product was purified using QIAquick PCR Purification kit 
(Qiagen GmbH, Hilden, Germany) and Sanger-sequenced. The forward Sanger sequence 
chromatogram was used for TIDE analysis, by using the TIDE webtool (http://tide.nki.nl). 
To determine gene modification frequencies, the sequence chromatogram from untreated 
cells was used as a reference sequence. The percentage of gene editing was calculated 
with the indel size range set at 25 and the decomposition window fixed between 300-600 
bp. The TIDE analysis outputs are provided in Supplementary Figures 14-16.

Supplementary Figure 13: Genetic readouts of gene-editing in the HEK293T-stoplight cells. A: Original gel of 
figure 3E. B: Percentage of gene-edited cells found in TIDE analysis performed on the same samples (n=3). These 
are in line with the functional data provided in figure 3A and 3C.
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Supplementary Figure 14: TIDE indel distribution for formulations LNP-RNP complexed in 50 mM HEPES buffer 
pH 7.35 with DOTAP 0, 0.25, 2, and 5 mole%
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Supplementary Figure 15: TIDE indel distribution for formulations LNP-RNP complexed in nuclease-free water 
with DOTAP 0, 0.25, 2, and 5 mole%.
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Supplementary Figure 16: TIDE indel distribution for LNP-RNP formulations complexed in citrate (top) and PBS 
(middle) with DOTAP 5 mole%. Bottom graph is the raw TIDE data for the positive transfection control, ProDe-
liverIn RNP.
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Method statistical analysis
To determine the significant effect of formulation condition, molar ratio of DOTAP, or 
experimental variation on gene editing outcome a three-way ANOVA was performed on 
R. To illustrate the experimentally observed determinants of editing efficiency, a recur-
sive partitioning and regression tree was generated using the R-package rpart with the 
minsplit-parameter (minimum number of observations per node to be considered for 
splitting) set to 10, otherwise default settings were used (40). Efficiency was regressed 
based on the parameters: DOTAP (0%, 0.25%, 2%, 5%), condition (H2O vs. HEPES), and 
experimental series (E1, E2, or E3). The generated tree was drawn using the R-package 
partykit (41).

Analysis of results of statistical analysis
Statistical analysis shows that nuclease-free water, especially with lower molar ratio of 
DOTAP, results in higher gene editing outcomes than particles formulated in HEPES buffer. 
Formulations made in HEPES buffer seem to require a higher molar ratio of DOTAP.
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Supplementary Figure 17: Statistical analysis to determine the effect of formulation condition, experimental re-
peat, and molar ratio of DOTAP on gene knock-out efficiency. A) Boxplots show range of gene knockout efficiency 
on HEK293T stoplight cells for the two formulation conditions 50 mM HEPES buffer pH 7.35 and nuclease-free 
water (H2O) over the span of three individual experiments and various formulations with different molar ratios 
of DOTAP (0%, 0.25%, 2%, 5%). The latter is represented with varying square point sizes (smallest – 0% DOTAP, 
largest square – 5% DOTAP). Statistical significance is indicated with (*). Cond – HEPES buffer or nuclease-free 
water; exp – three repeats of experiment, dotap – molar ratio of DOTAP in lipid formulation. B) Recursive parti-
tioning and regression tree to visualize effect of formulation condition, molar ratio of DOTAP, and experimental 
repeats on gene editing efficiency.
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Supplementary Figure 18: Columbus analysis method used to calculate the EGFP-positive population in the Stop-
light gene-editing assay.
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Supplementary characterization and AF4 data

Supplementary Figure 19: A: AF4 fractogram of 90 degrees scattered light (normalized) (lowest signal value cor-
responds to 0% and highest value corresponds to 100 %) to visualize retention time of  particles with (black) and 
without incubation with 20 % plasma (pink). B: Left panel: Overlay fractogram recorded by DLS detector of LNP-
RNP-HDR [H2O] particle incubated with plasma (black) and plasma control (pink). Right panel: MALS fractogram 
recorded by DLS detector of plasma control sample.
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Supplementary Figure 20: LNP-RNP-HDR [HEPES] optimization study with additional DOTAP concentrations. Re-
moval of DOTAP from the formulation leads to an overall decrease of the editing efficiency.

Supplementary Figure 21: Full T7E1 assay performed on HEK-EGFP treated with ascending dosages of LNP-RNP-
HDR with a 1:2 molar ratio of RNP:HDR template and 0.25% DOTAP in the formulation. ProDeliverIN RNP were 
prepared with an additional 1:1 molar ratio of HDR template. Cells were harvested from the same population as 
the flow cytometry data presented in Fig. 6.d.
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ABSTRACT

Genome editing using the CRISPR-Cas9 system has been successfully used to knock out 
genes with pathogenic mutations by exploiting the non-homologous end joining (NHEJ) 
pathway, and has been utilized in a recently approved cell therapy product. However, 
utilizing other DNA repair pathways, such as the homology directed repair pathway (HDR) 
for gene correction, has proven to be more difficult. HDR, for precise gene correction, is 
upregulated during the late S phase, G2 phase and early M phase of mitosis, whereas 
NHEJ is active in all phases of the cell cycle. This can be used to steer the outcome of gene 
editing towards HDR, by timing the delivery of Cas9 to the cell nucleus during specific 
cell cycle phases. A nuclear localization signal (NLS) is commonly used to guide the Cas9 
enzyme into the nucleus, as the enzyme is too large to passively migrate through the 
nuclear membrane. NLS-mediated uptake is practically independent of cell cycle phase, 
whereas the nuclear membrane is degraded in the early M phase of mitosis, allowing pas-
sive migration of macromolecules, including proteins that lack an NLS to the genome. This 
study sets out to confirm the mitotic dependency of HDR and to assess the effect of the 
NLS or passive migration to the DNA on HDR outcomes. We found that HDR was indeed 
observed to be cell cycle-dependent, shown by nocodazole synchronization. This method 
led to increased activation of the HDR pathway compared to NHEJ. Employing SpCas9 
lacking the NLS led to a significant decrease of HDR efficiency in HEK293T cells, and no 
significant difference in Hepa 1-6 cells. We studied the nuclear uptake of the Cas9 RNP 
and HDR template and found that RNP migration into the nucleus is delayed compared 
to nuclear uptake of the HDR template, which readily migrates into the nucleus from the 
cytosol. Furthermore, the nuclear uptake of Cas9 in HepG2 is much lower compared to 
HEK293T, and Cas9 with and without NLS show different levels of nuclear uptake over 
time. This final point was scrutinized further in cells expressing fluorescent ubiquitin-
based cell cycle indicators (FUCCI) for G1 and S/G2/M phases. Cas9 with and without NLS 
behaved similarly in G1 or S/G2/M, and uptake in S/G2/M was faster than in G1 for both 
proteins. Further study into the kinetics of Cas9 migration to the nucleus, specifically in 
the context of the timing of HDR-mediated gene editing, is needed to explore the feasibil-
ity of designing a strategy to utilize this natural phenomenon. 
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INTRODUCTION

CRISPR-Cas9 is a therapeutic tool which can be applied to treat a wide variety of genetic 
disorders. This tool consists of a ribonucleoprotein (RNP) complex formed between an 
endonuclease (Cas9) and guide RNA molecule (single guide RNA, sgRNA). This RNP is able 
to bind to double-stranded DNA at a target DNA sequence homologous to the sgRNA 
targeting sequence. A protospacer adjacent motif (PAM) on the target DNA sequence 
interacts with the protein directly. Once the RNP is bound in this manner, it cleaves the 
DNA and induces a double stranded break (1–3). The cell expresses several DNA repair 
mechanisms to resolve the DNA damage inflicted by Cas9 (4,5). The most relevant are 
the non-homologous end joining (NHEJ), homology-directed repair (HDR) and micro-
homology end joining (MHEJ) pathways. The main pathway of these is canonical (c-)NHEJ, 
which is active in all states of the cell cycle (6–8). 

NHEJ is generally a faithful repair mechanism, but in the case of a perfect repair of the 
double stranded DNA break (DSB) the Cas9-sgRNA RNP complex can cleave the DNA again, 
as the targeting sequence of the sgRNA has been restored. Eventually, this leads to the 
formation of insertions and deletions at the cut site (9). This in turn may cause a frame-
shift in the genetic code, which functionally leads to knock-out of the protein encoded by 
the gene targeted by Cas9. Recently, clinical trials were initiated to exploit this mecha-
nism to treat diseases caused by pathogenic levels of over-expression of proteins, for 
example transthyretin amyloidosis (10). NHEJ-induced knock-outs have been applied for 
the treatment of sickle cell anemia by knocking out the transcriptional repressor of fetal 
hemoglobin (11). In contrast, HDR is mostly active during mitosis, which is hypothesized 
to be due to the presence of a sister chromatid which can be used as template to repair 
DSBs (7,8). This pathway starts to be active in the late S-phase and persists until the early 
M-phase (7). In the context of CRISPR, a single stranded oligo deoxynucleotide (ssODN) 
template with homologous arms to the genomic sequence surrounding the DSB site can 
be used to incorporate a mutation into the genome by the HDR machinery (12). 

A major drawback of utilizing CRISPR-Cas9 induced HDR is the high probability of NHEJ 
pathway activation (13). Most cells repair DSB through NHEJ, due to the high activity 
of this pathway, even during the S/G2 phases in which HDR is active (5,14,15). Previous 
reports of CRISPR-Cas9 formulations co-delivering a DNA template for HDR have dem-
onstrated this drawback (16–18). This on-target mutagenesis makes utilization of HDR 
challenging in clinical applications (19).  Fully limiting SpCas9 activity to these cell cycle 
phases through chemical synchronization did show an increase in HDR-mediated repair, 
especially when cells were synchronized in the G2/M transition point of the cell cycle 
(20). Novel methods have been developed to circumvent on-target NHEJ activation by 
utilizing single-stranded DNA nicks, including the use of dual-Cas9 nickases, base-editing 
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and prime editing (21–24). Compared to these modalities, CRISPR-Cas9 HDR has lower 
on-site repair fidelity but shows superior gene editing activity when delivered as RNP is 
active at concentrations several orders of magnitude lower than what has been described 
for base editors and prime editors  (16,17,25,26). HDR is therefore still interesting to apply 
for therapy, as efficient CRISPR delivery is a bottleneck in the field and the efficacy at lower 
concentrations may lower the barrier for in vivo applications. As such, the fidelity at low 
concentrations needs to be optimized to compete with other gene editing methods.

In this study, we aimed to enhance the on-target fidelity of CRISPR/Cas9 HDR through 
the mitotic regulation of gene repair mechanisms, and to exploit this through timing of 
SpCas9 accumulation in the nucleus without addition of exogenous cell cycle modulators. 
A paradigm in the field is that a nuclear localization signal (NLS) is necessary to achieve suf-
ficient nuclear accumulation for efficient gene editing (27,28). It has been shown that the 
addition of the Simian Virus 40 (SV40) nuclear localization signal (NLS) to Cas9 increases 
gene editing efficiency (29). The SV40 NLS acts as signal peptide to mediate active protein 
transport from the cytoplasm into the nucleus through the nuclear pore complex, which 
is facilitated by members of the importin superfamily (30). Cas9 lacking such an NLS is too 
large to enter the nucleus through the nuclear pores, but might access the genome when 
the nuclear envelope is disrupted. In mammalian cells this occurs when they undergo 
mitosis, during which the nuclear envelope is disassembled by dissociation of the nuclear 
pore complex and depolymerization of the nuclear envelope lamina after phosphorylation 
(31). This allows passive diffusion of Cas9 to the genome, regardless of the inclusion of an 
NLS. Limiting nuclear uptake by removing the SV40 NLS is therefore interesting, as Cas9 
without NLS would passively accumulate at the dividing cell genome during the early M 
phase of the cell cycle, during which HDR activity is upregulated. This could then lead 
to HDR becoming a more dominant repair pathway, relative to NHEJ. In this chapter, we 
studied the effect of the NLS peptide on gene editing outcomes and nuclear accumulation 
in fast dividing cells, to facilitate passive cell cycle-resolved activity of SpCas9 in the late 
G2/early M phase, when HDR activity is upregulated. 

MATERIALS AND METHODS

Materials
Recombinant Cas9 has been produced and purified as described previously (25). Briefly, 
recombinant Cas9 proteins were produced in BL21 ClearColi™ bacteria (Lucigen, Middle-
ton, USA) using the pSP-Cas9 plasmid (Addgene #62731), and making use of the poly-
histidine (His) tag for purification (32). This protein contained an NLS on its C-terminus, 
followed by a 6X polyhistidine tag (Cas9NLS+). SpCas9 without NLS (Cas9NLS-) was prepared 
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by site-directed mutagenesis (SDM) of pSP-Cas9 to ensure similar expression levels and 
workup conditions between the proteins. The PCR primer sequences for SDM were de-
signed to delete the NLS sequence but retain the His tag sequence. Primer sequences 
are shown in Supplementary Table 1. SDM was performed using the QuickChange II XL 
site-directed mutagenesis kit (Agilent Technologies, Amstelveen, The Netherlands) using 
the manufacturer’s specifications, with an extended 15 minute PCR elongation step. SDM 
was confirmed by Sanger sequencing. Sequencing primers and alignment are given in 
Supplementary Table 1 and Supplementary Figure 1, respectively. 

2’ O-methylated and phosphorothioate modified sgRNA targeting enhanced green fluo-
rescent protein (eGFP), as well as an ssODN HDR template to mutate eGFP to BFP were 
acquired from Sigma Aldrich (Haverhill, United Kingdom). eGFP was used as a reporter 
gene for both HDR and NHEJ in the same cell population (25,33). The ssODN HDR template 
encodes a 2-nucleotide mutation in the eGFP gene capable of shifting the fluorescence 
towards blue (amino acids T65S and Y66H) which additionally mutates the PAM sequence 
of Cas9 (33). Additionally, both the HDR template and sgRNA were acquired from Sigma 
Aldrich with fluorescent labels: 6FAM-HDR template (on the 5’ end) and sgRNA-ATTO550 
(on the 3’ end), respectively. The sequences of the sgRNA and ssODN template are noted 
in Supplementary Table 1.

Chemicals to prepare buffers or other stock solutions were acquired from Sigma Aldrich 
unless specified otherwise.

Cell line generation and cell culture
All cell culture media were supplemented with 10% FBS (Biowest, Nuaillé, France) prior to 
cell culture. HEK293T (CRL-2316) and Hepa 1-6 cells (CRL-1830) were acquired from ATCC 
(Manassas, USA). HEK293T cells were cultured in Dulbecco's minimal essential medium 
(DMEM) with low glucose (Sigma Aldrich, Zwijndrecht, The Netherlands). Hepa 1-6 cells 
were cultured in DMEM with high glucose (Sigma Aldrich). HepG2 cells were acquired from 
ATCC (HB-8065) and cultured in Eagle's minimum essential medium (Fischer Scientific, 
Landsmeer, The Netherlands) additionally supplemented with 2.92 mM L-glutamax and 1 
mM sodium pyruvate (Sigma Aldrich). All cell culture plastics were acquired from Greiner 
Bio-One (Alphen aan de Rijn, The Netherlands) unless specified otherwise. HEK293T and 
Hepa 1-6 cells expressing enhanced green fluorescent protein (eGFP) were used as pub-
lished previously (25,34,35). 

The Fast fluorescent-ubiquitinase cell cycle indicator (FUCCI) reporter construct pBOB-
EF1-FastFUCCI-Puro (Addgene #86849) was used to generate lentiviral constructs for 
constitutive expression of the fluorescent cell cycle indicators mKO2-CDT1 and mAG-Gem 
(36). Lentiviral particles were prepared by co-transfection of pBOB-EF1-FastFUCCI-Puro, 
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pMD2.G (Addgene #12259), pRSV-Rev (Addgene #12253) and pMDLg/pRRE (Addgene 
#12251) in HEK293T cells using 25 kDa polyethelynimine (Polysciences, PA, USA). After 
16 hours, the culture medium was replaced with DMEM supplemented with 10% FBS. 
After 48 hours, conditioned medium was harvested and cells were removed by 5 minutes 
centrifugation at 500 x g, followed by filtration using a 0.45 μm syringe filter (Sartorius, 
Göttingen, Germany) and stored at -80 oC until further use.  HEK293T or Hepa 1-6 cells 
were treated with lentiviral stocks overnight to create FastFUCCI reporter cells (HEK293T-
FastFUCCI and Hepa 1-6-FastFUCCI, respectively). After 24 hours, puromycin was added 
to the culture medium at a concentration of 2 µg/mL for 2 weeks to selectively remove 
non-transduced cells. 

Chemical cell cycle synchronization
Nocodazole was diluted in complete cell culture medium to obtain a range between 0 and 
100 ng/mL. HEK293T cells were seeded at 1*106 cells in T25 cell culture flasks and incubated 
for 4 hours. Subsequently, the cell culture medium was replaced by nocodazole-enriched 
medium. Cells were incubated with nocodazole for 20 hours unless stated otherwise 
(Supplementary Figure 2).  After incubation, the supernatant containing detached cells 
was collected and adherent cells were harvested by trypsinization. Cells from supernatant 
and trypsinization were pooled and washed twice in PBS by centrifugation at 300 x g for 
5 minutes. Cells were fixed in 1% paraformaldehyde in PBS and permeated using 70% 
ethanol at -20 °C. After 16 hours of incubation, the cells were washed and resuspended 
using PBS, and a mix of 100 µg/mL RNAse A (Thermo Fisher Scientific, Eindhoven, The 
Netherlands) and 50 µg/mL propidium iodide (Thermo Fisher) was added to selectively 
stain the genomic DNA. The DNA content was quantified by flow cytometry using a BD 
FACSCanto II flow cytometer (Becton Dickinson, New Jersey, USA) using the propidium 
iodide signal on a linear scale (37). 

Cellular gene editing assay
Gene editing was determined using the eGFP to BFP conversion read-out, as published 
by Glaser et al. and explained in Chapter 3 (25,33). Briefly, HEK293T and Hepa 1-6 cells 
expressing eGFP were transfected with SpCas9, an sgRNA targeting eGFP, and an ssODN 
HDR template containing mutations that induce an eGFP to BFP conversion.  Cas9, sgRNA 
and ssODN HDR templates were formulated into lipoplexes using the ProDeliverIN CRISPR 
kit (OZ Biosciences, Marseille, France) as reported previously and transfections were done 
in 96 well plates at a cell density of  1*104 cells/well. 15 nM SpCas9, 15 nM sgRNA and 
30 nM HDR template were used in all experiments unless specified otherwise Cells were 
harvested by trypsinization and washed with PBS prior to fixation in 1% PFA for 30 minutes 
at room temperature. Subsequently, cells were washed and resuspended using 1% BSA in 
PBS prior to flow cytometry.
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eGFP and BFP were measured by flow cytometry using a FACSCanto II flow cytometer. 
Data analysis was performed using the FlowLogic software (Inivai, Mentone, Australia, 
version 8.4). Gene knock-out (eGFP- / BFP-) and gene correction (eGFP- / BFP+) popula-
tions were gated as published previously (25). The relative activation of the HDR pathway 
was calculated as percentage of gene-corrected cells within the sum of gene-edited cells. 

Fluorescently labelling Cas9
Two strategies were used to fluorescently label Cas9 to monitor cellular uptake and sub-
cellular localization of the RNP complexes in the cytosol by confocal fluorescence micros-
copy. First, Alexa Fluor 647 (AF647)-NHS ester (Thermo Fisher) was used to label lysines in 
the structure. A 100 kDa Vivaspin 2 Centrifugal Concentrator (Sartorius, Amersfoort, The 
Netherlands) was used to concentrate the Cas9 sample and exchange the buffer to 0.1 M 
sodium carbonate at pH 9.1, by centrifugation at 4000 x g for 10 minutes at 4 °C. AF647-
NHS was dissolved in anhydrous DMSO (Biosolve, Valkenswaard, The Netherlands) and 
added to Cas9 in a 5:1 molar ratio. Staining was performed for 3 hours at 4 °C. Sephadex 
G25 gravity columns (Sigma Aldrich) were used to remove the excess dye and exchange 
the buffer back to 20 mM Tris 300 mM NaCl 0.1 mM EDTA. The sample was diluted 5:1 v/v 
with 50% glycerol and stored at -80 °C until further use. Alternatively, AF647-maleimide 
(Thermo Fisher, Landsmeer, The Netherlands) was dissolved in anhydrous DMSO, and 
incubated with Cas9 at a 20:1 molar ratio overnight at 4 °C, followed by size exclusion pu-
rification using a Sephadex G25 gravity column. This process to both Cas9+NLS and Cas9-NLS, 
yielding AF647-Cas9+NLS and AF647-Cas9-NLS respectively.

The labelled proteins were characterized for their degree of labelling by UV/Vis spectros-
copy. 2 μL of labelled Cas9 was measured with the NanoDrop One (Thermo Fisher) for 
absorption at 280 and 650 nm. The concentration of Cas9 in the labelled sample was 
calculated as follows:

Here, fdil is the dilution factor, A280 the absorbance at 280 nm, A650 absorbance at 650 
nm, 0.03 a constant to correct for spectral overlap, and εCas9 is the molar extinction 
coefficient of the protein (120450 M−1 cm−1). This concentration was used to calculate the 
degree of labelling using the following formula:

The molar extinction coefficient of the dye (εDye) was 239000 M−1 cm−1for AF647 and 
265000 M−1 cm−1 for Cy5, respectively.
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The presence of the label on the protein and removal of free dye was furthermore 
confirmed by SDS-PAGE. Samples were denatured in Laemmli sample buffer (Bio-Rad, 
Veenendaal, The Netherlands) for 10 minutes at 70 °C without additional reducing agents. 
Subsequently they were separated using a 4-12% Bolt Bis-Tris gel and 1X Bolt running 
buffer for 1h at 150V. Gels were analyzed using the far red fluorescence settings of the 
ChemiDocTM XRS+ (Bio-Rad). The labelled proteins were tested for their bioactivity using a 
linear pDNA digestion assay as published previously (25) (Supplementary Figure 3). 

Timelapse microscopy to study CRISPR material uptake
AF647-Cas9, ATTO550-sgRNA and 6FAM-template were added to HEK293T, HepG2 or 
Hepa 1-6 cells seeded at 1*104 to 2*104  cells/well in black wall 96-well plates suitable for 
confocal microscopy (Greiner BioOne)  to follow their uptake. Transfection was performed 
using the ProDeliverIN CRISPR kit or our in-house optimized lipid nanoparticle (LNP) 
formulations to measure cellular uptake and localization (25). Following transfection, 
Hoechst 33342 was added to all cells to stain the nuclei of wildtype HEK293T and HepG2 
cells, at a final concentration of 2 µg/mL. Uptake was followed by live cell-imaging using 
the Yokogawa CellVoyager CV7000 confocal microscope, over the course of 48-72 hours 
at 37 oC, 5% CO2 and 100% relative humidity. A single confocal slice through the cells was 
used to avoid measuring the cytosol above or below the nucleus. At 40X magnification, 
several fields were per well. Fluorescence was detected as summarized in Supplementary 
Table 2. 

