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Scope 

From the moment of conception, every human being is in the process of developing cancer. Whether 

or not one will ultimately be diagnosed with this disease is simply a matter of whether something else 

kills you first.  

Cancer is not one disease. Rather, the radical growth of malignant cells represents one of two 

phenotypical extremes of cells that escape homeostasis, the other being senescence. There are 

astronomically many potential combinations of genetic, epigenetic and environmental influences that 

can push cells into malignancy. Therefore, not only is every type of cancer different, but every instance 

of cancer is its own unique disease. The standardized treatments given to patients with similar types 

of malignancy are simplified abstractions, born from our lack of understanding of optimal treatment. 

The development of personalized cancer treatment options is one of the defining goals of modern 

medicine. Fundamental research plays an important role in progressing toward this goal, since without 

a true understanding of cancer biology we cannot hope to develop truly personalized treatment 

protocols.  

This thesis showcases a number of technological advances aimed at investigating fundamental 

cancer biology using patient derived organoids as a model system. Patient derived organoid culture 

protocols allow in vitro culture of three-dimensional (3D) wild-type and malignant tissue structures. By 

allowing differentiated outgrowth in 3D space, organoid culture protocols more accurately recapitulate 

tissue composition, density and cell division dynamics of human tumors in vivo. When combined with 

fluorescent live cell imaging, patient derived tumor organoids provide spectacular tools to support 

fundamental cancer research. 

In chapter 1, we perform an extensive literature study on mammalian genome editing via homology 

directed repair. We summarize the literature and our personal experiences into a series of guidelines 

aimed at supporting researchers who want to create their own genetically modified cell lines or 

organoids.  

In chapter 2, we apply our guidelines to show that florescent knock-in reporters in human organoids 

can be generated efficiently and without double-strand DNA cleavage. This allows the generation of 

genetically modified organoids free of potentially confounding off-target mutations. In addition, 

successfully edited organoids can be pooled to preserve the preexisting genetic diversity of patient 

derived tumor organoid lines. To expedite the cloning of targeting vectors for fluorescent gene tagging, 

we generated a series of targeting vector backbones that allow one-step targeting vector assembly. 

These targeting vector backbones carrying state of the art fluorescent proteins are available from 

Addgene. 

Chapter 3 showcases the development of 3D Live-Seq, a protocol that combines imaging of tumor 

organoid outgrowth and single-cell sequencing of each imaged cell to reconstruct evolving tumor 

karyotypes across consecutive cell generations. We apply 3D Live-Seq to investigate two of the most 

fundamental aspects of cancer biology: 1) how much genetic diversity is generated by tumors prior to 
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selection, and 2) the mechanisms by which this genetic diversity is generated. We show that advanced 

colorectal cancers continuously generate both gradual and punctuated karyotype diversity. By using 

high spatiotemporal imaging protocols, we demonstrate the mechanisms by which karyotype diversity 

is generated and provide some insight into the selection pressures that act on novel karyotypes to 

ultimately shape karyotype evolution in mature tumors.  

Scaling the number of cell generations captured by 3D Live-Seq is crucial to allow a quantification of 

subtle selection pressures that act on novel karyotypes and to get a better sense of karyotype 

diversification mechanisms over the longer term. However, accurate reconstructions of karyotype 

evolution across cell generations requires sequencing data of nearly all the cells of a clonal cell 

population. This represents a major bottleneck for scaling, since many automated single cell isolation 

platforms sacrifice the total fraction of cells captured for an increase in throughput (e.g., FACS). In 

chapter 4, we evaluate the VyCAP microsieve as a tool to scale whole-population single-cell 

sequencing up to a few thousand cells. The protocol has potential, but requires further optimization to 

be sufficiently effective. 