In silico fluorescent uptake analysis
Microscope data was analyzed using Columbus software (Perkin Elmer, version 2.7.1). A 
method was prepared in which the cell nucleus and cytosol compartments were distin-
guished. Exact settings are given in Supplementary Figure 4. Multiple fields within the 
well were averaged for analysis. The intensity of the fluorescently labelled SpCas9, sgRNA 
or ssODN HDR template was determined as median fluorescence intensity to correct for 
punctate fluorescence in lysosomal compartments (Supplementary Figure 5, labelled us-
ing Lysotracker Green, Thermo Fisher Scientific) over 48-72 hours of timepoints. The used 
signals for compartments and cargos are noted in Supplementary Table 2. Where relevant, 
data was normalized to allow relative comparison between cargos and to determine the 
uptake rate of the molecules in the cytosol and nucleus.

Statistical analysis
Statistical comparisons were done using one-way ANOVA or t-tests where applicable using 
Graphpad PRISM version 9. 
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RESULTS 

The effect of mitosis on the gene editing pathway preference after NLS-containing Cas9 
(Cas9+NLS)-mediated DNA disruption was studied to confirm the cell cycle dependency of 
gene editing. Cells were synchronized to the G2/M phase of mitosis using nocodazole, 
during which the DNA was doubled and the nuclear membrane was disrupted as shown 
in Figure 1A. Cells were successfully synchronized in the G2/M phase (Figure 1B) using 50-
100 ng/mL in the culture medium. Furthermore, the cells were able to recover to normal 
cell division by removal of the nocodazole from the culture medium (Figure 1C). Cells 
remained synchronous for an additional 8 hours, in which the majority of cells entered 
G1 after 2 hours and started entry into S-phase after 8 hours. Synchronicity was lost over 
time, with cells diverging after 24 hours after washing. These results suggested that syn-
chronizing the cells for 12 hours prior to addition of formulations to deliver Cas9, sgRNA 
and HDR template DNA would be sufficient to edit cells in only the G2/M phases. Unsyn-
chronized and synchronized cells were treated with Cas9+NLS formulations to compare the 
effect of synchronization on DNA repair pathway ratios. Relative HDR-mediated repair was 
shown to be higher in synchronized cells compared to cells cultured without nocodazole, 
consistent in the Cas9+NLS RNP dose range of 5 to 25 nM. Synchronization led to a 1.5 
to 2 fold increase in relative HDR activation (Figure 1D) with a lower total gene editing 
efficiency (Supplementary Figure 6), indicating that HDR proportionally increased. Finally, 
Cas9+NLS formulations were added to cells that were incubated with varying nocodazole 
incubation times (24  or 90 hours). A significantly higher HDR incidence was found in this 
longer synchronization time (p<0.001) (Figure 1E).
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Figure 1: Activity of the HDR pathway is dependent on the cell cycle phase. A: Schematic representation of the 
effect of nocodazole on mitosis. Microtubule formation is inhibited, which arrests cells in the G2/M checkpoint 
prior to division. B: DNA content of cells treated with a concentration range of nocodazole for 20 hours, mea-
sured by propidium iodide staining of the DNA by flow cytometry. The cell cycle phases are indicated (G1, S, 
G2/M phases) based on the DNA content during DNA replication phase due to DNA replication. C: DNA content 
of HEK293T-eGFP cells after 20h of nocodazole treatment (100 ng/mL) and washing, followed over time, showing 
cell cycle progression after release from synchronization. D: Concentration range of CRISPR transfection in cells 
growing normally or synchronized with nocodazole, indicating that in the whole dose range, the relative HDR 
incidence was higher in G2/M synchronized cells. E: HDR incidence relative to the gene-edited cell population, 
with varying incubation times. (**** = p < 0.001).
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This G2/M phase enriched HDR activation led to the hypothesis that precise timing of 
SpCas9 RNP delivery in the nucleus could lead to improved HDR gene editing (38). To 
assess this mitotic dependency further, the influence of the NLS on the Cas9 protein was 
studied. The paradigm in the field is the use Cas9+NLS to enhance nuclear uptake through 
the nuclear pores via the active importin-mediated pathway. Cas9 without NLS (Cas9-NLS) 
might however reach the genome by diffusion during mitosis, as the nuclear envelope is 
temporarily dismantled during mitosis (Figure 1A). While less total Cas9 accumulates in 
the nucleus, we hypothesize that this passive timing may favor the relative activation of 
HDR. In doing so, only cells which are actively dividing would undergo gene editing while 
the HDR pathway is active (Figure 2A). Cas9 lacking the NLS was generated by mutagenesis 
of the production plasmid used for Cas9+NLS, and produced recombinantly using the same 
method as the Cas9+NLS protein (Supplementary Figure 1). These proteins showed similar 
levels of activity in vitro as such and were deemed similarly active for further use.

Transfections with either Cas9+NLS or Cas9-NLS were performed in order to study this hypoth-
esized passive diffusion difference and compare the incidence of HDR. These results are 
given in Figures 2B-E. This effect was assessed in two different cell lines expressing eGFP: 
HEK293T (fast dividing) and Hepa 1-6 (slower dividing). In HEK293T, the total gene edit-
ing efficiency (the sum of NHEJ and HDR-mediated mutations) was comparable between 
Cas9+NLS and Cas9-NLS. The relative HDR outcome was higher for Cas9+NLS as compared to 
Cas9-NLS. This effect was reverted when cells were synchronized at the G2/M transition 
point, where no significant difference was found between the relative HDR outcomes of 
Cas9+NLS and Cas9-NLS (Figure 2D). In contrast, Cas9-NLS exhibited a similar HDR incidence 
in Hepa 1-6 cells compared to Cas9+NLS (p=0.2424) in unsynchronized cells (Figure 2E), 
indicating that the previously found effects may have been cell line dependent.
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Figure 2: Effect of the nuclear localization signal on gene editing outcomes. A: Schematic representation of the 
cell cycle and its effect on DNA repair pathway activity and the morphology of the nuclear barrier, as well as 
the state of the DNA. B: Absolute incidence of HDR in HEK293T-eGFP cells transfected with Cas9+NLS or Cas9-NLS. 
C: Relative incidence of HDR in HEK293T-eGFP cells transfected with Cas9+NLS or Cas9-NLS D: Relative incidence of 
HDR in HEK293T-eGFP cells transfected with Cas9+NLS or Cas9-NLS after synchronization with  75 ng/mL nocodazole 
for 20h prior to gene editing. E: Relative incidence of HDR in Hepa 1-6-eGFP cells transfected with Cas9+NLS or 
Cas9-NLS (n=2 wells).

The gradual nuclear accumulation of Cas9+NLS and Cas9-NLS was subsequently investigated 
using live imaging confocal microscopy. The overall aim of the imaging experiments was to 
compare the timing of nuclear uptake of Cas9+NLS and Cas9-NLS as well as the HDR template. 

Cas9+NLS was labelled with AF647. Initially this was done using NHS:lysine labelling during 
method development, which was replaced by maleimide:cysteine labelling in later experi-
ments due to the milder reaction conditions. The degree of labelling (DoL), absence of 
free fluorophore and the enzymatic activity were investigated prior to uptake experiments 
(Supplementary Figure 3). A method was developed to study uptake of fluorescently 
labelled Cas9+NLS, sgRNA or ssODN HDR template over longer timespans with the specific 
aim to measure cellular uptake and subcellular trafficking to the nucleus. First, wildtype 
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HEK293T and HepG2 cells were used in which the nuclei were stained with Hoechst 
33342. These were imaged over time using a single confocal slice through the nucleus, 
after which the nucleus and surrounding cytosol excluding the nucleus were identified 
in silico. The Hoechst 33342 concentration was optimized to allow cells to divide after 
staining in the long timespans of the experiment (Supplementary Figure 7). The signal of 
the labelled Cas9, sgRNA or HDR template was determined in the nucleus and cytosol and 
compared between conditions depending on the experiment.

First, the nuclear uptake of AF647-Cas9+NLS was compared to its overall cytosolic uptake 
in both HEK293T and HepG2 cells. The model has been validated by escalation of the 
SpCas9-AF647 dose in Supplementary Figure 8. The uptake in HEK293T cells revealed that 
the signal between the cytosol and nucleus was nearly identical, indicating an equilib-
rium between these compartments. This suggests that the uptake of Cas9+NLS through 
the nuclear membrane was unhindered over this timespan (Figure 3B). In contrast, these 
signal intensities diverged in HepG2 cells, in which the AF647 signal in the nucleus was ap-
proximately 3-fold lower than the cytosolic signal at later timepoints. This implies that the 
nuclear translocation was more limited, which in theory could be an indication of a barrier 
to passive transport into the nucleus (Figure 3C). A 6FAM-labelled HDR template mol-
ecule was used to investigate the nuclear translocation rate into the nucleus in HEK293T 
cells further. This molecule is much smaller than the Cas9 molecule, and may be able to 
passively diffuse through the nuclear pore complexes  due to its size being below the 
roughly 40 kDa cutoff of the nuclear pore complex (39). The signals of the AF647-Cas9+NLS 
and 6FAM-ssODN template were normalized to 100% to compare their uptake rates. This 
revealed that the rate of nuclear accumulation is higher but also faster for the ssODN 
template. Finally, we used ATTO550-labelled sgRNA complexed with Cas9+NLS or Cas9-NLS to 
compare the uptake rates in these conditions in HepG2 cells. In this experiment, the ratio 
between the signal intensity of ATTO550 in the nucleus and cytosol was plotted over time, 
to assess the equilibrium in these compartments similar to Figure 3B and 3C. A ratio below 
1 indicates limited nuclear translocation, whereas a ratio of 1 or higher indicates success-
ful nuclear uptake. ATTO550-sgRNA:Cas9+NLS reached equilibrium in this model, in contrast 
to the data in Figure 3C.  ATTO550-sgRNA-Cas9-NLS did not reach this signal equilibrium, 
indicating that the nuclear uptake is more limited compared to Cas9+NLS, as hypothesized. 
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Figure 3: Live cell imaging over time in HEK293T and HepG2 to measure nuclear uptake of  Cas9, sgRNA and 
ssODN template DNA A: in silico analysis method to determine the nuclear and cytosolic compartments, with 
HEK293T cells used as an illustrative example. The input images were used for detection of the nucleus and 
cytosol using the Hoechst 33342 signal. In these regions, the signal of labelled Cas9, sgRNA or ssODN template 
DNA was calculated as a median fluorescence intensity. Input images were acquired over time in a live imaging 
set-up. B, C: Median signals of labelled Cas9-NLS in the cytosol and nucleus of HEK293T cells (B) and HepG2 cells 
(C) over time after delivery of 10 nM of RNP. D: Nuclear signal of labelled Cas9 or HDR template DNA in HEK293T 
cells over time. E: Ratio between nuclear signal and cytosolic signal of ATTO550-sgRNA, complexed with either 
Cas9-NLS or Cas9+NLS, over time, in HEK293T cells.

The  subsequent aim was to investigate nuclear translocation of fluorescently labelled 
Cas9 RNP as a function of cell cycle phase (G1 or S/G2/M). Specifically, it was to compare 
this pattern between Cas9+NLS and Cas9-NLS to investigate if omission of the NLS indeed 
achieves mitotic timing for nuclear translocation. To this end, cells were modified to 
express the FastFUCCI construct (36). These express fluorescent markers for the different 
cell cycle phases to allow analysis of subpopulations based on their cell cycle phase in 
the dataset. The goal of this model was HEK293T-FastFUCCI cells were first generated, 
however the distribution of G1 and G2/M cells was surprisingly skewed towards G2/M 
(Supplementary Figure 9). This is not in line with the DNA-doubling based distribution 
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found in Figure 1 (Supplementary Figure 2). Therefore, these cells were excluded from 
further experiments, and the only cells assessed further were Hepa 1-6-FastFUCCI. 
These cell successfully expressed fluorescent markers for different cell cycle phases as 
schematically shown in Figure 4A. This allowed for selection of cells in the different cell 
cycle phases in our analysis method. These cells were imaged at different timepoints after 
seeding as shown in Figure 4 B-E. The proportion of S/G2/M (green, mAG) cells to G1 
(mKO2, red) changes with the confluency. The method was otherwise comparable to the 
in silico analysis presented in Figure 3A, except that no Hoechst 33342 was used. Both 
fluorescently marked proteins localize to the nucleus and therefore were used as nucleus 
marker (36). As such, any cells that were not expressing the FastFUCCI reporter construct 
were excluded from the analysis.

Hepa 1-6-FastFUCCI were transfected with AF647-Cas9+NLS or AF647-Cas9-NLS, the signals of 
which were tracked over time using confocal microscopy. Interestingly, the signal intensity 
of AF647 in the cytosol is independent of cell cycle phase or NLS peptide, as shown in 
Figure 4F and G. This was the case for both the Cas9+NLS and Cas9-NLS transfections, as the 
trends of the signal intensity in G1 and S/G2/M phases overlapped. The translocation into 
the nucleus did depend on the cell cycle phase for both Cas9+NLS and Cas9-NLS as shown in 
Figure 4G and 4H. Less signal intensity was found in the nucleus of G1 cells after 24 hours 
compared to cells growing in the S/G2/M phases, for both Cas9+NLS and Cas9-NLS. It was 
therefore observed that both Cas9+NLS and Cas9-NLS showed similar uptake patterns in these 
cells, regardless of cell cycle phase, both in the cytosol and nucleus. 
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Figure 4: Hepa 1-6-FastFUCCI cells were used to investigate labelled Cas9+NLS and Cas9-NLS uptake in cells in differ-
ent cell cycle phases. A: Schematic representation of the colors in this model corresponding to different cell cycle 
phases. G1 (Red) transitions to S, in which the red mKO2–hCDT1(30–120) starts to be degraded and the green 
mAG-hGem (1-120) starts to appear. This protein persists to the early M-phase, after which it is degraded, lead-
ing it to be a marker for S/G2/(early) M phase cells. In the early G1, the red signal rises once more.  B-E: Distribu-
tion of cells in G1 (Red) or S/G2/M (Green) phases of the cell cycle with cells growing normally over time. B: 24h 
after seeding, C: 36h after seeding. D: 48h after seeding, E: 72h after seeding. The distribution of cells in different 
cell cycle phases changes over time. F: Cytosolic accumulation of Cas9+NLS over time (h after Cas9 addition) in cell 
subpopulations determined by their FUCCI reporter as explained in panel A. F: Nuclear accumulation of Cas9+NLS 
over time in cell subpopulations determined by the FUCCI reporter G: Cytosolic accumulation of Cas9-NLS over 
time in cell subpopulations determined by the FUCCI reporter. Nuclear accumulation of Cas9-NLS over time in cell 
subpopulations determined by the FUCCI reporter.
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DISCUSSION

In this study, we set out to confirm the influence of mitosis on the activation rates of 
NHEJ and HDR after a double stranded break induced by Cas9. Cas9 cannot easily enter 
the nucleus of cells without NLS, especially in non- or slowly dividing cells. Therefore we 
argued that limiting nuclear entry of Cas9 during mitosis by simply removing the NLS 
peptide needed for active nuclear import throughout the cell cycle might lead to HDR 
favorability over NHEJ. To our knowledge, a specific comparison on HDR activation in this 
way has not been previously performed.  

In HEK293T-eGFP cells, this result was positive, as synchronization of the cells increased 
HDR 1.5-2 fold in a broad dose range of Cas9 RNP between 5 and 25 nM. These findings 
are partially in line with earlier reports (20,40). Furthermore, longer synchronization up 
to 90 hours led to HDR becoming the dominant repair pathway based on the blue fluo-
rescent protein expression. While promising, the use of nocodazole in this study is not 
directly translatable to clinical settings due to its toxicity. Furthermore, nocodazole has 
other effects in the cell such as disruption of actin filaments which affects endocytosis. As 
endocytosis is the main uptake route for LNPs, this would make studying LNP-mediated 
RNP delivery difficult. Therefore, we attempted to exploit the G2/M enrichment of HDR 
activation through a milder method. We hypothesized that the nuclear accumulation of 
Cas9+NLS, the paradigm in the field, could be controlled by omitting the NLS and delivering 
the native Cas9-NLS protein. We argued that in G2/M-phase cells, such as those synchro-
nized by nocodazole, the nuclear membrane is partly disassembled, which causes both 
Cas9+NLS and Cas9-NLS to enter the nucleus through primarily passive diffusion (29,30). This 
passively timed delivery is specific for Cas9-NLS, as Cas9+NLS can enter the nucleus due to 
active transport through the nuclear pore complexes at any time in the cell cycle. 

First, we found that Cas9+NLS and Cas9-NLS show similar in vitro DNA cutting efficiencies, 
indicating that their enzymatic activity is comparable. The difference on the gene editing 
efficiency in HEK293T-eGFP cells was however significant between these two enzymes, 
contrary to our hypothesis. Cas9-NLS showed a significantly lower incidence of absolute 
HDR incidence as well as relative HDR incidence compared to NHEJ-induced eGFP knock-
out. This difference was lost when the cells were synchronized with nocodazole, indicating 
that both had a similar timing of nuclear uptake as expected. We attempted to verify 
these findings in Hepa 1-6-eGFP cells, as a different immortalized model cell line. Here we 
found no significant difference at this stage between Cas9+NLS and Cas9-NLS on gene editing 
outcome.

These data went against our initial hypothesis that Cas9 without NLS would yield a 
higher relative HDR as compared to Cas9 with an NLS, so the uptake into the nucleus 
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was investigated in more detail. Initially we used HEK293T and HepG2 cells in which all 
cell nuclei were stained using Hoechst 33342 to allow for differentiation between the 
cytosol and nucleus. We used confocal microscopy to image a timelapse of live cells, in 
which we transfected fluorescently labelled Cas9+NLS, ssODN template DNA or sgRNA. The 
sgRNA was specifically used to complex to Cas9+NLS or Cas9-NLS to compare between these 
two without having to disrupt the protein structure with fluorescent labelling. In this 
model we found that in HEK293T cells, the signal of Cas9+NLS in the cytosol and nucleus 
approached the same intensity over time. This may indicate that the amount of Cas9+NLS 
is similar in these compartments, implying easy import through the nuclear barrier. In 
HepG2 cells we initially found these signals to diverge greatly, implying that transport be-
tween the cytosol and nucleus was more limited, potentially due to less active transport 
or less diffusion during the G2/M phases. Furthermore, a freely diffusing HDR template 
entered the nucleus of HEK293T cells faster than the Cas9+NLS, which is expected due to 
the lower molecular weight allowing passive diffusion through the nuclear pore complex 
(39). Finally, sgRNA:Cas9+NLS and sgRNA:Cas9-NLS showed diverging patterns of nuclear 
accumulation translocation. Cas9+NLS exhibited a nucleus/cytosol ratio above 1 at later 
timepoints indicating nuclear accumulation. In contrast Cas9-NLS showed a ratio lower than 
1, indicating again limited translocation into the nucleus. These findings were in line with 
our initial hypothesis that omission of the NLS from Cas9 leads to limiting diffusion into 
the nucleus. However, from this model we could not determine if this is caused by the cell 
cycle specifically.

To this end we utilized the FastFUCCI construct, which indicates the cell cycle phase 
based on fluorescently marked cell cycle proteins mKO2–hCDT1(30–120; Red) and mAG-
hGem(1-120; Green) The Hepa 1-6 cells expressing the FastFUCCI construct behaved in 
line with expectations, as shown in Figure 4 B-E, with cells being predominantly G2/M in 
early timepoints after seeding and transitioning to a majority G1 phenotype as the con-
fluency rose. Interestingly, there were no major differences in the nuclear translocation 
between Cas9+NLS or Cas9-NLS transfection. The cell cycle phase was a major determining 
factor in uptake into the nucleus for both Cas9+NLS or Cas9-NLS, while the total uptake into 
the cytosol was similar in either G1 or G2/M cells. This preliminarily points toward the 
nuclear membrane being the rate limiting step in Cas9 migration into the nucleus, and 
that the NLS in this case did not majorly influence this uptake rate in these cells.

The intracellular distribution studies presented in Figures 3 and 4 provide some evidence 
to suggest that nuclear translocation of Cas9-NLS is more limited than that of Cas9+NLS in 
our first model, where all HepG2 cells were investigated as a single population. Further-
more in HEK293T cells, the ssODN template was able to migrate into the nucleus faster 
than Cas9+NLS. It is known that template DNA needs to be present in the nucleus before 
the DSB is generated by Cas9 for HDR-mediated repair, which is now the case and aligns 
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with the findings that HDR works in our codelivery studies (25,40). In the subsequent 
study using the Hepa 1-6 FastFUCCI cells, Cas9+NLS and Cas9-NLS showed similar nuclear 
translocation rates and the cell cycle itself was the rate limiting step for both proteins. 
These experiments bear to be repeated in other cell lines similarly to the efficacy study, as 
cancer cells may have aberrant cell cycle regulation. Furthermore, this method does not 
account for discrimination between free active Cas9 RNP in the cytosol, and that trapped 
in the endo-lysosomal pathway and associated with the drug delivery reagents.  We made 
several assumptions to allow for data interpretation. Firstly, we assumed that the dif-
fuse fluorescent signal found in the cytosol and nucleus was free RNP complex, rather 
than Cas9 in endosomes or lysosomes, or associated with the drug delivery reagents. The 
punctate fluorescence was assumed to be lysosomal accumulation of material, which was 
confirmed by using Lysotracker Green in HEK293T cells (Supplementary Figure 5). There-
fore we took the median fluorescence signal and thereby analytically disregarded the 
strong punctate signals as generally <50% of pixels were punctate fluorescence (as seen in 
Supplementary Figure 5. This allowed us to compare free released cargo in the cells rather 
than lysosomal entrapped cargo, although this is an assumption. Further development 
of this uptake study methodology needs to address this assumption, which might enable 
more clear study of the nuclear translocation. Further validation using uptake markers for 
different cellular compartments, as well as physical transfection methods suited for cells 
in a microscopy plate such as photoporation, may be used to validate the method further 
(41). The cell cycle in the live imaging experiments furthermore progressed normally, as 
seen in figure 4B-E. This makes determination of when exactly the material enters the 
nucleus tricky, as cells previously in G1 may progress to G2/M over time and vice versa. 
This may be validated by for example chemical synchronization, to see the nuclear trans-
location in a single cell cycle phase. In this work we were not able to image nocodazole-
synchronized cells successfully (data not shown). An in silico method to track mitosis of 
individual cells over time may also be able to further stratify the data and track when the 
labelled Cas9 enters the nucleus. Interestingly however, the correlation between nuclear 
Cas9 delivery and gene editing is not fully clear . This may suggest that while we measure 
protein distribution in the cell, this protein is not necessarily active Cas9 RNP and as such 
not capable of gene editing in the cell cycle phase we find it in the nucleus.

While our main finding that omission of the NLS reduced HDR in HEK293T cells, it might 
show different behavior in other cell types. We report here that in Hepa 1-6 cells there is 
no significant difference in HDR activation, which needs to be expanded to other cell types 
to assess this effect further. Especially non-immortalized cells are then interesting, as it 
is a known issue that the cell cycle is dysregulated in cancer cells and other immortalized 
cell lines (42). This limitation in our study yields opportunities for further research using 
primary cells for a more relevant model (43).
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Conclusions
This study showed that while HDR activation is clearly cell-cycle dependent, omission of 
the NLS peptide from Cas9 did not improve the relative activation of the HDR pathway. 
The effect in other cell types needs to be investigated further to assess the generalizability 
of the findings in this work. The uptake studies reveal that cell cycle phase determines 
the rate of nuclear uptake for both Cas9+NLS and Cas9-NLS, which indicates that some 
cellular factor in the cell cycle such as the nuclear membrane is the rate limiting step 
in nuclear translocation of Cas9. The methodology needs to be expanded to study the 
subcellular trafficking of genome editors further. Additionally, a novel method to achieve 
time-resolved nuclear delivery and to discriminate between free and active RNP versus 
encapsulated or inactive protein needs to be developed for further insight and temporal 
control of genome editing in future work to enable controlled clinical application of HDR. 
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SUPPLEMENTARY INFORMATION
Table 1: Oligonucleotide and sgRNA sequences used in this study. Mutating nucleotides in the ssODN template 
are marked in yellow.

ssODN HDR template caagctgcccgtgccctggcccaccctcgtgaccaccctgagccacgcgtgcagtgcttca 
gccgctaccccgaccacatgaagc

sgRNA targeting sequence gcugaagcacugcacgccgu

NLS deleting SDM primer Fw cgagccaccgcccagacgggtgcc

NLS deleting SDM primer Rev ggcacccgtctgggcggtggctcg

NLS sequencing primer cagcttcctttcgggctttg

Table 2: Overview of labelled components/compartments, utilized labels and Yokogawa CV7000 channels, sort-
ed by experiment. 

Labelled component/
compartment

Label Excitation laser 
(nm)

Emission channel

Cas9+NLS and 
Cas9-NLS (RNP)

Alexa fluor 647 650 BP676/29

sgRNA (RNP) Atto550 561 BP600/37

ssODN template DNA 6-FAM 488 BP525/50

Nucleus Hoechst 33342 405 BP445/45

G0/G1 cell nucleus mKO2-CDT1 561 BP600/37

S/G2/M cell nucleus mAG-Gem 488 BP525/50

Supplementary Figure 1: Sanger sequencing confirmation of SV40 NLS (PKKKRKV) deletion from pSP-Cas9 while 
leaving the spacer sequences (2x GGGS) and polyhistidine tag (HHHHHH) intact.
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Supplementary Figure 2: Nocodazole incubation time optimization in HEK293T cells. 10h of incubation at 50 ng/
mL was sufficient to synchronize most cells in the G2/M phase.
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Supplementary Figure 3: Characterization of AF647-Cas9 at different molar ratios of dye:protein. A: Calculated 
degree of labelling (molar ratio of dye:protein)  and concentration of the Cas9 after labelling. B: SDS-PAGE gel of 
SpCas9 after the labelling reaction in different ratios of dye:protein. Full length Cas9 is retained after labelling in 
basic pH (8.0). C: Cas9 activity digest separated on a 1% agarose gel. Digestion indicated protein activity, as seen 
in the positive (unlabelled) controls. Cas9 is inactivated by the labelling process in all labelling conditions. F1 and 
F2 indicated different fractions taken from the PD10 purification. 
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Supplementary Figure 4: Columbus analysis settings for the experiments shown in Figure 3. These settings al-
lowed for the Nucleus and Cytosol detection shown visually in Figure 3A, which enabled calculation of the me-
dian fluorescence intensity of AF647 in these compartments.
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Supplementary Figure 5: Uptake of fluorescently labelled SpCas9 in HEK293T cells after 5 hours. Images were 
cropped for clarity. Lysosomes were labelled using lysotracker green. The punctate AF647 fluorescence overlaps 
with the Lysotracker Green, represented as a yellow pseudocolor. The cytosol showed a diffuse fluorescent sig-
nal, which is assumed to be SpCas9 released from the lysosomes due to the lack of a Lysotracker Green signal. 
This finding was used as justification to use the median fluorescence intensity found in cells, to correct for the 
high signal punctate lysosomal signal.
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Supplementary Figure 6: Total gene editing efficiency in HEK293T cells synchronized with nocodazole and trans-
fected with different Cas9 concentrations. Cas9+NLS and Cas9-NLS were used in this experiment (n=3 wells).

Supplementary Figure 7: Optimization of Hoechst 33342 concentration in the live imaging experiments pre-
sented in Figure 3. A: Amount of detected cell nuclei and ability of cells to divide is inversely correlated to the 
Hoechst 33342 concentration. B: A High Hoechst 33342 concentration quenched the signal of AF647-Cas9.
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Supplementary Figure 8: Validation of the use of AF647-Cas9 for uptake in cells measured by live cell imaging. 
A: Typical images acquired with AF647-Cas9 in HEK293T and HepG2 cells, separated by channel. In both lines, 
10 nM of AF647-Cas9 was transfected and images are shown 24h after transfection. B: Quantification of nuclear 
accumulation of the images in A. C: Nuclear accumulation of free AF647 or compared to AF647-Cas9 conjugates 
at similar concentrations, showing that the signal found in the uptake studies was specifically labelled protein. 
D: Dose dependency of the AF647-Cas9+NLS signal intensity in the cytosol of HEK293T cells. E: Dose dependency 
of the AF647-Cas9+NLS signal intensity in the cytosol of HepG2 cells.
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Supplementary Figure 9: G1 (red) and S/G2/M (green) nuclei found in live imaging of HEK293T-FastFucci cells 
over time. This model would overestimate the amount of dividing cells, which is approximately 10-20% of cells 
at most based on DNA content determination as seen in Figure 1. Therefore, HEK293T-FastFUCCI cells were not 
used in further analysis in this work. 
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ABSTRACT 

CRISPR gene therapy holds the potential to cure a variety of genetic diseases by targeting 
causative mutations and introducing double stranded DNA breaks, subsequently allowing 
the host DNA repair mechanisms to introduce mutations. One option to introduce precise 
gene corrections is via the homology-directed repair (HDR) pathway. HDR can introduce 
a range of desired mutations dictated by a DNA template which holds a corrected DNA 
sequence which is written into the targeted gene. The problem in utilizing this pathway 
is that CRISPR-induced double stranded DNA breaks are repaired more often through the 
non-homologous end joining (NHEJ) pathway, which does not use a designed template 
and introduces random DNA damage in the form of insertions and deletions at the cut 
site. Since HDR activation depends on many interconnected processes in the cell, we 
aimed to screen a small library of drug compounds in clinical use or clinical development 
for cancer, to steer the DNA repair process towards preferential HDR activation. 

We included compounds in our screen based on three relevant mechanisms in CRISPR 
gene editing: the cell cycle, DNA repair processing and chromosomal packing. We in-
cluded forty compounds, based on these criteria, screened their toxicity and dosed them 
in sub-toxic concentrations in cells during genome editing. Of these forty compounds 
we identified nine potential hits to have an effect on preferential activation of the HDR 
pathway over NHEJ. Alisertib, rucaparib and belinostat revealed a significant and major 
effect on gene editing pathway selection in further validation. 

Alisertib, an Aurora kinase A inhibitor, showed a particularly strong effect towards improv-
ing HDR over NHEJ. We subsequently investigated this effect at the genetic level and in 
a murine hepatoma cell line, which corroborated the initial findings. Alisertib led to an 
over 4-fold increase in preferential gene correction over gene knock-out, at a dose of 0.3 
micromolar. However, the observations that Aurora kinase A inhibitors show considerable 
cytotoxicity (<50% cell viability) and can induce morphological changes at this concentra-
tion pose a limitation for the direct use of these inhibitors as HDR enhancers. However 
these findings do implicate that the pathways mediated by Aurora kinase A strongly influ-
ence HDR outcomes, which warrants further investigation into the downstream pathways 
driving this effect.
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INTRODUCTION

Curative gene editing by RNA-guided CRISPR/Cas9 nucleases has progressed into clinical 
trials in recent years, with applications varying from ex vivo cell modification to in vivo 
gene editing (1,2). This gene therapy method utilizes the CRISPR-associated protein 9 
(Cas9) endonuclease, an enzyme which complexes with a guide RNA sequence which can 
direct it to a specific DNA target.  This ribonucleoprotein complex binds to the DNA se-
quence complementary to the guide RNA, after which the Cas9 nuclease causes a double 
stranded DNA break (DSB). In the context of gene editing in cells, the RNP needs to reach 
the cell nucleus and bind to its target in the genomic DNA. Cells are equipped with DNA 
repair pathways to resolve this damage, which can be exploited for therapy (3). 

Double stranded DNA breaks are predominately repaired by the non-homologous end-
joining (NHEJ) and homology directed repair (HDR) pathways (4). NHEJ leads to ligation 
of the broken DNA ends by DNA ligase 4, which is often repaired perfectly but can also 
introduce small insertions or deletions (indels) at the double stranded break site. When 
repaired faithfully, this ligation leads to recovery of the Cas9 target sequence, which 
results in a cycle of DNA cutting and repair while the RNP complex remains present. NHEJ 
is therefore eventually error prone, and may lead to indels which can shift the reading 
frame of the protein encoded by that gene (5,6). This process functionally knocks out the 
encoded protein, which is therapeutically beneficial when a protein is overexpressed or 
has mutations through which the protein gained a pathogenic function. Therapeutically 
employing this mechanism is, for example, under clinical evaluation for the treatment of 
transthyretin amyloidosis through intravenous injection of LNP-formulated Cas9 mRNA 
and sgRNA (7). HDR, in contrast, causes partial resection of the broken DNA strand and 
uses a homologous DNA strand as template to guide the repair. This process naturally 
uses the sister chromatid during mitosis as the repair template. The exact mechanisms 
have been summarized excellently in other works (8–10). HDR can be exploited using an 
artificial DNA template to introduce specific mutations into a gene, and can therefore 
be used to repair damaged genes in genetic disorders. HDR has been used in this way to 
resolve point mutations as well as inserting larger DNA sequences (11–13).  

However, HDR has proven to be difficult to translate to an effective gene therapy. HDR 
occurs less frequently than NHEJ, due to the relatively low expression of the effector 
proteins for HDR compared to NHEJ (8). Notably, HDR is active in the late S, G2 and early 
M phases of mitosis, but practically absent during other cell cycle phases (6,14,15). Fur-
thermore NHEJ is always active and outcompetes the HDR machinery even during mitosis, 
leading to the odds of faithful gene correction to be low. This NHEJ preference by cells 
hampers clinical translatability of HDR, as the majority of treated cells will undergo the 
incorrect repair pathway and exhibit unwanted indels at the target site. Those cells are 
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then no longer easy to target by CRISPR, as the target DNA sequence has mutated in an 
unpredictable manner and is now heterogeneous between edited cells. While autologous 
gene-corrected cells have recently entered clinical trials, this drawback has led the field 
to consider alternative gene-editing tools for direct in vivo injection of HDR machineries. 

Prominent novel developments towards this include the Base-Editor and Prime-Editor sys-
tems. These cause single stranded DNA breaks and contain an additional effector protein 
domain fused to the Cas9 scaffold. Base editors chemically modify nucleic acids through 
their enzymes, whereas prime editor uses a reverse transcriptase and a modified guide 
RNA molecule to write mutations into the genome directly (16,17). The range of muta-
tions these systems can resolve is in theory limited compared to HDR as these systems 
cannot facilitate large insertions, but preliminary results show that the specificity of the 
gene correction is much higher, especially for point mutations (17). These developments 
pose the question whether HDR mediated gene correction for small mutations is relevant 
for clinical development, possibly with add-on therapies to enhance its specificity. 

Due to the aforementioned competition with NHEJ, it is essential that the repair pathway 
is shifted towards preferential or exclusive HDR before it can be safely used clinically. Many 
groups have demonstrated that small molecule compounds influencing the DNA repair 
pathways or the cell cycle are capable of improving HDR as recently reviewed by Shams et 
al. (10). Primarily efforts were done specifically on utilizing both NHEJ inhibitors and HDR 
enhancers. Prominent examples include SCR-7, a DNA ligase 4 inhibitor, which inhibits 
NHEJ and has been demonstrated to result in HDR becoming the dominant pathway both 
in vitro and in vivo (10,18,19). Direct HDR enhancement can be achieved by RS-1, which 
stabilizes the active conformation of Rad51, which is a limiting factor in HDR progression. 
This compound shows similar success as SCR-7 (10,20). Furthermore, alternative strate-
gies utilizing HDR such as in trans Cas9 nickases can be utilized to improve the outcome 
of gene editing (21). While the in vivo data is promising, neither compound is in clinical 
development, making information on use in humans sparse.

The rationale of this work was therefore to explore a selection of clinically-tested drugs 
for potential CRISPR-modulating properties, to aid clinical development in future applica-
tions of HDR. We focused on drugs that are able to target DNA repair pathway regulation, 
signaling for cell proliferation and genomic instability in general (22). Interestingly, many 
therapies that are designed for cancer modulate proteins in these domains, as these 
proteins have an important role in both cancer and mechanisms involved in CRISPR gene 
editing. Therefore the aim was to screen oncological drugs to find novel modulators and 
pathways to enhance CRISPR HDR and enable potential add-on therapies in the future, 
and to add on to the growing toolkit of CRISPR enhancers used in the laboratory setting 
with clinically relevant drug molecules.
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MATERIALS AND METHODS

HEK293T-eGFP and Hepa 1-6-eGFP cell culture conditions
HEK293T cells with constitutive enhanced green fluorescent protein (eGFP) expression 
(HEK293T-eGFP (23)) were cultured as described previously using low glucose DMEM 
containing 10% fetal bovine serum (Sigma-Aldrich, Zwijndrecht, The Netherlands) (12). 
Hepa 1-6-eGFP cells were cultured in high-glucose DMEM (Sigma-Aldrich) supplemented 
with 10% fetal bovine serum (Sigma-Aldrich). Cell culture plastics were acquired from 
Greiner Bio-One (Alphen aan de Rijn, The Netherlands).

Unless specified otherwise, gene editing experiments for both cell lines were conducted 
by seeding cells in 96-well Greiner CellStar plates (Greiner Bio-One) at a density of 
3*105 cells/cm2. The same cell density was applied in other well plate formats. Medium 
was supplemented with 1x antibiotic/antimycotic solution (Sigma-Aldrich) during gene-
editing experiments, 48 hours after adding genome editing formulations.  

Hepa 1-6 eGFP cell line construction
Hepa 1-6 cells were graciously donated by dr. Piter Bosma from the Tytgat Institute for 
Liver and Intestinal Research, Amsterdam University Medical Centers. These cells were 
stably transduced using a lentiviral vector to constitutively express eGFP. Lentiviral parti-
cles carrying the eGFP gene were generated as reported previously (23). Briefly, lentivirus 
was made by co-transfection of a functional eGFP gene in the pHAGE2-EF1a-IRES-PuroR 
lentiviral vector, alongside the pMD2.G plasmid and PSPAX2 plasmid (Addgene #12259 
and #12260, respectively) at a 2:1:1 ratio in HEK293T cells using 3 µg polyethylenimine 
(25 kDa linear, Polysciences, Warrington, USA) per µg plasmid DNA. The supernatant of 
these cells was cleared of cells  by five minutes of centrifugation at 500 x g, followed by 
0.45 µm syringe filter filtration. Lentiviral supernatants were stored at -80 oC until further 
use. Transduction was performed overnight at a multiplicity of infection of 0.1. Puromycin 
selection was performed using 2 µg/mL puromycin (InvivoGen, Toulouse, France) to the 
culture medium 48 hours post transduction. After two weeks of puromycin selection, 
eGFP expressing cells were sorted on a BD FACSAria III cell sorter (Becton Dickinson, New 
Jersey, USA), and subsequently expanded for 2 weeks prior to experimental use.  

Drug compound addition
A selection of forty small molecule drug compounds was made from the in-house onco-
logical library of the high-throughput screening facility of the Princess Màxima Center. 
The selection was based on the mechanism of action of the drugs predicted to influence 
CRISPR outcomes. An overview of the compounds used in this study is given in Table 1. 
These compounds, dissolved in DMSO at 10 mM, were added to wells using the Echo 
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550 liquid handler (Beckman Coulter, Woerden, The Netherlands) for the large compound 
screen and the TECAN D300e digital dispenser (Tecan Group LTD, Männedorf, Switzerland) 
for the subsequent validation experiments. Cells were seeded in sterile cell culture plates 
pre-primed with the compounds calculated to yield the correct concentrations in each 
well. The concentration of DMSO was normalized in each well to 0.1% for all experiments 
and conditions in this work unless specified otherwise.  

Cytotoxicity assays
Forty microliters of a HEK293t-EGFP cell suspension (3000 cells/well) were plated in 
tissue-culture treated flat-bottom 384-well microplates (catalogue number 3764, Corning, 
New York, USA) using a Multidrop Combi Reagent Dispenser (Thermo Scientific, Breda, 
The Netherlands). Cells were cultured for 16 to 24 hours under standard culturing condi-
tions (5% CO2, 37 °C). Subsequently, 100 nL of the drugs (in DMSO, at different concentra-
tions) are added to the wells containing the cells, to yield final concentrations of 0.1 nM, 
1 nM, 10 nM, 100 nM, 1 µM and 10 µM (0.25% DMSO). All dose ranges were added 
in duplicate, followed by 72 hours of incubation. Cell viability was determined using a 
tetrazolium based metabolic activity assay (24). Briefly, 5 µL of 3-(4.5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/mL MTT in sterile PBS) was 
added per well, and the microplates were incubated for 4 hours at 37°C and 5% CO2 in a 
cell culture incubator. Next, 40 µL of 10% SDS/0.01 M HCl was added per well, and the 
microplates were incubated for 24-72 hours at 37°C and 5% CO2 in a cell culture incubator. 
Subsequently the absorbance at 570 nm and background absorbance at 720 nm were 
measured using the Spectramax i3x (Molecular Devices, San Jose, USA). Subsequently, the 
absorbance values at 720 nm were subtracted from the absorbance values at 570 nm, and 
the corresponding values were used to plot dose-response curves. 

The data was normalized to the DMSO-treated cells (defined as 100% viability) and the 
empty controls (defined as 0% viability). IC50 values at 72 hours were calculated by deter-
mining the concentrations of the drug needed to achieve a 50% reduction in cell viability 
using the extension package drc in the statistic environment of R Studio (version 4.0.2) 
(25).

A narrower cytotoxicity range was determined by exposing cells to 0.1 - 1 µM of the tested 
compounds. 48 hours after treatment started, cells were washed and harvested using 
medium and one third of the volume was transferred to a fresh 96 well plate, analogous to 
how cells are treated during gene editing experiments. Subsequently, cells were cultured 
for another 3 to 5 days. In the case of 5 days, one third of the cells was again transferred 
into a fresh 96-well plate on day 3 to allow enough space for logarithmic cell growth dur-
ing the additional incubation time. Cell viability was determined by the Promega One Step 
MTS assay (Promega, Madison, USA) using the manufacturer’s specifications. Relative cell 
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viability for the Hepa 1-6-eGFP cells was calculated by normalizing the compound condi-
tions to controls treated with DMSO only or DMSO plus gene editing formulations. For the 
HEK293T cells, the absolute absorbance at 590 nm was used as it was more representative 
of the relative cell viability between samples.

Cell morphology was assessed using the Nikon Eclipse Ti2 microscope (Nikon Europe, 
Amstelveen, The Netherlands). Pictures were acquired at 10x magnification with a Nikon 
DSLR 10 camera using the same imaging settings within each experiment set (Nikon Eu-
rope, Amstelveen, The Netherlands).

CRISPR-Cas9 nanocarrier formulation
SpCas9 protein was produced and purified in-house as described previously (12). sgRNA 
and HDR template DNA were acquired from Sigma-Aldrich (Haverhill, United Kingdom). 

Lipid nanoparticles (LNP) carrying SpCas9, sgRNA and HDR template DNA were 
formulated using the components and molecular ratios described previously (12). 
1,1′-((2-(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl)(2-hydroxydodecyl)amino)ethyl)
piperazin-1-yl)ethyl)azanediyl)bis(dodecan-2-ol) (C12-200) was acquired from Cordon-
Pharma (Plankstadt, Germany) and used as the ionizable lipid in the formulation. 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine (DOPE) was acquired from Lipoid GmbH (Stein-
hausen, Switzerland), Cholesterol and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene 
glycol-2000 (PEG-DMG) were acquired from Sigma-Aldrich, and 1,2-dioleoyl-3-trimethyl-
ammonium-propane (DOTAP) was acquired from Merck (Darmstadt, Germany). LNP were 
produced using microfluidic mixing with the Dolomite Microfluidics system (Dolomite Mi-
crofluidics, Royston, United Kingdom) and herring-bone micromixer chip with hydrophilic 
coating (Dolomite Microfluidics, catalogue number 3200401). A total flow rate of 1.5 mL/
min and flow rate ratio of 2:1 were used between an aqueous outer phase containing 
SpCas9, sgRNA and HDR template in nuclease free water, and the lipids in 100% ethanol 
in the inner phase, respectively. The resulting LNP were diluted 4 times in Dulbecco’s PBS 
(Sigma-Aldrich). In the experiments using the Hepa 1-6 eGFP cells, ProDeliverIN CRISPR 
(OZ Biosciences, San Diego, USA) was used as reported previously (12).

Compound screening to modulate CRISPR repair outcomes
Compounds were assessed in three dosages to assess the effects on gene-editing efficacy. 
The highest concentration was based on the IC50 of the compounds as determined by the 
cytotoxicity determination, with a medium and low dose which were 10 and 100 times 
diluted respectively compared to this highest dosage. Cells were incubated with these 
compounds for 24 hours prior to LNP addition. LNP were added to all wells at a final 
concentration of 20 nM SpCas9 to achieve robust genome editing (12). After 24 hours of 
co-incubation, medium was refreshed and cells were transferred to a 48 well plate for fur-
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ther culturing. Six days after adding compounds, cells were processed for flow cytometric 
analysis of the gene knock-out and gene-correction efficiencies (26). Briefly, a ssDNA tem-
plate was used carrying two nucleotide mutations to convert the eGFP sequence to that of 
a blue fluorescent protein (BFP), as well as mutating the PAM sequence to ensure robust 
HDR. The sgRNA spacer sequence was 5’-GCUGAAGCACUGCACGCCGU-3’, and the HDR 
template sequence was 5’-CAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAGC-
CACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGC-3’. 

Flow cytometry using the BD FACS Canto II (Becton Dickinson) was used to determine 
cells undergoing NHEJ (eGFP and BFP negative population) and HDR (eGFP negative, BFP 
positive). Data analysis was performed using Flowlogic (version 8.7). Graphpad PRISM 
(version 9.3.1) was used for statistical analysis and preparing graphs. 

The percentage of HDR relative to total gene editing in a given cell population (hereafter 
named Relative HDR (% of edited cells) was calculated by dividing the absolute HDR popu-
lation by the sum of gene-edited cells found in the BFP+ and eGFP- gates. Absolute HDR (% 
of all cells) and Absolute NHEJ (% of all cells) were analyzed where appropriate. The gating 
strategy is given in Supplementary Figure 1. 

Gene sequencing and genotype analysis
For genotypic analysis, HEK293T-eGFP cells were treated with alisertib for 72 hours and 
CRISPR LNP for 48 hours prior to harvesting by trypsinization. 25% of the harvested cells 
were transferred to a fresh well plate for expansion and analysis by flow cytometry as 
described previously. The remaining cells were lysed and genomic DNA was extracted 
using the QIAamp DNA Blood Mini Kit (Qiagen, Venlo, The Netherlands) according to 
the manufacturer’s instructions. PCR was performed to amplify the eGFP locus in the 
obtained DNA using the Phusion� High-Fidelity DNA Polymerase (2 U/µL) (Thermo Fisher 
Scientific, Landsmeer, The Netherlands). The PCR mixture (50 µL) contained 200 ng of 
DNA, 0.5 µM of forward primer (5’- GACGTAAACGGCCACAAGTT - 3’ (Integrated DNA 
Technologies Leuven, Belgium) and reverse primer (5’- CGATGTTGTGGCGGATCTTG - 3’ 
(Integrated DNA Technologies Leuven, Belgium), 200 µM of dNTPs (dNTP Mix (10 mM 
each) (Thermo Fisher Scientific), 1 × Phusion HF buffer, 3% DMSO and 1 units of Phusion 
High Fidelity DNA polymerase. The DNA was amplified using the following thermocycling 
steps: 98°C for 30 sec; 35 cycles of 98°C for 10 sec, 62°C for 30 sec and 72°C for 30 sec; 
72°C for 10 min. The PCR products were purified using the GeneJET PCR Purification Kit 
(Thermo Fisher Scientific). Sanger sequencing was performed by Macrogen (Amsterdam, 
The Netherlands) using the previously mentioned reverse primer as sequencing primer. 

Sanger sequencing chromatograms were analyzed using the TIDER webtool (http://shin-
yapps.datacurators.nl/tider/) using default settings (27). The reference chromatogram, 
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corresponding to the blue fluorescent mutation, was generated from a gBlock gene frag-
ment acquired from Integrated DNA technologies. The control (eGFP) chromatogram was 
generated from untreated cells. The indel frequencies up to -5 and +5 were plotted using 
Graphpad PRISM, version 9.3.1.

RESULTS 

Compounds were selected from a clinically assessed oncological drug library used for 
drug discovery in pediatric cancer, as explained in figure 1A. This library contained a large 
variety of drugs, prompting a selection to be made. The rational drug selection was done 
by defining groups of pathways expected to modulate CRISPR gene editing outcomes: 
cell cycle modulation, DNA damage repair modulation and chromatin modulation. Drugs 
which were not easily categorizable in a single domain were included in the screen as well, 
due to the potential of unexpected effects on the gene editing outcome. This selection led 
to 40 compounds to be screened, summarized in Table 1.

The cytotoxicity of the selected compounds was first assessed on the HEK293T-eGFP cell 
line using an MTT assay and determining the IC50 values of each compound after three 
days of treatment. These conditions were selected to mimic the maximum exposure 
time to the compound to be used in the screen (Table 1, Supplementary Figure 2). Three 
compounds showed considerable toxicity with IC50 values in the nanomolar range. The 
majority of compounds were tolerated in the micromolar range however, or were not 
toxic in the investigated concentration range. These toxicity values were used to dose 
the compounds in a sub-toxic dosage in subsequent gene-editing experiments, as noted 
in Table 1. The closest 10log concentration to the IC50 (high dose) and two 10log values 
below were used to preliminarily determine effects of the compounds on gene-editing 
efficiency, as the compound needed to be efficacious in a non-toxic or at most subtoxic 
dose for potential therapeutic application.  Cells were incubated with the compounds for 
24 hours prior to adding lipid nanoparticles (LNP) carrying Cas9 enzyme, sgRNA and an 
HDR template designed to mutate the eGFP sequence to a blue fluorescent phenotype, as 
reported previously (12). 
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Table 1: Selected compounds and their respective IC50 in HEK293T-eGFP cells after 3 days of incubation. The 
dosage schemes in the gene-editing screening experiment were based on these IC50 values, see color coding. 
Compounds marked green had no measurable toxicity below 10 µM.

Legend and dosing scheme   (µM)

High dose Medium dose Low dose Compound Target IC50 (µM)

0.001 0.0001 0.00001 Abemaciclib CDK4 & -6 1,07

0.01 0.001 0.0001 Belinostat HDAC 1-11 1,10

0.1 0.01 0.001 GSK1070916 AURKB & -C 1,39

1 0.1 0.01 Molibresib BRD4 1,78

10 1 0.1 LMK-235 HDAC4 & -5 1,79

Ceralasertib ATR 1,84

Compound Target IC50 (µM) Vorinostat HDAC 1-11 3,34

Paclitaxel TUBB 0.00312 Entinostat HDAC 1-11 3,56

Prexasertib CHEK1 0.00533 Pevonedistat NAE1 4,74

GSK461364 PLK1 0.00835 I-BRD9 BRD9 8,94

Romidepsin HDAC 1 & -2 0.0164 Alisertib AURKA >10

Volasertib PLK1 0.0245 CPI-455 pan-KDM5 >10

Panobinostat HDAC 1-11 0.0306 Epidaza HDAC 1-3 >10

THZ1 CDK7 0.0371 GSK2830371 WIP1 >10

JQ-1 COOH BRD4 >10

Adavosertib WEE1 0.227 KU-55933 ATM >10

CYC065 CDK2 & -3 0.255 KU-60019 ATM >10

Berzosertib ATR 0.335 Olaparib PARP1 & -2 >10

THZ531 CDK12&13 0.352 Pamiparib PARP1 & -2 >10

AT7519 CDK1 & -2 0.438 PCI-34051 HDAC 8 >10

Karonudib MTH1 0.450 Ribociclib CDK4; CDK6 >10

Birabresib BRD2-4 0.540 Rucaparib PARP1 & -2 >10

BI 894999 BRD4 0.582 TAK-580 BRAF; RAF1 >10

CPI-203 BRD4 0.651 XAV-939 TNKS1 & -2 >10
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Figure 1: Initial screening performed using oncological compounds on CRISPR genome editing outcomes. A: 
Scheme showing the selection and screening process of the compounds for toxicity and gene-editing efficiency 
evaluation. Toxicity screening using a cell viability assay was done to find the dosages to be used in the subse-
quent drug screening for effects on gene-editing efficiency by conversion of eGFP positive cells to nonfluorescent 
or blue fluorescent cells. B: Efficiency of HDR relative to all gene edited cells, in HEK293T-eGFP cells treated with 
compounds in up to three dosages based on toxicity screening: High (10log value below IC50), Medium (10-fold 
lower than high dose) and Low (10-fold lower than medium dose). Efficacy was compared to cells treated with 
only CRISPR LNP (mean +- SD as solid and dotted lines; n=29 wells). Each bar represents one well of >1000 cells 
in the single-cell gate in flow cytometry. Colored bars were considered hits in this initial screening, and studied 
in further validation experiments (explained in text). 

The effect of all screened compounds on gene editing are given in figure 1B. Gene knock-
out (loss of eGFP signal) and correction (rise of BFP signal) were measured, as shown in 
Supplementary Figure 3. From these values the relative HDR efficiency was calculated 
as the percentage of HDR in total gene edited cells, as shown in Figure 1B. The gating 
strategy used in the flow cytometry data analysis is given in Supplementary Figure 1. 

The effect of the compounds was compared to cells treated with only LNP containing RNP 
and HDR template DNA (n=29 wells). A minimum of 1000 events in the single-cell gate was 
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deemed necessary at a minimum for data analysis. Conditions not exceeding this number 
due to unexpected toxicity were excluded from figure 1B. Compound treated cells deviat-
ing at least one standard deviation from the LNP-only control mean (dashed line in figure 
1B) were considered to differ relevantly from LNP alone, and were considered a potential 
hit for altering the gene-editing outcome selection. In this study, only compounds which 
increased the relative incidence of HDR were investigated further, other findings are sum-
marized in Supplementary Figure 2. This was calculated by the amount of HDR events di-
vided by all gene edited cells (blue fluorescent and non-fluorescent cells combined). Nine 
compounds showed at least one concentration above that threshold. Further conclusions 
were not taken from this screen as all datapoints were single measurements. Validation 
experiments were performed to confirm these hits in triplicate and in a narrower dosage 
range.

The hits were validated by narrowing the dose range between the most efficacious con-
centration found in the initial screen and the 10log-lower concentration in triplicate (Figure 
2A). Three compounds showed a strong dose-dependent preferential activation of HDR 
over NHEJ compared to controls treated with LNP only (dotted line): rucaparib, belinostat 
and alisertib. The other compounds did not show a clear dose-dependent enhancement 
of HDR efficiency upon this further scrutiny. Further analysis was done on the two main 
gene editing outcomes of NHEJ and HDR. The three validated hits exhibited different ef-
fects on these two repair pathways as shown in Figure 2B. Rucaparib and alisertib both 
inhibited NHEJ and improved HDR, while belinostat increased both NHEJ and HDR, with 
a relatively pronounced increase for HDR in this study. Taken together, alisertib exhibited 
the strongest effect on both gene editing outcomes (NHEJ inhibition and HDR enhance-
ment) compared to LNP-treated control cells. Between 0.1 and 0.3 µM the relative HDR 
incidence increased over 5-fold  and became the preferred gene editing outcome (>50% 
relative HDR incidence) at 1 µM. Due to this drastic effect, a narrower dose-range was 
investigated, shown in Supplementary Figure 4. The inhibitory effect on NHEJ was dose-
dependent in this range, while HDR markedly increased between 0.2 and 0.3 µM. Thus 
0.3 µM seemed to be the lowest effective concentration for preferential HDR activation 
in HEK293T-eGFP cells, while 1 µM caused HDR to become the most prominent repair 
pathway. 
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Figure 2. Hit validation of the findings in Figure 1. A: Repeated experiment in a narrower dose-range for the 
hits compared to LNP treatment without compounds (mean (dotted line); 2,9%). Of these, alisertib, rucaparib 
and belinostat yielded a clear dose-dependent HDR increase. B: The result of the three significant and dose-
dependent hits from A separated into the gene knock-out (NHEJ, top) and correction (HDR, bottom) outcomes. 
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To assess the dose-dependency of alisertib on the CRISPR-Cas mediated gene editing 
outcome,  cells were pre-treated with either 0 or 1 µM alisertib 24 hours prior to LNP 
addition. LNPs were administered to cells with either 10 nM (standard dosage in other 
experiments) or 30 nM of SpCas9 . When a higher dose of LNP was added, both gene 
knock-out and gene correction populations increased proportionally to the dosage as 
shown in figure 3A. In the case of pre-treatment with 1 µM alisertib, the relative HDR 
incidence stayed above 50% indicating that with a higher total gene editing incidence, 
HDR was still the predominant pathway. Furthermore, when the alisertib incubation time 
was varied it showed that simultaneous treatment improved gene editing, with a 2.5-fold 
significant increase of relative HDR efficiency (Supplementary Figure 5). 

HDR-mediated gene correction was further validated at the genetic level by amplifying 
the eGFP locus using PCR and subsequent sequencing of the amplicons. The sequencing 
traces were analyzed using the TIDER method (27). This showed that at the genetic level, 
the relative HDR incidence was higher for alisertib primed cells as well. However, the 
total NHEJ and HDR incidences found by TIDER analysis were much higher than found in 
the fluorescent protein expression in flow cytometry. The distribution of insertions and 
deletions revealed that most genotypes had a -3 deletion, which could explain this dis-
crepancy as this may not lead to gene knockout in some cases (Supplementary Figure 6). 

An observation in these experiments was that cells treated with alisertib had a delayed cy-
totoxicity, which was not captured in the initial MTT assay. After 2 days, the cell viability as 
measured by MTS was not affected by alisertib. This is shown in Figure 3C as well as Figure 
3D, in which the morphology is shown to resemble healthy HEK293T cells. However after 5 
days, consistent with the duration of the experiments presented in this work, cells started 
exhibiting a dose-dependent decrease in cell viability. The confluency decreased, and cells 
with a disturbed morphology started appearing (Figure 3D, marked by the arrows). Seven 
days after treatment started, cells treated with at least 0.3 µM alisertib showed very low 
metabolic activity and confluency, and cell morphology was completely disrupted.
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Figure 3: Further validation of alisertib in HEK293T cells relating to CRISPR gene editing outcomes. A: LNP dose-
dependency in cells treated without or with 1 µM alisertib. B: TIDER gene-editing outcomes for cells treated with 
10 nM CRISPR formulation alone or co-treated with 1 µM alisertib. C: Time-resolved toxicity of cells treated with 
alisertib at 0 days. Medium containing alisertib was replaced with standard culture medium on day 2. 

Hepa 1-6-eGFP cells, a murine hepatoma cell line, were finally used to investigate whether 
the observed HDR preference was cell-line and species independent. Three Aurora kinase 
inhibitors were used with differing specificities for aurora kinases A, B and C, to assess the 
pathway specificity in parallel. Alisertib is selectively an AURKA inhibitor. PF-03814735 
inhibits both AURKA and Aurora kinase B (AURKB) and danusertib is a pan-aurora kinase 
inhibitor of AURKA, AURKB and Aurora kinase C (AURKC). All three inhibited NHEJ up 
to 2-fold (Figure 4A) increased HDR up to 5 fold (Figure 4B). This resulted in a  positive 
trend for improving relative HDR incidence similarly to HEK293T-eGFP cells, as shown in 
figure 4C. Relative HDR increased 3-fold for alisertib in concentrations higher than 0.3 µM, 
and similar effects were seen for danusertib and PF-03814735. However, toxicity was a 
concern in these cells as well. The number of detected cells in flow cytometry decreased 
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Figure 4: Gene editing efficacies and cytotoxicity on Hepa 1-6 eGFP pretreated with aurora kinase inhibitors 
alisertib, danusertib or PF-03814735 using ProdeliverIN CRISPR for RNP delivery. Colors are consistent between 
panels A-E. A: NHEJ incidence with ascending dosages of the three AURKA inhibitors. B: Absolute HDR incidence 
with ascending dosages of the thee AURKA inhibitors. C: Relative HDR incidence calculated from the percent-
ages in panels A and B, for cells treated with ascending dosages of the three AURKA inhibitors. D: Cell counts in 
the single cell gate in the flow cytometry data after acquiring 10.000 cells per condition, for cells treated with 
ascending dosages of the three AURKA inhibitors. E:  Cell viability measured by MTS assay 5 days after the start 
of treatment. F-I: Microscopic pictures of cells treated with no compound (F), 0.3 µM of alisertib (G), 0.3 µM 
danusertib (H) or 0.3 µM PF-03814735. 
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with higher dosages (Figure 4D), which was due to a reduced  cell viability as measured by 
metabolic activity (Figure 4E).  A dosage of 0.3 µM relatively showed overall high efficacy 
and manageable toxicity for alisertib and danusertib, while 0.2 µM was favorable for PF-
03814735. Taken together alisertib had a strong effect (22.4% relative HDR incidence) for 
a relative cell viability of 37% at a concentration of 0.3 µM, which is the most favorable 
profile between the three inhibitors and the tested concentrations. Microscopy revealed 
that the cell morphology after treatment with 0.3 µM danusertib (Figure 4H) after 5 days 
was not disrupted compared to untreated control conditions (Figure 4F). The morphology 
using alisertib (Figure 4G) or PF-03814735(Figure 4I) also did not change as drastically as 
it did for the HEK293T-eGFP cells, but the confluency of cells was noticeably lower than in 
the untreated control. 

DISCUSSION

The initial rationale of this screen was to find compounds that lead to HDR being favored 
over NHEJ, which can feasibly be given as a targeted, synergistic treatment with CRISPR-
Cas9-based gene editing therapeutics. Oncological drugs were screened due to the simi-
larities between the pathways targeted in cancer and those involved in genome editing, 
such as cell cycle regulation and DNA damage repair. The 40 selected compounds exhibit 
varied subcellular targets and processes as shown in Table 1. Many studies on small mol-
ecule CRISPR enhancers have been performed already, with varying success. For example, 
the DNA ligase 4 inhibitor SRC7 has been widely utilized (18,19). However, this compound 
has not been used in any clinical trials, while many of the compounds investigated in this 
study are, or were, in various phases of clinical development. 

The screen revealed many compounds that did not affect the outcome of gene editing 
significantly or relevantly, but also three that did show a favorable effect. Two out of 
three confirmed hits were reported to influence gene repair outcomes in previous stud-
ies. HDAC inhibitors, such as belinostat, have shown in the past to improve overall gene 
editing (28) and HDR specifically (29), due to their effects on chromatin packaging of the 
DNA. This efficacy was recently demonstrated for prime editing as well (30). These com-
pounds therefore served as an internal validation for the screen. Interestingly however, 
the other pan-HDAC inhibitors (entinostat, vorinostat and panobinostat) did not show the 
same effect. Other HDAC inhibitors were not reported previously. Epidaza, which inhibits 
HDAC 1-3, did not show an effect towards improving HDR and romidepsin, which inhibits 
HDAC 1 and 2, strongly inhibited HDR in this study compared to NHEJ. Further study on 
which HDAC subtypes inhibited by these compounds dictate genome editing outcomes is 
therefore needed. 
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Rucaparib, a PARP 1 and PARP 2 inhibitor involved in the DNA damage signaling check-
point, affected the gene editing outcomes as well. Whereas rucaparib has previously been 
shown to improve gene editing due to inhibition of the microhomology-mediated end 
joining pathway (31), the observed effect on HDR found in the current study has not been 
reported to the best of our knowledge. Inhibition of PARP 1 and PARP 2 directly influences 
the regulation of base excision repair, which is usually a single stranded DNA damage 
event. However it is reported that inhibition of PARP-1 drives the cell towards homolo-
gous recombination, which in oncology is used to cause cell death in BRCA-deficient cells 
(32), and could explain our observations. Furthermore, this drug is approved for clinical 
use in humans, and therefore clinical knowledge exists to potentially devise a synergistic 
treatment plan for CRISPR and rucaparib combination therapy. 

The primary discovery of the screening was the simultaneous NHEJ inhibition and HDR in-
duction found when pretreating cells with alisertib. This compound is used in anti-cancer 
therapy to inhibit AURKA, which is involved in mitotic spindle formation and organization, 
and has been implicated in DNA signaling in cancers (33,34). Reports on mechanisms in 
healthy cells are sparse, but the toxicity was shown to be lower in healthy cells than in 
breast cancer cells (35). The effects found on gene editing efficiency therefore needs to be 
investigated more on the mechanistic level to unravel this observed relationship between 
AURKA inhibition and HDR efficiency.

Addition of alisertib resulted in the greatest effect observed in this study, showing a 
preference for HDR over NHEJ outcomes in HEK293T-eGFP cells. This was seen on the 
phenotypic level by BFP expression compared to eGFP knock-out, and to a lesser extent 
on the genetic level shown by sequencing and TIDER analysis. This may be due to the 
predominant mutations found in TIDER being in-frame (-3), which may not disrupt the 
eGFP protein function. We found that treating cells with alisertib and treating them with a 
higher dosage of LNP increases the efficacy as well, validating further that the effect is due 
to priming the cells for CRISPR HDR by increasing the RNP and HDR template concentra-
tions. If this pathway can be inhibited in a non-toxic way, it can therefore lead to greater 
specificity of gene correction. 

In our initial screen we classified alisertib to be non-toxic, based on the IC50 gathered 
from the MTT assay data. However, when looking closer at the toxicity curve two days 
after treatment, a loss of 20% cell viability can be seen at a concentration of 0.1 µM 
(Supplementary Figure 2). This led us to scrutinize the toxicity in more detail. The toxicity 
becomes apparent 5 days after the start of alisertib treatment. This was independent 
of total compound incubation time, which was varied between 24 hours and 0 hours 
of pre-incubation of cells with alisertib (Supplementary Figure 5). The observed in the 
Hepa 1-6 cells after 5 days presented in figure 3 are in line with the HEK293T results, 
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which indicates that the toxicity was simultaneously species and cell type independent, 
at least in these model systems. Toxicity of these AURKA inhibitors needs to therefore be 
investigated further in more relevant cell types to assess if these effects are transient and 
significant, as it might be possible that healthy cell types, rather than cancer cells, are 
more resistant to these compounds.

Finally, two other AURKA inhibitors (danusertib and PF-03814735) were assessed in Hepa 
1-6-eGFP as well to validate the pathway. The manufacturer summarized the efficacy of 
these compounds towards AURKA, AURKB and AURKC. Of these, PF-03814735 is the most 
potent towards AURKA with an IC50 of 0.8 nM. Alisertib has potency in the same order 
of magnitude with an IC50 of 1.2 nM, and danusertib is magnitude less active at 13 nM. 
This is reflected in the efficacy, as danusertib requires a higher concentration before the 
effect on gene editing efficiency, as well as the toxicity, was visible, although the toxicity 
is in the same order of magnitude for all three compounds. Danusertib also has activity 
against AURKB and AURKC, with an IC50 of 79 and 61 respectively, whereas PF-03814735 
has a preference for AURKB at an IC50 of 0.5 nM. GSK1070916, an AURKB and AURKC 
inhibitor, did not show an effect toward relative HDR activation, so these pathways likely 
only contribute to the cytotoxicity. PF-03814735 showed a clearly more drastic toxicity, 
likely due to the strong AURKA and AURKB inhibition. Danusertib and alisertib showed 
similar cytotoxicity, but the efficacy of alisertib was higher. 

Conclusion
Of the forty screened compounds, three showed a significant HDR enhancing effect: beli-
nostat, rucaparib and alisertib. Alisertib specifically shows a rapid onset of action to this 
end, as well as activity in a relevant cell line. While AURKA inhibition showed a relevant 
increase of HDR, the toxicity displayed in this study limits its application. Other means 
of AURKA inhibition might be effective and warrants further investigation. Furthermore, 
targets downstream of AURKA should be further investigated to find the specific drivers 
of this effect, and allow application in an HDR-based gene editing approach in a more 
relevant setting such as primary cells or in vivo.   
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1: Gating strategy employed in typical flow cytometry measurements for gene editing 
outcomes in HEK293T-eGFP cells. A-D: Gating without additional compounds. E-H: Gating in presence of 1 µM 
alisertib. A and E: gating cells. In presence of alisertib the spread of forward and side scatter changes, it is as-
sumed that cells with normal morphology, as seen in figure 3E, are in the same location in this dot plot. B and 
F: single cell gating. C and G: eGFP knock-out and BFP emergence in absence of gene editing LNP. D and H: eGFP 
knock-out and BFP emergence in presence of gene editing LNP. 

NHEJ incidence was calculated in the eGFP- gate in D or H and subtracting the eGFP- gate 
from C or G respectively. Absolute HDR incidence was calculated in the BFP+ gate in D 
or H and subtracting the BFP+ gate from C or G, respectively. Relative HDR incidence was 
calculated by dividing the absolute HDR incidence by the sum of NHEJ incidence and 
absolute HDR incidence.

Notable, alisertib treated cells had a high “false positive” rate in the eGFP- and HDR gates 
in the control (G), which were subtracted from relevant results. 
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Supplementary Figure 2: Individual MTT assay cell viability curves of the compounds used on HEK293T-eGFP 
cells. IC50 calculations are summarized in Table 1.
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Supplementary Figure 3: Effect of the 40 screened compounds on absolute incidence of NHEJ (above, sorted low 
NHEJ-high NHEJ) and HDR (below, sorted high-low HDR) compared to DMSO-treated controls (mean+- SD as solid 
and dotted lines, n=29 wells). Colored hits were either lower than mean – SD for NHEJ suppression, or higher 
than mean + SD for HDR enhancement.  

Supplementary Figure 4: Effect of a narrow dose range of alisertib on (from left to right) NHEJ, HDR and relative 
HDR incidences.
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Supplementary Figure 5: Alisertib pre-incubation time variation which reveals that simultaneous incubation of 
alisertib and CRISPR formulations was effective and pre-incubation with alisertib before CRISPR formulations 
was not significantly more effective than simultaneous incubation.

Supplementary Figure 6: Mutation distribution found in TIDER analysis, cropped at +- 5 nt. Relatively speaking, 
most mutations showed up as deletions of a whole codon (-3). 
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ABSTRACT

CRISPR/Cas9 is a gene therapy method in which the SpCas9 enzyme is targeted to a 
specific gene by an RNA molecule, upon which the enzyme induces a double stranded 
break in the genome. This damage is mostly resolved by two DNA repair mechanisms. 
The first, non-homologous end-joining, is able to induce frameshift DNA mutations to 
knock-out a gene. Homology directed repair uses a homologous DNA repair template 
and can facilitate gene correction, which can potentially cure many hereditary diseases. 
Non-homologous end joining is more efficiently activated than homology directed repair 
leading to competition for the DNA break repair. This issueled to the development of 
SpCas9 fusion proteins to increase the efficiency of gene correction, such as base editors 
and prime editors to avoid double stranded DNA repair competition. Alternatively, CRISPR 
enhancing molecules can be conjugated to the protein surface, for example to lysines and 
cysteines. These amino acids are however primarily located in active domains of SpCas9. 
Conjugation reactions to these amino acids can therefore result in protein inactivation. 
In this study, azido phenylalanine (AzF) was introduced at positions F196, F539, F682 or 
Y1036 of the SpCas9 protein to enable regioselective conjugation of a small interfering 
RNA (siRNA) through “Click” chemistry. To achieve this, siRNA was functionalized with 
a reduction-sensitive linker and the ring strained alkyne tetramethylthiocycloheptyne 
sulfoximine. Conjugates were prepared and characterized for their conjugation efficiency 
and SpCas9 activity in vitro. 539AzF-SpCas9 was selected as the best performing conju-
gate based on this characterization. The site-specificity of the click-reaction and release 
mechanism of the linker were confirmed using LC-MS. The functionality of both the siRNA 
and SpCas9 was demonstrated in HEK293T reporter cell lines by luciferase knock-down 
and eGFP knock-out, respectively. This study serves as a proof of concept for SpCas9-drug 
conjugation as a potential strategy to enhance the outcomes of CRISPR/Cas9 gene editing, 
where the functional co-delivery of the molecules was shown to be feasible, broaden-
ing the design space for CRISPR enhancers. Further study is required to apply Cas9-drug 
conjugation for enhanced CRISPR outcomes.
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INTRODUCTION

The clustered regularly interspaced palindromic repeat (CRISPR) associated protein 9 
(Cas9) has been extensively investigated as a gene therapy tool since its initial discovery as 
a bacterial RNA guided endonuclease (1–3). The most prominently studied Cas9 isotype 
is derived from the bacterium Streptococcus pyogenes (SpCas9), which is a large protein 
of approximately 158 kDa. Since these landmark studies, other types of Cas proteins have 
been described, such as Cas9 from different bacteria and Cas12a proteins with slightly 
varied functionality and structure (4–7). However, as SpCas9 remains the most widely 
studied isotype it will be the focus of this study.

The structure of SpCas9 consists of several functional domains necessary for its endo-
nuclease activity, which need to act in a complex sequence of binding and conformational 
changes. Firstly, the protein needs to be guided to a DNA target sequence by a single 
guide RNA (sgRNA) molecule. This sgRNA interacts electrostatically with arginine- and 
lysine-rich recognition grooves in the SpCas9 structure, which induces a conformational 
shift in the protein towards an active ribonucleoprotein complex (RNP) (8). This sgRNA 
can be designed to target any DNA sequence, typically by using a 20 nucleotide targeting 
sequence to make the targeting specific to a single DNA locus (1,9). The sgRNA forms base 
pairs with its genomic target sequence, which ensures proximity of the SpCas9 enzyme 
to the DNA strands (1,2). The endonuclease activity is then executed by two DNA-binding 
and cleaving domains. The target strand is bound by the RuvC-like domain of SpCas9. The 
non-target strand is bound by the HNH-like domain, which is a single stretch in the pri-
mary structure. The DNA cleaving reaction is only catalyzed if a protospacer-adjacent DNA 
motif (PAM) is present adjacent to the target DNA sequence. This PAM in turn interacts 
with the PAM-interacting domain in the SpCas9 protein to further ensure efficient protein-
DNA binding (10). After the DNA break is generated, the cell can repair the double strand 
break (DBS) through one of several DNA repair pathways. The most dominant pathway is 
non-homologous end-joining (NHEJ) pathway in which the broken DNA ends are ligated. 
Alternatively homology-directed repair is activated which leads to resection of the broken 
DNA ends and repair based on a template DNA strand. NHEJ can functionally lead to gene 
knock-out through frameshift mutations, while HDR can be exploited for templated gene 
correction. Gene correction is particularly hard to achieve due to NHEJ outcompeting HDR 
at the DNA break site. Different methods to enhance gene correction are therefore in 
development.

The SpCas9 protein has been engineered by mutagenesis and protein fusions. Specific 
mutagenesis of amino acids in the endonuclease domains has yielded SpCas9 nickases 
(nCas9) and catalytically inactive SpCas9 (dCas9) variants, as well as SpCas9 variations 
with different PAM requirements (11–15). Furthermore, fusion proteins have been 
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designed to expand the functionality of the SpCas9 nuclease, nCas9 and dCas9 proteins 
for gene correction purposes. For instance, native SpCas9 has been modified by fusion 
with the geminin degron which is naturally degraded in the G1 phase of the cell cycle. 
Consequently the Gem110-Cas9 fusion protein is degraded during the G1 phase which 
ensures that SpCas9 functionality is restricted to the S/G2/M phases of mitosis (16). HDR 
is upregulated in these phases which enhances the likelihood of HDR activation (16–18). 
Fusions of deaminase enzymes to dCas9 and nCas9 have been used for specific base 
transposition, which modify specific nucleotides with low error rate (19,20). nCas9 has 
furthermore been used for gene correction through fusion of reverse transcriptase which 
is able to use the guide RNA as repair template (21). Many engineering efforts utilize 
the C-terminus of the protein, as the N-terminus is part of the RuvC domain which folds 
inward and is needed for DNA binding. Base editors are an exception to this as N-terminal 
fusions (10,16,20,22,23). 

Conjugation of CRISPR enhancers to the protein surface is a relatively underexplored 
approach at improving gene-editing outcomes, in contrast to protein fusions. Other 
therapeutic molecules such as peptides, small molecules or functional nucleic acids can 
be conjugated to the protein surface, expanding the possibilities of therapeutic synergy 
beyond fusion of functional protein domains. If a release mechanism is incorporated into 
the conjugate, the conjugated therapeutic modalities would be specifically distributed 
to cells where SpCas9 is delivered. Surface-accessible lysines or cysteines are attractive 
conjugation sites, which both are present in the SpCas9 protein. A problem however is 
that the 150 lysines in SpCas9 are spread over the entire sequence. This creates a risk for 
protein inactivation due to the randomness of the conjugation reaction. Conjugation to 
cysteines is more feasible, as the Cas9 protein contains only two of them. The cysteine 
at position 574 is accessible and has been used successfully in the past as well for con-
jugation of peptides (24). However, the presence of a second cysteine at position 80 in 
the RuvC-like nuclease domain poses a risk for non-specific conjugation and potential 
inactivation, similar to lysines. Exploring alternative options for conjugation may enable 
more selective conjugation, as well as the potential for multiplexed conjugation compared 
to current cysteine-based approaches. 

Recent advances in azide-alkyne click chemistry provides such engineering opportunities, 
and expands the design space for SpCas9 engineering. In biological samples, copper(I) 
catalyzed azide-alkyne cycloaddition (CuAAC) or copper free strain promoted azide-alkyne 
cyclo-addition (SPAAC) can be applied to achieve this (25–27). Due to the required copper 
catalyst, CuAAC is reported to be toxic in the concentrations relevant for therapeutic use 
(28). In both reactions, the azide reacts with an alkyne to produce a 1,2,3-triazole ring, 
irreversibly linking the molecules containing the azide and alkyne. SPAAC is especially 
interesting as it occurs under physiological conditions without the need of copper, further 
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simplifying the reaction. Azides and alkynes are furthermore bio-orthogonal, making side-
reactions to biological samples unlikely. 

Azides or alkynes can be incorporated in the form of a non-canonical amino acid (ncAA) 
(29). There are several azide and alkyne ncAA reported in the literature which can be 
incorporated by the native protein synthesis machinery of the cell to substitute me-
thionine, including homopropargylglycine and azido-homoalanine (30–32). Alternatively, 
site-specific incorporation of ncAA can be achieved by reprogramming a codon in the 
genetic code (33). The most extensively researched candidate for this in Escherichia coli 
(E.coli) is the amber STOP codon UAG, which is rarely found in native E.coli genes (34,35). 
Reprogramming is achieved by using an engineered tRNA and tRNA synthetase pair, which 
is completely orthogonal to the species it is used in. For E.coli, these are for example 
derived from M.jannaschii (36). Using this method, both azide (p-azido-l-phenylalanine, 
AzF) and alkyne (propargyloxyphenylalanine) can be introduced (36,37). Propargyloxy-
phenylalanine is only suited for CuAAC however, while the azide can be used in either 
SPAAC or CuAAC. 

In this study, regioselective conjugation of auxiliary molecules to spCas9 to modulate 
gene-editing outcomes was explored. To this end, AzF was introduced to SpCas9 to enable 
conjugation of any alkyne-containing molecule onto the SpCas9 surface (28). Application 
of AzF-SpCas9 was explored by conjugation of functional siRNAs modified with tetra-
methylthiocycloheptyne sulfoximine (TMTHSI), a ring strained alkyne with fast reaction 
kinetics and high hydrophilicity (38,39). A reducible linker molecule based on a disulfide 
bridge was used to release the siRNA from the protein intracellularly, with the aim of 
co-delivery of both therapeutic modalities to achieve therapeutic synergy (40). Such a 
conjugation strategy would therefore enable formulation of a robust combined approach 
to HDR genome editing. 

MATERIALS AND METHODS

General reagents
All chemicals were obtained from Sigma Aldrich/Merck (Zwijndrecht, The Netherlands) 
unless specified otherwise. All PCR primers were obtained from Integrated DNA Tech-
nologies (Leuven, Belgium), and their sequences are noted in Supplementary Table 1. 
SpCas9 was produced using pSP-Cas9 (Addgene #62731) as previously published, with 
modifications to the protocol noted where applicable (41). sgRNA and ssDNA templates 
were acquired from Merck (Haverhill, United Kingdom) and applied as published previ-
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ously (41). Sequences are given in Supplementary Table 1. TMTHSI was kindly provided by 
Cristal Therapeutics (Maastricht, The Netherlands).

In silico SpCas9 structural analysis
Pymol (version 2.5) was subsequently used to determine the solvent-accessibility of the 
aromatic amino-acids in the structure of native SpCas9 (Protein Databank (PDB) acces-
sion number 4cmp), in the hotspots outlined in the first design constraint. This was used 
as predictor for conjugation efficiency, as it describes the 3D accessibility of the amino 
acid in question. In addition, the distance between the amino acids and the DNA or RNA 
nucleotides in the ternary complex of SpCas9 (PDB file 4ump) was measured using the 
PDB structure viewer (accessible from: https://www.rcsb.org/3d-view, accessed February 
2023). Four amino acids were selected for substitution based on a different pattern in 
these two parameters as outlined in the Results section: F196, F539, F682 and Y1036. 
Visualizations of these amino acids highlighted on the SpCas9 apoprotein and ternary 
complexes were made using the PDB structure viewer, where the protein was visualized at 
50% size in the cartoon representation and the DNA, RNA and selected amino acids were 
visualized as molecular surfaces to emphasize the distance between the DNA/RNA and 
modified amino acids in the structures. 

STOP codon reprogramming and SpCas9-AzF recombinant expression
AzF was introduced in SpCas9 through amber STOP-codon reprogramming using an ar-
tificial tRNA synthetase/tRNA pair derived from M.jannaschii, encoded on pEVOL_pAzF 
(Addgene #31186). This plasmid was transformed into BL21 E.coli (New England Biolabs, 
Ipswich, USA) using heat shock transformation at, followed by chloramphenicol selection 
using 25 µg/mL. After selection, these BL21-pEVOL_pAzF cells were made chemically 
competent through calcium chloride treatment and stored at -80 °C until further use.

pSP-Cas9 was used as plasmid for recombinant SpCas9 expression and as such modified 
for SpCas9-AzF expression. It was mutated to harbor the TAG stop codon to substitute 
one of the candidate amino acids using the Agilent Site Directed Mutagenesis XL 2 kit 
(Agilent Technologies, Amstelveen, The Netherlands) according to the manufacturer’s 
specifications and using the mutagenesis primers noted in the Supplementary Table 1. 
Mutagenized plasmids were transformed into XL10 Gold Ultracompetent E.coli (Agilent 
Technologies) for amplification. Subsequently, mutagenized pDNA was recovered from 
individual clones using the GenElute Plasmid Miniprep kit (Thermo Fischer Scientific, 
Eindhoven, The Netherlands). Sanger sequencing was performed by Macrogen (Amster-
dam, The Netherlands), using primers noted in Supplementary Table 1. Alignments were 
prepared and visualized using Benchling.com (accessed February 2023). Appropriately 
mutated plasmids were transformed into the BL21-pEVOL_pAzF cells by heat shock at 42 
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°C for 30s. After recovery, bacteria positive for pEVOL_pAzF and the mutagenized pSP-
Cas9 were selected using both chloramphenicol and ampicillin resistance.

SpCas9-AzF expression and purification were done as published previously, except 
that expression was performed using BL21 E.coli (New England Biolabs) in Luria Broth 
supplemented with 500 µM IPTG and 2 mM AzF (Santa Cruz Biotechnology, Heidelberg, 
Germany) (41). Subsequent to production, the AzF-SpCas9 was dialyzed against 300 mM 
NaCl, 15 mM Tris, 0.1 mM EDTA, pH 7.4 and supplemented with 10% glycerol. Samples 
were stored at -80 °C until further use.

SpCas9-AzF in vitro activity assays
In vitro functionality of SpCas9-AzF variants, prior and after conjugation, was determined 
by DNA digestion as published previously (41). Briefly the protein was complexed to 
sgRNA targeting eGFP and incubated with linearized pDNA (pMJ922, Addgene #78312) for 
two hours in a reaction mixture containing NEBuffer 3.1 (New England Biolabs), Ribolock 
RNAse inhibitor (Thermo Fischer Scientific) and nuclease free water (Integrated DNA Tech-
nologies). Following this, the protein complex was degraded using 20 U/mL proteinase K 
for 30 minutes at ambient temperature. Digestion products were separated by agarose 
gel electrophoresis for 1 hour on a 1% TAE agarose gel at 75 volts and visualized using UV 
transillumination on a ChemiDocTM XRS+ imager (Bio-Rad Laboratories, Veenendaal, The 
Netherlands). Protein activity was quantified using gel densitometry analysis measured 
in ImageJ (version 1.49p), normalized to unmodified recombinantly produced SpCas9 
protein.

SDS-PAGE
SpCas9-AzF purity was assessed qualitatively using SDS-PAGE. Samples were incubated 
with 1x Laemmli buffer (Bio-Rad Laboratories), containing 55 mM dithiothreitol at 70°C 
for 10 minutes. Bolt 4 to 12% gradient Bis-Tris 1.0 mm gels (Thermo Scientific, Landsmeer, 
the Netherlands) were used to separate the proteins at 150 volt for 55 minutes. PageRuler 
Plus Prestained Protein Ladder (Thermo Scientific) was used to determine the molecular 
weight of the bands alongside an unreacted SpCas9 as control. The gels were then stained 
using PageBlue Protein Staining (Thermo Scientific, Landsmeer, the Netherlands) and 
subsequently imaged using a ChemiDocTM XRS+ imager using the Coomassie Blue preset 
(far red epifluorescence, 715/30 emission filter). 

Alexa Fluor 647-DBCO (AF647-DBCO; Thermo Fischer) was incubated with SpCas9-AzF 
at a 10:1 molar ratio of dye:protein at ambient temperature overnight to confirm the 
azide functionality. Subsequently, the reaction mixtures were separated using SDS-PAGE 
as noted above, and imaged using the ChemiDocTM XRS+ imagerusing the Alexa Fluor 647 
preset (red epifluorescence, 700/50 emission filter).
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siRNA functionalization, conjugation and characterization
Two siRNA sequences were used in this work. The first was siRNA targeting an arbitrary 
gene (AHA1), labelled with rhodamine 3B on the 3’ side of the antisense (guide) strand 
of the siRNA (Axolabs, Kulmbach, Germany) for convenient fluorescent monitoring (siFL). 
The second siRNA sequence targeted firefly luciferase (siLuc) (Axolabs, Kulmbach, Ger-
many). Both sequences contained a primary amine for functionalization on the 5' end 
of the sense (passenger) strand of the siRNA. Details on the sequences and chemical 
modifications made on the siRNA are given in Supplementary Table 1.  

The siRNA with an amine handle on the 5' end of the sense strand was functionalized with 
a reduction-sensitive click linker (40) as previously described (42). In brief, approximately 
3 equivalents of linker dissolved in DMSO was added to an equivalent of siRNA in Borate 
buffer pH 8.6 and stirred for 15 minutes (Figure 1). After UHPLC confirmation of reaction 
completion, the reaction mixture was purified via spin filters with 5 kDa MWCO and PD10 
column. 
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Scheme 1: Functionalization of siRNA-amine with TMTHSI linked to a reduction sensitive linker (top) and subse-
quent “Click” reaction to azide-containing SpCas9 protein to yield SpCas9-siRNA conjugates sensitive to reduc-
tion for release (bottom). The siLuc duplex is shown as described in the main text with the sense strand (red) 
exhibiting an amine handle at the 5’ end, duplexed to the antisense strand (blue).

siRNA-L15-TMTHSI was added to AzF-Cas9 at a 2:1 molar ratio and incubated at room 
temperature for 2 hours in tris-buffered saline (300 mM NaCl, 20 mM Tris, pH 7.4), as 
shown in Scheme 1. The conjugate, siRNA-SpCas9, was dialyzed using 100-200 µL Micro 
Float-a-Lyzer casettes with a 50 kDa MWCO (Repligen, Breda, The Netherlands).
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AzF-Cas9 conjugated to siRNA was assessed by SDS-PAGE separation and analysis. Con-
jugates were denatured in Laemmli buffer without DTT, and separated on a  Novex™ 
WedgeWell™ 6%, Tris-Glycine gel (Thermo Scientific, Landsmeer, the Netherlands) for 
one hour at 150V. Samples containing Rhodamine 3b-labelled siRNA were analysed using 
the Rhodamine setting of the ChemiDocTM XRS+ imager (green epifluorescence, 602/50 
emission filter). Following this, the gel was incubated with PageBlue staining overnight 
and washed extensively to de-stain the non-protein components in the gel. The gel was 
imaged using the Coomassie Blue setting of the ChemiDocTM XRS+ imager (far red epi-
fluorescence, 715/30 emission filter). Conjugation efficiencies were approximated using 
gel densitometry analysis in ImageJ (version 1.49p) by quantifying the surface area of the 
main SpCas9 band (160 kDa) and the larger protein species in the gel (corresponding to 
conjugates). The conjugation efficiency was defined to be the surface area of the bands 
above 160 kDa as percentage of the sum of their surface areas. This was rounded to the 
nearest percentage divisible by 5 (e.g. 5, 10, 15, etc) to account for the semi-quantitative 
accuracy of the quantification technique (43).

To assess the release of the siRNA from the SpCas9, samples were incubated with 5 mM 
L- glutathione (GSH) for 30 minutes at 37°C prior to SDS-PAGE to mimic intracellular re-
ducing conditions (44). 

Trypsin digest and LC-MS characterization of the conjugation site and 
release kinetics
SpCas9, SpCas9-539AzF, and SpCas9-539-siRNA (0.05 mg each) were dissolved in 50 mM 
ammonium bicarbonate (pH 7.8). Trypsin (from bovine pancreas, >10.000 BAEE U/mg 
protein) was then added at a 1:20 (w/w) ratio and samples were incubated overnight at 
37 °C with light agitation. Post-digestion, samples were reduced by adding 5 mM GSH for 
1 hour at 37 °C.

For purification and desalting, C18 solid phase extraction cartridges (Avantor™ 7020-02 
BAKERBOND™ spe Octadecyl) were used. The cartridges were preconditioned with 1 mL 
acetonitrile and 1 mL 0.1% trifluoroacetic acid (TFA) in water. Tryptic digests were acidified 
to pH <4 using 5% TFA, centrifuged at 10.000 x g for 2 minutes, and loaded onto the car-
tridges. Cartridges were washed with 0.7 mL 0.1% TFA in water, and peptides eluted using 
0.7 mL 80/20 acetonitrile/water with 0.1% TFA. The eluates were dried under nitrogen gas 
and reconstituted in 5% acetonitrile for LC-MS, with a 10 µL injection volume.

The LC-MS setup comprised an Agilent 1260 Infinity LC and a 6560 IM-QTOF mass spec-
trometer (Agilent Technologies, Santa Clara, USA). Separation was achieved on a Waters 
ACQUITY UPLC HSS T3 column (100 mm x 2.1 mm, 1.8 μm particles) with a matching 
VanGuard pre-column (5 mm x 2.1 mm, 1.8 μm particles). The column temperature was 
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maintained at 40 °C, and the mobile phase consisted of water with 0.1% formic acid (A) 
and acetonitrile with 0.1% formic acid (B) at a flow rate of 0.2 mL/min. The elution pro-
gram involved a 3-minute isocratic hold at 5% B, followed by a 25-minute linear gradient 
to 60% B and a subsequent 5-minute linear increase to 95% B.  

The eluate was ionized using an electrospray source in positive mode at 3500 V capil-
lary and 2000 V nozzle voltages. Nitrogen served as both nebulizing (40 psi, 11 L/min) 
and drying gas (11 L/min), set at temperatures of 350 °C and 300 °C, respectively. The 
IM-QTOF mass range was set between 100-1700 m/z. Data was internally calibrated to 
reference masses m/z 121.0509 and 922.0098 and processed using Agilent IM-MS Data 
File Reprocessing Utility (Version 10.00) and PNNL PreProcessor software (version 4.0). 
Feature identification was executed by the ‘find features’ (IMFE) option of the Agilent 
IM-MS Browser (version 10.0) using the ‘Unbiased’ isotope model, a charge state limit of 
5, and a minimum ion intensity of 100. Filtering was performed based on m/z (300–1700) 
and a minimum abundance of 500, defined as the ‘max ion volume’ (arbitrary units, a.u.).

Generated feature lists were matched to the m/z values of anticipated ions from the theo-
retical tryptic peptide ‘KPAFLSGEQK’ in its native form, azido-Phe, and reduced conjugate 
forms, with a permitted error margin of 5 ppm. The dominant ionic species used in the 
analysis were [M+nH]n+, with sodium adducts present in trace amounts.

Following the characterization of anticipated ions, other expected but unwanted side 
products were assessed. Based on literature, thiol-yne addition of alkynes and cysteines 
could result in a stable thiol enol ether moiety even under reducing conditions (45). 
To scout for this, peptides ICYLQEIFSNEMAK (position 79-92, [M] 1687.7949 Da) and 
IECFDSVEISGVEDR (position 572-586, [M] 1696.7614 Da) were assessed. These peptides 
were chosen due to their theoretically available free cysteine residues. Similarly to the 
abovementioned data processing strategy, LC-MS feature lists were generated to search 
for peptide without missed cleavages and 1 missed cleavage at the N- or C-terminus of 
the peptides. 

Gene editing and silencing assays in reporter cells
HEK293T-eGFP cells were used to read out SpCas9 gene editing as reported previously 
(41,46). Briefly, cells were seeded in 96 well plates 24 hours prior to genome editing at a 
density of 10,000 cells/well. SpCas9 and conjugates were transfected into the cells using 
the ProDeliverIN CRISPR kit (OZ biosciences, Marseille, France) and a protocol optimized 
in house. SpCas9, sgRNA and HDR template DNA were used as published previously in 
a 1:1:2 molar ratio prior to transfection, and ProDeliverIN CRISPR was added in a 1 µg 
protein to 3.3 µL of transfection reagent (41). siRNA was added corresponding to the 
conjugated siRNA as control. Genome editing induced by the NHEJ and HDR pathways was 
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measured after 5 days by flow cytometry on the BD FACS Canto II (Becton Dickinson, New 
Jersey, USA) in the FITC and Pacific Blue channels, respectively. 

siRNA functionality was tested on silencing of firefly luciferase (sequences in Supplemen-
tary Table 1). The Lipofectamine RNAiMax kit (Thermo Fischer Scientific) was used for 
transfection of the siRNA or the SpCas9-siRNA conjugate. HEK293T cells stably expressing 
the pMirGlo dual luciferase reporter were used measure the activity of luciferase siRNA 
(47). The Promega Dual Glo luciferase assay kit (Promega, Leiden, The Netherlands) was 
used for measuring the firefly and renilla luciferase activity. Cell lysates were transferred 
to Lumitrac white flat bottom wellplates (Greiner Bio-One, catalogue number 655075) 
and signals were measured using the Mithras LB940 plate reader (Berthold Technologies, 
Vilvoorde, Belgium) using 10 seconds of exposure time and the preset for luciferase. The 
signal of firefly luciferase was normalized to the signal of renilla luciferase to account for 
differences in cell protein expression and proliferation between conditions. Controls were 
SpCas9 protein in lipofectamine RNAiMax (negative for siRNA) or siRNA in Lipofectamine 
RNAiMax (negative for SpCas9. Three concentrations were assessed for dose-dependency 
of the silencing induced by the conjugates.

siRNA and SpCas9 encapsulation in lipid nanoparticles
1,1′-((2-(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl)(2-hydroxydodecyl)amino)ethyl)
piperazin-1-yl)ethyl)azanediyl)bis(dodecan-2-ol) (C12-200, CordonPharma, Plankstadt, 
Germany), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, Lipoid Steinhausen, 
Switzerland), Cholesterol, 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 
(PEG2000-DMG, Sigma-Aldrich Zwijndrecht, The Netherlands), and 1,2-dioleoyl-3-tri-
methylammonium-propane (DOTAP, Merck, Darmstadt, Germany) dissolved in ethanol 
were mixed together with an aqueous solution of SpCas9, sgRNA and HDR template DNA 
in 1:1:2 molar ratios as reported previously to form lipid nanoparticles (41). 0.2% (mol/
mol) of DSPE-Cy5.5 was added to the lipid mixture for fluorescently labeling. In addition, 
siRNA labelled with rhodamine 3b was spiked in at a 1:1 molar ratio to SpCas9, to mimic 
perfect conjugation efficiency. Alternatively, SpCas9-siRNA conjugate was used instead of 
SpCas9 to assess encapsulation of siRNA in these conditions.  

Encapsulation efficiency of siRNA in these complex nanoparticles was assessed using 
flow cytometry on the Cytoflex LX flow cytometer (Beckman Coulter, Woerden, The 
Netherlands). Acquisition was set without a threshold to remove events, as the expected 
events are close to the detection limit of the machine. The violet laser and associated 
side scattering channel (vSSC) was used to measure nanoparticle light scattering . In this 
population, Cy5.5-positive particles were gated to filter false positive hits in the first vSSC 
gate. The Rhodamine 3b signal was measured in the yellow laser and associated channel 
at 610 nm (Y610). As a control, SpCas9 and SpCas9-siRNA were assessed to account for 
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potential false positive hits. PBS was used as a control to account for air bubbles and small 
particulate matter in the vehicle.  

RESULTS

In silico determination of conjugation sites suited for AzF substitution was performed 
on SpCas9 crystal structures in the native state (PDB 4cmp) and complexed with sgRNA 
and target DNA (PDB 4un3). First, engineering-permissive sites in the protein structure 
were chosen as outlined by Oakes et al (22). Subsequently, aromatic amino-acids (phenyl-
alanine; F, tryptophan; W, tyrosine; Y) were chosen to be substituted in these domains, 
as they chemically resemble AzF, which would be expected to result in similar protein 
conformation after substitution. These engineering-permissive hotspots contained eleven 
feasible options for amino acid substitution (Figure 1A). The relative solvent accessibility 
in the native state of SpCas9 was calculated to predict the availability of these amino acids 
for conjugation. Several of the amino acids showed low predicted solvent accessibility 
(<25%), while others were oriented more toward the outside of the protein. Additionally, 
the distance to the closest nucleotide in the complexed state was calculated to predict 
possible steric hindrance a conjugate might have on sgRNA:Cas9 complexation and 
sgRNA:target DNA binding. The reasoning was that the siRNA conjugate is polyanionic 
and might repel the sgRNA or target DNA during complexation if it is in the way. Four 
residues were selected for substitution based on these constraints: F196 (low solvent 
accessibility, highest distance to DNA/RNA), F539 (highest solvent accessibility), Y1036 
(moderate solvent accessibility and distance) and F682 (low solvent accessibility, close 
distance to nucleic acids, close proximity to the good predictor F539). These were mapped 
to the SpCas9 structure both in the native and ternary complex states as shown in Figure 
1B and 1C. 
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Figure 1: Rationale behind the SpCas9 protein engineering used in this work. A: The atomic distance of aromatic 
amino acids in SpCas9 to the sgRNA or DNA in the complex, calculated from PDB 4ump, plotted against their sol-
vent accessibility calculated from PDB 4cmp. B: Selected amino acids to be substituted with AzF mapped to the 
3D structure of native SpCas9 (gray, pdb 4cmp chain B), showing the outward orientation of especially residue 
F539. C: The same residues mapped to the SpCas9 ternary complex. Shown are the target DNA (blue) and sgRNA 
(pink) as molecular surfaces, highlighting differences in the distance between the chosen residues and the DNA 
or RNA in the complex.

pSP-Cas9 was successfully mutagenized to harbor the amber STOP codon necessary for 
AzF substitution through STOP codon suppression in these four positions, confirmed 
by Sanger sequencing as shown in Figure 2A. 539AzF-SpCas9 contained an additional 
silent mutation in A538 to introduce an additional Bpu1102i restriction enzyme site fa-
cilitating colony screening for successful edits (data not shown). These four mutagenized 
constructs were each transformed successfully in BL21 E.coli co-expressing the specific 
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tRNA and aminoacyl transferase for AzF incorporation at the Amber (TAG) STOP codon. 
In absence of AzF during recombinant SpCas9 production in these cells, only a truncated 
protein can be seen. Full length protein could only be produced in presence of AzF in the 
culture medium (Supplementary Figure 1), indicating successful TAG STOP-codon substitu-
tion. Recombinant SpCas9 expression and purification yielded all four protein variants 
successfully (Figure 2B) and the proteins were pure after purification (Supplementary 
Figure 2). Azide functionality was demonstrated by co-incubation with AF647-DBCO and 
subsequent separation of the free dye from labelled high molecular weight proteins, as 
shown in Figure 2C. A protein band at the SpCas9 molecular weight of 160 kDa contained 
a functional azide. All SpCas9-AzF substitutes showed DNA digestion activity to similar 
levels as compared to native SpCas9, as shown in Figure 2D. As such, all were considered 
as viable candidates for further study.

Figure 2: Initial characterization of the four SpCas9-AzF substitutes. A: Sanger sequencing traces of the mutagen-
esis sites for the four amino acid substitutions in their production plasmids. B: SDS-PAGE followed by Coomassie 
staining to show isolation of the proteins. C: The four variants after incubation with AF647-DBCO to demonstrate 
azide functionality. D: Activity of the four AzF-SpCas9 variants after purification, measured by linear pDNA diges-
tion separated by agarose gel electrophoresis. Molecular weights of the undigested pDNA (11 kB) and digested 
products due to Cas9 activity (8 and 3 kB) are indicated. Each experiment was controlled by native SpCas9 as 
positive control and pDNA only as negative control.

siRNA was chosen as candidate drug molecule for functional CRISPR enhancement by 
Cas9-drug conjugation, due to its flexibility in silencing different cellular pathways with a 
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chemically similar compound in the form of the siRNA duplex. Furthermore, siRNA is diffi-
cult to stabilize and as such acts as an proof of concept for the mild nature of the reaction 
conditions. siRNA was functionalized by a reduction-labile linker molecule and TMTHSI 
click-chemistry handle successfully as described previously and shown in Scheme 1 (40). 
The design of the linker allows the siRNA to be released natively from the conjugate in 
reducing environments such as the cytosol, while part of the linker remains conjugated to 
SpCas9 as shown in Scheme 2. The used siRNA targets the firefly luciferase gene (siLuc) to 
allow functional measurement of its activity in downstream applications of the conjugate. 
Rhodamine 3b labelled siRNA (siFL) was furthermore used for biochemical characteriza-
tion of the conjugation.
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Scheme 2: Reduction of the linker between the SpCas9 and siRNA duplex (red: passenger strand 5’ to 3’; blue: 
guide strand 3’ to 5’) leads to native release of the siRNA and leaves chemical leaving group on the protein sur-
face, constituting a molar weight increase of 358.52 Da compared to unreacted AzF. 

This procedure yielded four conjugates with varying conjugation efficiencies, as shown 
in Figure 3A. Interestingly, native SpCas9 showed a conjugate band as well, although 
the main 160 kDa band was more prominent compared to that of the AzF-Cas9 variants 
at equal loaded protein concentrations. These conjugates were assessed for their DNA 
cleaving efficiency on linear pDNA to assess retention of SpCas9 activity in Figure 3B. 
SpCas9-196AzF showed a lower conjugation efficiency (~ 15%) compared to the other 
three (~ 50%), whereas SpCas9-1036AzF showed a lower nuclease activity (~ 0%) at a 
similar conjugation efficiency to SpCas9-539AzF and SpCas9-682AzF (~ 60% and 40% re-
tained nuclease activity, respectively). Taken together, SpCas9-539AzF showed the highest 
conjugation efficiency and nuclease activity, which led to the selection of this variant for 
further study. The release of siRNA from the Cas9 protein is furthermore necessary for 
their respective activities, which would be mediated by the reduction sensitive linker 
molecule. After incubation with 5 mM GSH, which mimics the intracellular reductive envi-
ronment, complete recovery of the native protein molecular weight is found (Figure 3C). 
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Figure 3: Initial characterization of the siRNA-SpCas9 conjugates on the four amino acid positions. A: SDS-PAGE 
separation and Coomassie stain of all SpCas9 variants incubated with siRNA-linker-TMTHSI for 2 hours. Native 
SpCas9 (~160 kDa) and conjugate (~170-175 kDa) are indicated. B: Activity of the conjugates shown in A, mea-
sured by linear pDNA digestion separated by agarose gel electrophoresis. Molecular weights of the undigested 
pDNA (11 kB) and digested products due to Cas9 activity (8 and 3 kB) are indicated. C: SDS-PAGE gel of uncon-
jugated 539AzF-SpCas9, conjugate 539siRNA-SpCas9 and 539siRNA-SpCas9 treated with GSH for 30 minutes.

The site selectivity of siRNA conjugation and the presence of the leaving group on SpCas9 
were further studied by LC-MS after trypsin digestion and GSH treatment, after which 
the peptides containing F539 (KPAFLSGEQK) and the two cysteines were analyzed further. 
First, the substitution of F539 (Figure 4A) to AzF539 (Figure 4B) was confirmed by an abso-
lute mass increase of 41.0014 Da in the peptide containing this amino acid. Subsequently, 
the remaining fragment of the linker and 1,2,3-triazole were shown in this peptide by the 
absolute mass of 1502.7374 Da (Figure 4C). This difference of 358 Da proved the remain-
ing linker-triazole fragment after reduction as shown in Scheme 2, indicating that both the 
release chemistry and site specificity were in line with expectations. 

The peptide containing AzF was no longer visible in the conjugate sample, indicating a 
high conjugation efficiency . Furthermore, unwanted side reactivity was investigated by 
investigating peptides containing cysteine, which could in theory react with ring strained 
alkynes (45). For peptide 572-586, the major peptide was the variant with one missed 
cleavage at the N-terminus, while for peptide 79-92, no missed cleavages were observed. 
Furthermore, after incubation with siRNA-linker and subsequent GSH treatment only the 
native (free cysteine) peptides were present and no increased mass was observed. These 
results suggest that no thiol-yne side reactions occurred between the linker and the free 
cysteine residues.
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Figure 4: Overload LC-MS extracted ion chromatograms of peptides containing amino acid position 539 after 
trypsinization. A: Native Cas9 protein, in which a peptide is found corresponding to a theoretical absolute mass 
of 1103.5975 Da (theoretical m/z 552.8061 [M+2H]2+). B: AzF539-Cas9, which shows a peptide with a theoretical 
mass of 1144.5989 Da (theoretical m/z 573.3065 [M+2H]2+), indicating azide substitution. C: Conjugate treated 
with 5 mM GSH, which shows a peptide with a theoretical mass of 1502.7374 Da (501.9195 [M+3H]3+), corre-
sponding to 539AzF conjugated to TMTHSI and the reduced part of the linker molecule. The overlaid chromato-
grams display extracted ion counts for the theoretical m/z values with a symmetrical expansion of 10 ppm.

The bioactivity of both functional parts of the conjugate, siRNA gene knockdown and Cas9 
endonuclease activity,  was assessed in two different HEK293T reporter cell lines. This 
is conceptually summarized in Figure 5A, in which the siRNA is shown to function in the 
cytosol and the SpCas9 molecule in the cell nucleus. SpCas9 functionality was assessed 
by transfection in HEK293T-eGFP cells. The activity of the Firefly luciferase targeting siRNA 
was tested in dual Renilla (rLuc) and Firefly luciferase (fLuc) expressing HEK293t-pMirGLO 
cells as shown in Figure 5B. The signal was first normalized to that of rLuc to correct for 
potential differences in cytotoxicity or metabolic activity between conditions. This ratio 
was significantly lower for the conjugates than for the negative controls, indicating that si-
lencing was successful. Furthermore the decline of the firefly luciferase signal was similar 
to the positive control, indicating efficient delivery, and showed concentration dependent 
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silencing.  The overall genome editing efficiency was determined by assessing the eGFP 
knock-out and BFP signal conversion, shown in Figure 5C (46). While the efficacy was not 
significantly reduced, it did decrease slightly, in line with the pDNA digest data in Figure 
3B. Taken together these data indicate that both components are still active after conjuga-
tion and co-delivery. A preliminary screen was performed on targets for relevant siRNA 
conjugation to increase Cas9-mediated gene correction. These were a mixed nanoparticle 
formulation using siRNA + lipofectamine RNAiMax, and the genome editing molecules 
formulated using ProDeliverIN CRISPR. This data is shown in Supplementary Figure 3, 
in which DNA ligase 4 silencing was a significant hit for a candidate siRNA-conjugate to 
improve HDR efficiency.

 
Figure 5: Functional delivery of both siRNA and Cas9 components of the siRNA-SpCas9 conjugate. A: Schematic 
representation of siRNA and SpCas9 co-delivery as conjugate and their release in the cytosol. 1: The conjugate 
is formulated into lipid nanoparticles and transfected in the cells. 2: The complex is released in the cytosol and 
the cleavable linker is reduced, releasing the SpCas9 and siRNA. 3: siRNA functions in the cytosol immediately 
by interacting with the RISC complex to target specific mRNAs, The targeted mRNA is degraded. 4: SpCas9 mi-
grates into the nucleus. 5: SpCas9 cleaves its DNA target, which triggers a DNA repair response   B: Ratio of firefly 
luciferase (fLuc) signal, normalized to renilla luciferase (rLuc) signal, of untreated cells, controls and ascending 
concentrations of SpCas9-siRNA conjugate. The concentration of RNA is shown on the x-axis. C: Gene editing ef-
ficiency for the conjugate compared to the controls. Ns: not statistically significant. 
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Finally, co-encapsulation of siRNA was assessed in a previously optimized lipid nanopar-
ticle formulation for SpCas9 delivery (41). To this end, a formulation optimized for delivery 
of SpCas9, sgRNA and template DNA was used (41). DSPE-Cy5.5 was spiked in the lipid 
bilayer of our particles to allow detection of particles in flow cytometry. siRNA-Rho3b was 
used to measure encapsulation efficiency of the siRNA itself. 

First, nanoparticles were gated by high scattering measured in the violet laser and the 
violet side-scattering channel. This gate was based on a control containing SpCas9 RNP 
without any lipids to exclude as many false-positive events as possible (Figure 6A). Sub-
sequently, the Cy5.5-positive population was gated to exclude protein aggregates from 
analysis.  After gating, protein and free conjugate did not show a relevant amount of 
events (Figure 6B). LNP without siRNA and with siRNA mixed in non-covalently did not 
show appreciable encapsulation of the siRNA (0.02 and 0.03% rhodamine 3b-positive 
particles, respectively) as shown in Figure 6C. In contrast, the conjugated siRNA was 
encapsulated in 1.6% of measured nanoparticles in this preliminary experiment. When 
assessing the MFI, the signal was 10-fold higher after siRNA conjugation compared to the 
siRNA-spiked sample as depicted in Figure 6D. 

Figure 6: Co-encapsulation of siRNA as measured by flow cytometry. A: Gating strategy for lipid nanoparticles 
in subsequently the side scattering of the LNP in the violet laser side scatter channel (Violet SSC-A) and their 
Cy5.5 signal in the lipid membrane. A control of cargo without lipids is given as comparison (SpCas9 RNP). B: 
Gating strategy for the siRNA co-encapsulation in the LNP gate described in panel A. C: Encapsulation efficiency 
calculated as the percentage of siRNA-positive nanoparticles in the LNP gate described in panel A.  D: Mean 
fluorescence intensity of the siRNA-Rhodamine 3b in the LNP gate described in panel A.  
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DISCUSSION

The aim of this study was to follow alternative SpCas9 engineering opportunities to im-
prove HDR through bio-orthogonal chemistry to the protein surface. To achieve this, we 
aimed to incorporate AzF in the SpCas9 protein structure in such a way that the protein 
retains activity, even after bioconjugation. The protein would then need to be active in vi-
tro in parallel to the conjugated molecule, in the case of this study siRNA. Bio-orthogonal 
conjugation to SpCas9 has been achieved for other applications already, such as recently 
for SpCas9-drug conjugates which were double conjugated to polymers for nanoparticle 
formation (48). Another example is conjugation of the ssODN template DNA molecule. In 
this study a non-releasable conjugation of HDR template DNA in proximity to the DNA-
binding domains of SpCas9 enhanced HDR (49).  In contrast to these approaches, the 
objective in this study was specifically to release the cargo molecule from the SpCas9 
upon cell entry to allow specific and targeted release of siRNA in the cells in which SpCas9 
is active, which is a novel addition to this growing AzF-Cas9 based toolbox.

Azide incorporation using STOP-codon reprogramming was achieved successfully in four 
positions in the protein. The selection was based on a few factors. Firstly there were previ-
ously identified sites in the protein which permitted insertion of a PDZ protein domain 
without losing activity (22). We took this insertion of a macromolecular structure and 
assumed it might translate to conjugation to the same protein surface. In these sites we 
selected aromatic amino acids to substitute with AzF, to avoid a big difference in chemical 
properties of the amino acid causing potential protein folding issues. Finally we selected 
four based on the profile of solvent accessibility in the native structure and distance 
between the amino acid and nucleic acids in the ternary structure of SpCas9, as well 
as different surfaces on the protein. Substitution with AzF did not inactivate the protein 
in any of the four sites investigated in this study. AzF can in theory lead to cross-linking 
with other AzF moieties under influence of UV-A light, which is a different application 
of this amino acid (50). This was not observed in the current work, considering the high 
abundance of the SpCas9 and SpCas9-siRNA molecular weights seen in Figure 3A. Care 
is needed to protect this protein from UV light exposure, and as such the protein was 
protected from light in most applications in this study.  

The conjugation strategy was, furthermore, successful. Firstly, the TMTHSI-linker-siRNA 
construct seemed to conjugate to native SpCas9 with low efficiency as seen in Figure 3A. 
This is potentially a thiol-yne reaction to cysteines. However the extent of this was low as 
the native protein band at 160 kDa is visibly bigger than that for the conjugates at equal 
protein loading. All four siRNA-SpCas9 conjugates were successfully produced. However 
the in silico predictions made on the solvent accessibility and orientation of the four 
amino acid substitutes do not fully reflect the data found in this study when assessing the 
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conjugation of siRNA and conjugate activity. While the 539 and 682 substitutions were 
close to the protein-RNA and protein-DNA interfaces, conjugation to these did not inac-
tivate the SpCas9 activity much. Especially the conjugation efficiency and activity found 
with 682AzF-Cas9 was higher than expected, seeing as this amino acid is buried in the 
crystal structures assessed in pymol. Conjugation to position 196 was less efficient than 
the other three positions, which was in line with predictions. Attaching siRNA reduced 
the activity of all variants slightly, although the activity was partly retained for 196, 539 
and 682 as conjugation site. This is hard to fully distinguish now however, as the activity 
assays were performed using a mix of conjugated and non-conjugated Cas9. Conjugation 
to residue 1036 yielded the lowest protein activity which does indicate that the siRNA 
negatively influences the activity. This was not expected due to the relatively high distance 
from active RNA and DNA interacting domains in the protein structure shown in Figure 
1A and the tolerance to domain insertion found by Oakes et al. It is however part of the 
RuvC III domain, which is a part of the endonuclease lobe, which might explain the poor 
predictability of our design rationale for this substitute. 

539AzF-Cas9 was taken for further study based on the high conjugation efficiency and 
activity compared to the other three conjugates. LC-MS after trypsinization showed that 
the phenylalanine on the peptide containing amino acid 539 was successfully substituted 
to AzF, in line with the genetic sequencing showing the STOP codon at that position in 
Figure 3A. In addition, the mass corresponding to the peptide containing AzF disappeared 
in the conjugate, whereas the mass of the peptide with the expected leaving group after 
reduction as shown in Scheme 2 was found. This confirms site-specific azide-alkyne click 
conjugation to SpCas9 and confirms the release mechanism of the linker molecule. The 
possibility of non-specific click addition to cysteine residues was furthermore investigated 
by LC-MS analysis of cysteine-containing tryptic peptides, which showed no presence of 
thiol-enol conjugates. 

The siRNA and SpCas9 components of this siRNA-539-SpCas9 both showed bioactivity 
in model cell lines for siRNA and CRISPR readouts, respectively, as shown in Figure 6. 
The siRNA sequence was furthermore not fully matched to the luciferase gene sequence 
used in this study, due to practical limitations. It contains 5 total mismatches, as shown in 
Supplementary Table 1. Despite this, the activity was high enough to significantly silence 
the luciferase activity. Only one mismatch is present in the seed region of the siRNA (base 
2-8), which may explain why there is still some measurable gene silencing even though 
the sequences have many mismatches (51). The activity of the conjugated siRNA was 
furthermore higher than that of the positive control, which may also be explained by 
differences in transfection efficiency. 
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Co-encapsulation into a lipid nanoparticle formulation, which was previously optimized 
for SpCas9, sgRNA and ssODN HDR template, showed that when the siRNA was conjugated 
it was encapsulated to a much greater extent than when it was mixed into the RNP and 
HDR template mix. LNP normally entrap siRNA well, and the thought was here that the 
particles with all of these cargoes become so complex that the encapsulation is hindered. 
Our results point towards this, but further characterization is needed to assess this ef-
fect. Further study is thus needed to translate this co-delivery strategy into an integrated 
therapy by conjugating relevant siRNA and optimizing a formulation for the conjugate.

As we only show a proof of concept in this study, there is potential to apply these findings 
to therapeutically relevant siRNA. Quenching NHEJ activation using siRNA can skew the 
DSB repair pathway preference towards HDR. Potential targets are all proteins involved 
in NHEJ such as DNA ligase 4, Ku70 or Ku80 (17,50,51). Other candidates are pathways 
found to influence the gene repair pathway choice found in compound screening (54). 
We did screen a few candidate siRNA sequences in Supplementary Figure 3, which were 
co-delivered by using a commercial transfection kit for the siRNA and simultaneously 
transfecting it with SpCas9, sgRNA and HDR template DNA in HEK293T-eGFP cells. Of 
these, DNA ligase 4 silencing is the only significantly potent hit so far, and this could be 
exploited by direct conjugation in future studies. 

When we think of therapeutic synergies beyond siRNA, our approach has broader ap-
plicability for codelivery. The strength of our approach is the release of the conjugated 
molecule in the cytosol by the reducible linker while retaining SpCas9 activity, as well 
as the ease of conjugating any molecule containing an amine with the TMTHSI-linker 
construct. Conjugation of other molecules such as small molecule CRISPR enhancers, 
regulatory protein domains or the sgRNA or HDR templates might therefore be another 
interesting strategy enabled by this work. Earlier work has shown successful conjugation 
of TMTHSI-linker to peptides and proteins, which gives an example of this versatility (55). 
On the protein side, our approach might be translatable to other SpCas9-based gene 
editing strategies such as existing fusion proteins using native SpCas9 as scaffold. Such 
improvements are interesting to study in the contexts of novel gene editing methodolo-
gies such as prime-editing and base-editing.

Conclusions
SpCas9 has successfully been modified to harbor an azide moiety for selective bioconjuga-
tion to the protein. The bioconjugate made on position 539 (539AzF-SpCas9) in particular 
showed retained bioactivity and acceptable conjugation efficiency with functional siRNA. 
Due to the reduction-reversible linker, the siRNA and SpCas9 both showed bioactivity in 
reporter cells. Co-encapsulation in an existing formulation for CRISPR gene editing was im-
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proved due to the conjugation, which paves the way for future studies on their potential 
therapeutic synergy.
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SUPPLEMENTARY INFORMATION
Supplementary table 1: DNA primers, sgRNA, template DNA and siRNA sequences used throughout this work.

Site directed mutagenesis primers

F196, Forward gcattgatcgggttttcttcctacagctgattataggtttgc

F196, Reverse gcaaacctataatcagctgtaggaagaaaacccgatcaatgc

F539, Forward tttctgttcgccactcagctaagccggtttgcgcataccc

F539, Reverse gggtatgcgcaaaccggcttagctgagtggcgaacagaaa

F682, Forward gcaaagccgtccgatttcagctaatctagaatcgttttgcctgattg

F682, Reverse caatcaggcaaaacgattctagattagctgaaatcggacggctttgc

Y1036, Forward catgatgtttgaatagaaaaactatttggcggtcgctttgcc

Y1036, Reverse ggcaaagcgaccgccaaatagtttttctattcaaacatcatg

Sequencing primers

F196 gcccagtagtaggttgaggc

F539 and F682 tgacgatctggacaacctgc

Y1036 cgaaaacacccagctgcaaa

CRISPR materials

sgRNA targeting sequence gcugaagcacugcacgccgu

ssODN HDR template caagctgcccgtgccctggcccaccctcgtgaccaccctgagccacggcgtgcagtgcttcag
ccgctaccccgaccacatgaagc

siRNA*

siFL, Sense 5’- (NH2C6)GfgAfuGfaAfgUfgGfaGfaUfuAfgUf(invdT) -3’

siFL, Antisense 5’- dAsCfuAfaUfcUfcCfaCfuUfcAfuCfcdTsdTs(C6NH)(Rho3B-NHS) -3’

siLuc, Sense 5’-(NH2C6)sascCfgaaAfGfGfucUfuaccGfgas(invdT)-3’

siLuc, Antisense 5’-UfsCfscgguaagaccuUfucggususu-3’

*siRNA legend:
Af, Gf, Uf, Cf: 2’-Fluoro nucleotide
a, g , u, c: 2’-O-methyl-nucleotide
S: phosphorothioate
(invdT): inverted dT
Rho3B-NHS: Rhodamine 3B fluorescent label (ex 566/em 589) introduced via NHS coupling prior to hybridization.
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Supplementary Figure 1: Optimization of AzF concentration in culture medium of E. coli for stop codon suppres-
sion for 682AzF-SpCas9, to be used in general for production of AzF-SpCas9 . Bacterial lysates were separated on 
an SDS-PAGE gel and stained using PageBlue as outlined in the Materials and Methods for SpCas9 purity deter-
mination. pSPCas9 with a STOP codon at position 682 was used in this optimization. The ladder in this sample 
(left-most lane) was PageRuler prestained protein ladder. 
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Supplementary Figure 2: Full-length purity determination gels from Figure 2B. No appreciable protein bands 
are seen above 160 kDa, indicating that the AzF-SpCas9 after defrosting prior to use is stable and not exhibiting 
photo-crosslinking, as is possible with the use of this amino acid. Slight impurities are visible, but negligible 
compared to the full length protein band.

Supplementary Figure 3: siRNA co-delivered with SpCas9 to screen for siRNA targeting NHEJ pathway proteins 
as well as Aurora Kinase A (AURKA), the inhibition of which was shown to increase HDR over NHEJ in a small 
molecule screen (54). siRNA targeting DNA ligase 4 led to a significantly increased incidence of HDR in the total 
amount of gene-edited cells (41).
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SUMMARY OF OUR FINDINGS IN THE CONTEXT OF THE 
EXPLODING RESEARCH FIELD

When this work started in 2019, the genome editing field was struggling to address many 
barriers to CRISPR-Cas utilization in the clinic, as explained in Chapters 1 and 2 (1). Specific 
gene correction was possible in an in vitro laboratory setting, however in vivo and clinical 
applications were still limited which led to a major focus on the lower hanging fruit of 
gene knock-out (2).

The main questions at that time were focused on which cargo format of CRISPR-Cas to 
deliver and how to deliver it (mRNA, DNA, protein; packaged in viral vectors or nonviral 
nanoparticles). These questions were linked to the problems of off-target genome editing 
and increasing the on-target specific activation of the homology directed repair (HDR) 
pathway for gene correction (2–4). The work reported in this thesis was primarily aimed 
towards solving that last issue. As this doctoral work ran in parallel with the developments 
in the field of (therapeutic) genome editing, our findings will be summarized and discussed 
in the context of these parallel developments over time, in which our considerations will 
be discussed in the progression of the project. 

The project started by making several decisions on how to perform genome editing, by 
implementing the lessons the genome editing field had learned up until 2019. First, we 
decided to use the Cas9 protein, which limits the exposure time in the genome, and 
as a result decreases off-target events compared to mRNA and DNA expression (5). In 
addition we used short single stranded oligodeoxynucleotide (ssODN) templates, which 
were shown to be similarly efficient for small gene corrections as larger DNA cassettes, 
but applicable in higher concentrations in our formulations due to its smaller size (6). 
This template can be designed to additionally mutate the PAM sequence of the targeting 
sequence of the nuclease, to stop the reaction of gene editing once HDR had occurred, 
and as a result increase HDR-induced gene correction (7,8). We chose SpCas9 as the pro-
tein of choice, despite reports in which Cas12a systems showed higher HDR fidelity, due 
to Cas12a derived from Francisella novicida exhibiting a lower enzymatic activity in our 
hands, alongside the greater wealth of literature on the use of SpCas9. Finally, we chose 
to use sgRNA with chemical modifications in its backbone and termini to ensure greater 
chemical and enzymatic stability (9). This left us with a few main questions we raised in a 
broad sense in Chapter 2: how do we ensure a high HDR efficiency and how do we deliver 
SpCas9?

In Chapter 3, we describe the methodology we employed in answering these questions in 
the remainder of the thesis. We needed a simple yet robust readout model to study the 
outcome of gene repair in such a way that we can study the influence of other parameters 



222 Chapter 8

on this outcome such as cellular pathway modulators. There were several methodologies 
described in the literature, which led to us needing to choose the most suitable method 
for our application. The mutation of enhanced green fluorescent protein (eGFP) to blue 
fluorescent protein (BFP) that we implemented was first reported in 2016, on which 
improvements were implemented in the sgRNA and HDR template design (10). Other 
systems use positive readouts for specific pathways, such as the CROSSFIRE readout for 
the NHEJ pathway (11). Both were used in this thesis. Compared to those readouts, the 
eGFP model was more difficult to practically handle due to a long total incubation time 
due to the high stability and low half-life of eGFP which needs to be degraded for NHEJ 
measurement. However this model provided the information of both main gene editing 
outcomes (knock-out and correction) in the same experiment as a major upside compared 
to other methods. This method formed the groundwork for the other chapters in this 
thesis. 

We proceeded to use this model to screen and optimize lipid nanoparticles for RNP deliv-
ery in Chapter 4. At the time, there were not many LNP formulations for the delivery of 
Cas9 RNP. Others had already reported viral vector (12,13), mRNA (14,15) and pDNA  in a 
variety of formulations for HDR. RNP proved more difficult to deliver however, as only a 
few groups successfully utilized these (16,17). Our formulation required both DOTAP and 
C12-200 for functional encapsulation of HDR template DNA and Cas9 RNP. We were able 
to achieve HDR at nanomolar concentrations of Cas9 RNP with minimal toxicity to our 
cells. This was comparable to the competitors at the time, whom achieved similarly high 
levels of HDR (25% of total cells) at a slightly lower concentration (around 10 nM of SpCas9 
RNP vs 30 nM in Chapter 4) (16). We furthermore found that the activity of the cargoes 
depended on the buffers used in the LNP preparation. This was, to our knowledge, not re-
ported earlier, and seemed independent of the total salt concentration in the formulation. 
In vivo application of these particles was however not successful, as the toxicity in vivo 
caused death in the tested animals. This may have been caused by the bacterial source of 
the protein, although other reports have not seen this effect occurring (18,19). 

Natural cell cycle progression and gene repair
Around this time, other methods of gene correction were developed and implemented. 
Cas9 base editors were developed already in 2018 and were further developed into more 
efficient systems in subsequent years. These molecules are able to achieve point muta-
tions with high on-target fidelity based on direct enzymatic conversion of nucleotides 
(20,21). Prime editing was also described around the end of 2019, which can achieve a 
broad range of specific mutations with high fidelity (22). This method  had a much higher 
on-target fidelity than HDR, especially for point mutations. A problem with base editing 
and prime editing at that stage was the sheer size of the systems, which required large 
fusion proteins and, in the case of prime editing, an extended guide RNA. Therefore we 



8

223Summary, Discussion and Future Prospects

persisted on methods to improve the outcome of HDR, also in view of future applications 
as we reflected on in Chapter 1.

First, we attempted simple manipulations of the SpCas9 protein. Others in the field made 
fusion proteins to enhance HDR, for example by dictating the cell cycle phase in which 
they were active (23). The downside is, again, making the protein larger and harder to 
formulate. We therefore attempted a different approach in Chapter 5, where we chose 
not to include a nuclear localization signal, hypothesizing that SpCas9 would passively 
accumulate at the genome in mitosis, the phase in which HDR is active. First, we con-
firmed in our hands that HDR is mitosis-dependent, which was shown first in 2014 (24). 
We then tested Cas9 with and without NLS and specifically measured the activation of 
HDR relative to NHEJ, which had not been compared in this way previously. This revealed 
that removing the NLS from the structure was detrimental to the specific HDR activation 
by Cas9, contrary to our hypothesis. We tested this in Hepa 1-6 as well, to rule out that our 
observations may have been an artifact of our use of HEK293T cells. Gene editing in the 
Hepa 1-6 cells showed a non-significant difference between the efficacy of Cas9-NLS and 
Cas9, which would need to be confirmed in follow-up work. We tried to investigate the 
distribution of  Cas9 with and without NLS between the cytosol and nucleus. We could dis-
tinguish some different trends of nuclear localization between these conditions, which did 
not end up being cell cycle dependent in Hepa 1-6 cells expressing a fluorescent cell cycle 
indicator construct (25). We observed that the cell cycle phase of the cell is correlated 
with the fluorescence intensity of labelled Cas9 at the genome, with similar intensities 
in the cytosol. There was no difference for Cas9 with or without an NLS present. This is 
potentially a cell-dependent effect as we only investigated this subcellular localization in 
one cell line, and needs to be expanded to other cell lines. This methodology needs to 
be expanded further, to find a method to ensure Cas9 uptake in the nucleus when HDR is 
most active; in the late S-phase. Others have furthermore shown that nuclear accumula-
tion of Cas9 is not necessarily an indicator of high genome editing efficiency, indicating 
that our model is not yet completely covering the complexity of this relationship. 

Artificial modulation of the cell to improve gene editing outcomes
Seeing as exploiting this natural cell cycle progression did not enhance our HDR outcome, 
we decided to investigate novel modulators of cellular processes involved in DNA repair 
and the cell cycle. Others had already investigated many compounds, and performed com-
pound screenings to find molecules capable of increasing the efficiency of Cas9-mediated 
NHEJ or HDR. Inhibitors of several stages of the NHEJ pathway have been described to 
improve HDR. SCR-7, an inhibitor of DNA ligase 4, is the most widely used in molecular 
biology (27). The Rad51-stabalising molecule RS-1 is able to directly boost HDR (28). Other 
than that, numerous cell cycle modulators have been used as well such as siRNA targeting 
NHEJ pathway proteins or chromatin modulators to name a few (29,30). A common trend 
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between these molecules is that they are toxic molecules and not tested in humans which 
limits the knowledge of their safety and efficacy in a clinical setting. This led to our own 
screening study in Chapter 6. 

Our rationale was to screen marketed and clinical stage drugs for oncology for their influ-
ence on CRISPR-Cas9 HDR in Chapter 6. These drugs were selected based on their mecha-
nism of action. We screened drugs influencing the cell cycle, DNA damage repair and 
chromatin modulators. In this screen, we found that three drugs were effective toward 
improving HDR: rucaparib, belinostat and alisertib. Alisertib was especially interesting, as 
it led to HDR becoming the predominant pathway of gene repair in the HEK293T cells. This 
effect was also achieved by prolonged nocodazole synchronization in Chapter 5 with very 
high toxicity. While alisertib showed cellular toxicity, it did lead to superior gene editing 
outcomes in both HEK293T-eGFP and Hepa 1-6 eGFP cells. The toxicity specifically hap-
pened 3 days post-treatment, after which the cells adopted a visibly disrupted morphol-
ogy and lower confluency. In the Hepa 1-6 cells this toxicity seemed less pronounced. This 
toxicity needs to be addressed before this method can be used in further applications. 
Other inhibitors of Aurora Kinase A did not show more favorable efficacy or toxicity than 
alisertib, and as such downstream modulators of the pathway are interesting to follow up 
on to elucidate exactly how this effect is achieved so a similar effect can be achieved with 
lower toxicity (31). 

Adaptations to the SpCas9 scaffold
A different approach towards achieving superior gene editing efficacy is to alter the SpCas9 
itself. The aforementioned base editors and prime editor systems are examples of this, as 
well as the Cas9-Gem fusion protein (20–23). Other fusion proteins have been developed 
as well, such as the fusion of SpCas9 to a fragment of the p53-binding protein 1 to inhibit 
local NHEJ protein activity (32). To add to strategies for SpCas9 enhancement as a line of 
research, molecules can be conjugated to SpCas9. This has been done on cysteines for ex-
ample using maleimide moieties (33). Another approach is by incorporation of unnatural 
amino acids such as para-azido-l-phenylalanine (AzF). This would enable bio-orthogonal 
chemical conjugation of any molecule containing an alkyne. Others have employed this for 
conjugation of SpCas9 to a molecule which can assemble into nanoparticles (34). 

We have applied such surface conjugations as a method for SpCas9-drug conjugation 
to co-deliver drug molecules in Chapter 7. We identified several surfaces on the SpCas9 
protein on which conjugation would be possible, based on earlier work (35). We then 
substituted aromatic amino acids with AzF to enable conjugation to these surfaces (36). 
We aimed to incorporate a therapeutically synergistic molecule to theoretically increase 
the efficacy of Cas9-induced HDR. For this we chose to use RNA interference by conjuga-
tion of siRNA. RNA interference transiently leads to lower expression of a target protein 
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by enabling degradation of its mRNA (37). Concentrations of siRNA needed and achieved 
in our CRISPR-Cas9 delivery platform aligned well at around 10 nM each in transfection 
studies, and would therefore feasibly work as synergistic modalities. We used a model 
sequence as proof of concept, and found that we could achieve 50-90% conjugation ef-
ficiency. We used a ring-strained alkyne and linker sequence sensitive to reduction in the 
cytosol, which self-immolates to release the siRNA intact and leaves a small leaving group 
on the protein (38). Through this we confirmed the site-specific conjugation using LC-MS, 
and confirmed the bioactivity of the Cas9 as well as the siRNA in model cell lines for 
eGFP mutation (10) and luciferase silencing, respectively (39). This platform theoretically 
enables conjugation to any gene editing method based on the SpCas9 scaffold, and co-
delivery of any molecule containing a primary amine assuming it is active in the cytosol.

Future prospects: clinical developments tool refinement
Since starting this project, patients have been treated using gene editing tools to cure 
genetic diseases, highlighting the real impact these tools can make in the lives of patients. 
The work outlined in this thesis adds to a growing trend where Cas9-induced HDR is 
considered too tricky to use in clinical practice, and novel tools are therefore taking the 
stage in the laboratory setting and preclinical development. We need to first outline the 
clinical state-of-the-art before identifying the current bottlenecks and future prospects to 
address them. The findings of the current thesis are also placed in this context to discuss 
the generalizability of our findings.

Real impact
Clinical development of Cas9-based therapeutics has overall been successful. Several 
companies in the gene therapy field have developed Cas9-based cell therapy treatments. 
For example, Cas9-induced gene knock-out has been used successfully in clinical trials for 
sickle cell anemia by several companies such as CRISPR Therapeutics and Vertex Pharma-
ceuticals (CTX001), Editas (EDIT-301) and Graphite Bio (GPH101). The patients treated with 
CTX001 seem to be completely cured of their disease, by ex-vivo manipulation of CD34+ 
cells, in which the production fetal hemoglobin is induced by disruption of its repressor 
BCL11A. This functionally provides the patients with intact hemoglobin to carry oxygen 
(40). This approach has been approved by drug regulators in the UK and USA in late 2023, 
paving the way to broader Cas9-mediated gene editing application. The approach taken by 
Graphite Bio is different however, whom opted to use HDR to cure the mutation causing 
sickle cell anemia in stem cells. These different strategies approaching clinical translation 
indicates that Cas9-induced gene editing is a robust new therapeutic method and paves 
the way toward more curative treatment of genetic diseases in the future. In contrast, in 
vivo gene editing efforts are still awaiting clinical translation. Successful examples include 
those made by Intellia: NTLA2001 for treatment of hereditary transthyretin amyloidosis 
using lipid nanoparticles and recently NTLA2002 for treatment of hereditary angioedema, 
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in which only the sgRNA sequence is changed and the mRNA and LNP formulation are 
kept the same. These considerations were the basis for our strategy as well, the lessons of 
which form the basis of Chapter 4. The developments made by Intellia nicely show a line 
of thinking in the field where CRISPR-Cas9 is a platform technology in which the guide RNA 
is specified for the specific disease. 

Development of the gene editing toolbox
So how does our work improve the bottlenecks in the field, when innovations seem to 
circumvent our chosen gene editing strategy of HDR completely? And are we close to de-
veloping an all-encompassing toolbox for genome engineering? From a broader perspec-
tive, the methods in this thesis would only roughly repair half of pathogenic mutations 
(point mutations), but would be less suited to larger insertions or deletions for instance. 
It is therefore interesting to zoom out and consider the developments for all forms of 
genetic mutation. 

On the DNA repair level, large mutations are still hard to achieve by many gene editing 
tools. Large DNA templates have been knocked in by homology-independent template 
integration, however delivery of such large template molecules is hard to achieve cur-
rently (41). HDR has been used to this end as well by introducing two DNA nicks to allow 
sticky-end adhesion of the template to the genome and enhance integration (42). Improv-
ing HDR towards this end by the methods we used in Chapters 4, 5 and 6 is an interesting 
avenue to explore, to induce high fidelity integration of larger gene constructs. This can 
be done for example in the safe harbor locus in the genome to make a general gene edit-
ing platform for gene integration (43). This locus can safely express transgenes, without 
interfering in natural functionality of genes. Furthermore new tools are being developed 
such as the gene writers produced by Tessera Therapeutics, which can perform a large 
range of mutations. 

Smaller mutations would currently be better to address by novel tools such as the base- 
and prime editors.. The adenosine and cytosine base editors have been made more ef-
fective and specific over several product generations (44–46). The prime editor has been 
codon-optimized, reduced in size for AAV-mediated delivery, and engineered towards bet-
ter integration of smaller or larger templated mutations, for which the developers have 
even provided a flowchart to aid in selection of specific prime editor architectures (47,48). 
Two other trends on Cas9-engineering are the optimization of the size of the genome 
editor, as well as the PAM requirements for the Cas9 component (49–51).  

Our findings are interesting in light of the development of these new tools. Our screening 
method highlighted in Chapter 3 has the potential to speed up the development of these 
newer tools and bring these methods to labs not previously working in this field. Drug 
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delivery through LNP development as shown in Chapter 4 would of potential interest for 
the RNP of these new modalities, to investigate as a feasible strategy. Furthermore, the 
microscopy methods described in Chapter 5 may elucidate the nuclear migration of these 
massive molecules and investigate how optimized they truly are. Similar drug screening as 
described in Chapter 6 may of interest to find auxiliary therapies to base- and prime edi-
tors. Similarly, these new tools can be modified as has been done in Chapter 7, for example 
to enhance co-encapsulation and to co-deliver drug molecules to enhance gene editing. 

New tools, old bottlenecks
What bottlenecks are then not yet addressed by the clinical and preclinical Cas9-based 
gene editing tools that are currently available? The main bottleneck is still drug delivery to 
the correct organs and cells, which is exemplified by a recent review which discusses the 
same topic as we did back in Chapter 2 (1,52). Novel developments are still focused on 
designing drug delivery strategies capable of gene-editing in other organs than the liver. 
An illustrative example is that in the field of viral vectors the delivery capabilities are deter-
mined by the viral tropism (53). Non-viral delivery strategies struggle in this aspect, as the 
main druggable organs are the liver, spleen and sometimes the lungs (54,55). This limits 
the applicability of these genome editors in vivo, as genetic diseases are expressed primar-
ily in specific tissues and only a small fraction will be amenable for gene editing treatment 
due to this limitation. Current strategies include generation of barcoded nanoparticles and 
performing massive combinatory libraries of lipids to track organ accumulation as a func-
tion of the formulation (56,57). These strides are usually focused on the delivery of Cas9 
mRNA along with the sgRNA, and potentially template DNA, in lipid nanoparticles. This 
line of development reveals a unique problem for the CRISPR-Cas base- and prime editors 
however, which have a complex biological folding. Prime-editing guide RNA furthermore 
has a complex secondary structure. Partly due to this, these have not been applied broadly 
in the form of mRNA. Instead, groups are attempting to form biological nanoparticles, such 
as engineered viral like particles or extracellular vesicles with viral proteins, in which the 
base- or prime-editor is packed in its active conformation (58). These systems do histori-
cally have limitations in loading and in vivo application (59). This frontier is, in my opinion, 
the most exciting part of the field as of writing this thesis, as we are pushing the limit of 
drug delivery vehicles between the attainable (viral vectors, LNP) and optimal (engineered 
viral like particles (VLP) or extracellular vesicle (EV)-based) systems. 

The theoretical gene editing panacea: germline genome editing?
As discussed, many genetic diseases are inherited and as such the mutation causing 
disease is present throughout the body, including some of the germline cells depending 
on the zygosity of the mutation. Somatic gene editing as used in this thesis would repair 
the genome in the cells which were able to take up the CRISPR-Cas9 gene editor, whereas 
other cells would retain the pathogenic mutation. This leads to a mosaic phenotype, of 
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which we aim to generally improve the health of the patient. However, the child of the 
patient would still have a chance to inherit the genetic disease, as the germline cells are 
by definition not treated by such somatic gene editing. Would it then not be theoretically 
optimal to edit the genome of these germline cells, so the disease is removed from the 
progeny of its carrier? On paper, this would prevent many of the described bottlenecks, 
and as such this hypothetical solution will be briefly discussed here.  

Germline genome editing has already been achieved in humans. In 2018, doctor He Ji-
ankui reported through his YouTube channel that he has successfully edited two babies in 
a now infamous controversy, especially as no data is reported in a peer-reviewed journal 
on these experiments. As such the references for this are videos of He Jiankui himself, and 
the conference talk he gave on the topic (60,61). This story broke just before start of the 
work described in this thesis, and as such has formed my perspective on genome editing 
as a whole. This controversy caused a general moratorium on germline human gene edit-
ing and sparked ethical debate on gene editing in such a heritable way (62). 

Firstly, from a purely medical point of view, the risk/benefit ratio for germline editing is 
hard to establish. This was deemed to be unfavorable for Dr. Jiankui’s target of choice. The 
gene encoding CCR5 was knocked out in these babies, which is involved in the cellular 
targeting of common strains of the human immunodeficiency virus (HIV). Many critics, 
including myself, argue that this is an irrelevant target as research on treating HIV has 
led to the development of antiviral drugs targeting most pathways in its viral propagation 
(63). Furthermore CCR5 is involved in some beneficial processes as well, such as interac-
tion with chemokines involved in inflammation (64). The perceived benefit is therefore 
low. The risks of germline gene editing are in contrast a great unknown. CRISPR-Cas9 is 
now known to give off-target gene editing, which are hard predict or to fully screen in 
the whole genome. With such a high risk and mediocre benefit, it is clear that germline 
genome editing was in this case unjustified. Thankfully, it seems that the edited children 
are well and are currently healthy toddlers, but they will be subject to a life of study which 
they did not consent to. A third child was born out of these experiments, whom is also 
doing well. An excellent article which follows the fate of the babies summarizes these 
concerns and the reality of their lives (65).

Since Dr. Jiankui’s experiments, genome editors have become more specific at perform-
ing the wanted mutation and the methods for measuring off-targets have become more 
sensitive and precise as discussed before. In a hypothetical case where the edit would be 
perfect without any safety concerns, for an unmet medical need, would germline gene 
editing become acceptable or even a moral obligation? The issue is that the concerns 
with such methodology go beyond technical and scientific argumentation, and become 
more ethical and philosophical concerns. My personal perspective is that germline gene 
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editing is not to be performed as of yet based on ethical concerns surrounding consent 
to therapy. The child born out of gene edited germline cells, or their offspring, cannot 
consent to such purposeful modification. This is however also an interesting contradiction 
in itself, because the choice to not interfere is a choice as well. The utilitarian approach 
would be to modify the offspring, as it would at least improve the quality of life in the 
aspect of suffering from the disease. The discussion would then be focused on which 
diseases qualify for such a choice, which is dangerous territory that touches on discussing 
what is actually a disease and what is a part of who we are. This paradox is something I, as 
a scientist with limited philosophical and ethical background, cannot answer. I therefore 
agree with the leading experts: caution is advised and a broad panel of viewpoints needs 
to be assessed to consider this option (62).  

Conclusions
The work done in this thesis frames CRISPR-induced HDR as a mechanism which is not 
suitable for clinical translation by itself due to the on-target mutations caused by the NHEJ 
pathway as shown in Chapter 4. We have unraveled methods to improve this outcome by 
first identifying the problems with the use of CRISPR-Cas9 gene editing in Chapter 2 and 
implementing a robust method to study gene editing in Chapter 3. We then made strides 
to improve gene editing and to integrate these into a coherent therapy in Chapters 4, 5, 
6 and 7. Especially the use of novel pathway inhibitors and Cas9-drug conjugates were 
successful in our studied model systems and as such interesting to study in the context of 
a future coherent therapeutic strategy. 

Clinical translation of CRISPR-Cas9 is progressing slowly and lagging behind tool develop-
ment, but a real impact has been made on the lives of patients. Current trends in tool 
development are on the broader applicability of CRISPR-Cas9 and specific tools suited for 
specific problems, which moves towards a personalized approach. The findings presented 
in this thesis contribute to the field by revealing complex cellular mechanisms and protein 
engineering methods previously not applied to CRISPR-Cas9. When these developments 
in the field pay off, a great unmet medical need will be addressed and the quality of life of 
patients suffering from heritable disease will improve drastically. 
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EEN VEELZIJDIGE BENADERING OM CRISPR-CAS9 
GEÏNDUCEERDE DNA SCHADE REPARATIE TE DUWEN 
RICHTING GESTUURDE GENETISCHE CORRECTIE

Inleiding
DNA is het erfelijke materiaal dat door ouders wordt doorgegeven aan hun kinderen, 
waarin de instructies voor het bouwen van eiwitten: bouwstenen van het leven. In het 
geval van een aangeboren ziekte is er sprake van een fout in dit DNA waardoor een bou-
wsteen verkeerd wordt aangemaakt. Een voorbeeld hiervan is hemofilie, zoals in oude 
Europese koningshuizen werd doorgegeven. Als deze fout op DNA niveau hersteld zou 
kunnen worden, zou een patiënt genezen kunnen worden van deze aangeboren ziekte. 
Hoewel de code van het DNA al is ontrafelt waren er tot voor kort niet veel manieren om 
direct het DNA aan te passen. Dit veranderde na een aantal ontwikkelingen, waaronder 
CRISPR-Cas9. 

CRISPR-Cas9 is de benaming voor het gebruik van een enzym, Cas9, dat in staat is om 
het DNA te knippen op een specifieke plek. Dit is te programmeren door een klein stukje 
genetisch materiaal, (“guide RNA”) dat het enzym op de juiste plek zit. Deze gerichte knip 
in het DNA kan door het lichaam gerepareerd worden op een paar manieren. De geknipte 
uiteindes kunnen aan elkaar geplakt worden. Dit proces zorgt ervoor dat het DNA weer 
geknipt kan worden, waardoor er uiteindelijk schade kan optreden in de vorm van kleine 
inserties en deleties. Deze zorgen ervoor dat het leesvenster van het DNA verschuift, wat 
gebruikt kan worden om een gen uit te schakelen voor ziektes waarin deze overactief is. 
Een andere uitkomst is dat het DNA eerst deels afgebroken wordt en gerepareerd wordt 
aan de hand van een tweede DNA stukje dat dient als voorbeeld. De toepassing is bijvoor-
beeld dat aangeboren DNA fouten gecorrigeerd kunnen worden naar een vorm die niet 
ziekmakend is. Het voorbeeld-DNA kunnen we meegeven met het Cas9 eiwit om sturing 
te geven aan het proces.

Er zijn een aantal problemen om op te lossen voordat deze genetische correctie voldo-
ende veilig behaald kan worden voor grootschalige toepassing. Op het DNA niveau is het 
mechanisme dat schade kan berokkenen, zoals boven beschreven, waarschijnlijker om op 
te treden. De cel gebruikt dat mechanisme namelijk gemakkelijker. Het tweede probleem 
is om al deze medicatie op de juiste plek te krijgen: het DNA is goed beschermd van dit 
soort moleculen, en deze moeten op de juiste manier verpakt worden om hun doelwit te 
bereiken. Dit proefschrift had tot doel om eerst genetische modificatie met CRISPR-Cas9 
te behalen, en daarna om het proces te sturen. Dit probleem is veelzijdig aangepakt door 
het Cas9 enzym aan te passen, chemische stofjes toe te voegen en de natuurlijke cyclus 
van de celdeling te gebruiken.
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Overzicht van dit proefschrift
In Hoofdstuk 2 worden de problemen beschreven die het CRISPR-Cas9 veld had in 2019. 
Er wordt een overzicht gegeven van de verschillende manieren om CRISPR-Cas9 op de 
juiste plek in de cel te krijgen, zowel in een laboratoriumsetting als in levende wezens. 
Cas9-geinduceerde DNA schade buiten zijn doelwit (zogenaamde “off-target” modifica-
ties) en methodes om ze op te sporen worden ook beschreven. Ten slotte kaarten we 
aan wat de risico’s zijn met het immuunsysteem, dat het Cas9 eiwit kan opruimen. We 
beschrijven wat in onze optiek de richting van het onderzoeksveld is: gebruik van het 
enzym zelf (in tegenstelling tot coderend mRNA of DNA) om de blootstelling van het DNA 
aan deze moleculaire schaar te verkorten en mogelijke immunologische complicaties te 
voorkomen.

Hoofdstuk 3 beschrijft het model dat wij hebben gebruikt om onze metingen in te ver-
richten in dit proefschrift. Naar aanleiding van een kort communicatie paper van Glaser 
en collega’s in 2016 hebben wij een model opgezet waarin beide genetische modificatie 
uitkomsten (uitschakeling en gerichte correctie) gemeten kunnen worden. We geven een 
stap-voor-stap protocol om dit model vanaf de start op te zetten, en om deze toe te pas-
sen voor het bestuderen van CRISPR-Cas9 geïnduceerde DNA reparatie. 

In Hoofdstuk 4 gebruiken we het model uit Hoofdstuk 3 om nanodeeltjes te ontwerpen 
voor CRISPR-Cas9 gemedieerde genetische modificatie. We demonstreren dat het eiwit 
zelf stabiel genoeg is om te gebruiken, en dat we in staat zijn alle componenten te verpak-
ken: het eiwit zelf, het guide RNA en het voorbeeld-DNA om de reparatie te sturen. We 
demonstreren dat dit niet makkelijk is, en dat zelfs de keuze van buffer voor het stellen van 
de zuurtegraad invloed heeft op de uiteindelijke effectiviteit van de formulering. We laten 
ook zien dat de formuleringen niet sterk worden bedekt door elementen uit ons bloed, 
wat aangeeft dat ze stabiel zullen zijn in het lichaam. Ten slotte bereiken we een hoge 
mate van genetische modificatie (bijna 100%) bij lage concentraties van onze formulering 
en zijn we in staat om nanodeeltjes te maken voor zowel het kapotmaken van een gen als 
het specifiek repareren van een gen. Echter, zelfs in deze optimale omstandigheden voor 
reparatie is de uitkomst die wij willen zien maar ¼ van het geheel, en gaat driekwart van 
de cellen door het verkeerde mechanisme heen. Dit ratio kan en moet beter voordat deze 
methodiek toegepast kan worden voor klinische doeleinden.

In Hoofdstuk 5 beschouwen we de invloed van de natuurlijke celcyclus op de uitkomst 
van DNA reparatie. Cellen brengen van nature het homologe reparatie mechanisme tot 
expressie vlak voordat zij delen, wanneer het DNA verdubbeld is. Om gebruik te maken 
van deze timing hebben wij deze hypothese bevestigd met nocodazol, een celdelingsrem-
mer die de cellen vastzet vlak voor deling. In deze toestand zal het DNA verdubbeld zijn, 
waardoor er van nature een voorbeeld is voor reparatie en dat reparatiemechanisme 
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aanstaat. Nocodazol remming zorgde voor een 2-5 keer verhoogde specificiteit voor 
genetische correctie. Dit stofje is echter bekend giftig, dus werd een methode bedacht om 
dit natuurlijke verschil te benutten. Hiertoe is een paradigma in het CRISPR-Cas9 veld aan 
de kaak gesteld. Het is standaard om een celkern transportsignaal (NLS) aan het Cas9 eiwit 
vast te maken zodat het eiwit ten alle tijden de celkern in kan. Deze celkern beschermt het 
genoom normaliter, en wordt alleen afgebroken tijdens de celdeling. De hypothese was 
dat als dit NLS niet wordt gebruikt het Cas9 alleen bij zijn DNA doel kan komen wanneer 
de kern verstoord is. Dit bleek averechts te werken. We hebben met microscopie over 
tijd bepaald hoeveel Cas9 er bij het genomische DNA ligt en hoeveel in het cytoplasma, 
maar de invloed van de NLS op deze verdeling is op dit punt nog onduidelijk en heeft 
vervolgonderzoek nodig. 

In Hoofdstuk 6 pogen wij om de mechanismes rond gen reparatie te sturen met bestaande 
medicatie. Wij merkten op dat enkele medicijnen tegen kanker op mechanismes aangri-
jpen die mogelijk het lot van CRISPR-Cas9 geïnduceerde DNA reparatie bepalen. Hiertoe 
hebben wij 45 stofjes geselecteerd die invloed hebben op de celdeling, DNA reparatie, 
de epi genetische beschikbaarheid van genen en stofjes met een complexer mechanisme 
dat niet makkelijk in een enkele categorie valt. Wij hebben deze getest op toxiciteit op 
de cellen, en doseringen onder de toxische grens gebruikt om de invloed op reparatie 
na CRISPR-Cas9 te bepalen. 9 stofjes leken een relevant effect te hebben, waarvan 3 na 
validatie experimenten een robuust effect lieten zien. Twee waren reeds beschreven in de 
literatuur (rucaparib en belinostat), echter was een nieuwe stof, alisertib, in staat om de 
DNA reparatie hard te sturen naar specifieke gen correctie. Wij hebben verder gevalideerd 
hoe sterk dit effect is, en in enkele omstandigheden werd specifieke genetische correctie 
het hoofdmechanisme in de cel. Dit stofje was echter wel giftig op de lange termijn, en 
een toepassing die haalbaar is in vivo blijft nog uit. De mechanismes die dit effect drijven 
moeten verder worden uitgezocht om te bepalen in hoeverre deze bevinding toepasbaar 
is.

In Hoofdstuk 7 redeneerden wij de andere kant op, en poogden wij het Cas9 eiwit te modi-
ficeren om mogelijke synergistische medicatie aan vast te maken opdat het op dezelfde 
plek in het lichaam terechtkomt. Hiervoor hebben wij Cas9 op het oppervlakte gemodi-
ficeerd om het onnatuurlijke aminozuur azido-fenylalanine te bevatten. Deze kan gebruikt 
worden voor de klassieke “klik” chemische reactie met alkyn-bevattende moleculen. Wij 
hebben de aanwezigheid van de azide aangetoond op genetisch niveau (STOP-codon op 
de juiste plek), met een fluorescente alkyne-bevattende kleurstof en met massaspectrom-
etrie. De azide zit op de verwachte plek op het eiwit. Verder hebben wij klein interferentie 
RNA (siRNA) aan Cas9 bevestigd zodanig dat deze weer vrijkomt in de cel en mogelijk 
een synergistisch effect kan bewerkstelligen. In modellen voor Cas9 en siRNA activiteit 
hebben wij aangetoond dat beide componenten van het conjugaat actief zijn voor hun 
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beoogde doel. Dit platform kan gebruikt worden voor meerdere Cas9-medicijn conjugaten 
en daardoor voor meerdere toepassingen een nieuw stuk gereedschap zijn.

Ten slotte vat ik in Hoofdstuk 8 het werk van dit proefschrift samen en reflecteer ik op de 
bevindingen in licht van het snel bewegende gentherapie onderzoeksveld. Onze bevindin-
gen schetsen hoe moeilijk toepasbaar CRISPR-Cas9 is voor het genezen van genetische 
aandoeningen, hoewel deze op een aantal aspecten gunstiger is dan moderne methodes 
zoals Prime Editing. Daarnaast zijn andere CRISPR-Cas9 toepassingen al goedgekeurd voor 
therapie, maar blijft genetische correctie door CRISPR-Cas9 achter op de klinische ontwik-
keling. Ik reflecteer op de toekomst van CRISPR-Cas9 in het licht van nieuwe gereedschap-
pen, en kort op de ethische aspecten van het toepassen van genetische modificatie in zijn 
algemeenheid.
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