Finally, in chapter 5, we summarize our thoughts on karyotype evolution during carcinogenesis and 

progressive disease. We discuss karyotype fitness landscapes and how both gradual and punctuated 

karyotype diversification mechanisms may play a role in shaping tumor karyotypes over time. In 

addition, we suggest research avenues to further expand our knowledge of karyotype evolution during 

carcinogenesis and disease progression.  
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Chapter 1 

 

How to create state-of-the-art genetic model systems: strategies 

for optimal CRISPR mediated genome editing 

 

Yannik Bollen, Jasmin B. Post, Bon-Kyoung Koo and Hugo J.G. Snippert 

 

Nucleic Acids Res. 2018. 46(13):6435-6454 
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Abstract 

Model systems with defined genetic modifications are powerful tools for basic research and 

translational disease modelling. Fortunately, generating state-of-the-art genetic model systems is 

becoming more accessible to non-geneticists due to advances in genome editing technologies. As a 

consequence, solely relying on (transient) overexpression of (mutant) effector proteins is no longer 

recommended since scientific standards increasingly demand genetic modification of endogenous 

loci. In this review, we provide up-to-date guidelines with respect to homology-directed repair (HDR)-

mediated editing of mammalian model systems, aimed at assisting researchers in designing an 

efficient genome editing strategy. 
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Introduction 
 

Mammalian model systems with defined genetic modifications are powerful tools for basic research 

and disease modelling. Unfortunately, precise manipulation of the mammalian genome has remained 

resource extensive and laborious for years, forcing many researchers to prioritize user-friendly 

techniques such as transgenic overexpression. The recent development of a novel generation of 

designer nucleases, e.g., Cas9, in combination with a better understanding of DNA repair 

mechanisms, is greatly improving the generation of new model systems with defined genetic 

modifications. Indeed, these accurate model systems will increasingly represent a new standard that 

researchers have to incorporate into their studies. 

Optimal design of precise genome editing strategies is subject to many considerations that depend to 

a large extent on the nature of the desired modification and the cellular context in which it is pursued. 

While double-strand breaks (DSBs) generated by designer nucleases are sufficient to introduce 

deletions and rearrangements at defined genomic loci (1-3), accurate replacement or insertion of 

genetic material generally requires the co-introduction of a donor template that carries the 

modification. Moreover, the composition of the donor template can be altered to favour a particular 

DSB repair pathway by which the modification will be introduced into the host genome. 

DSBs naturally occur during DNA replication or as a consequence of environmental factors. 

Fortunately, homology directed repair (HDR) pathways, e.g., homologous recombination, accurately 

repair DSBs by using homologous DNA as a template (4,5). Indeed, the requirement for a homologous 

template during HDR can be exploited to facilitate the replacement or insertion of genetic material. 

This mode of genome editing can be stimulated by a designer nuclease generated DSB at the 

genomic locus of interest and the on-site presence of an artificial DNA template that contains 1) the 

new or modified genetic code and 2) flanking regions that contain sufficient homology to the cleaved 

genomic strands (Figure 1). In a natural setting however, a homologous sister chromatid is only readily 

available to serve as a template during and shortly after DNA replication. Outside the late-S, G2 and 

M-phase of the cell cycle, most cells actively suppress HDR to favour non-homologous end joining 

(NHEJ)-mediated DSB repair (6-8). As a result, classical HDR-mediated genome editing is largely 

restricted to proliferative cells (9). In contrast to HDR, NHEJ directly ligates break ends without the 

need of homology and is active in both proliferating and post-mitotic cells (10). NHEJ-mediated DSB 

repair has recently been exploited to introduce exogenous DNA into genomes of post-mitotic cells 

such as mature neurons and cardiac muscle cells (11,12). Along similar lines, the microhomology-

mediated end joining (MMEJ) pathway can also be stimulated to facilitate precise genome editing in 

both proliferative and post-mitotic cells (13-15). 

Although NHEJ- and MMEJ-based genome editing protocols are important innovations that enable 

editing in post-mitotic cells, both strategies are subject to their own set of limitations. NHEJ in particular 

has a tendency to generate errors during DSB repair, which may lead to inaccurate junctions during 

integration of the donor template (12,15). More importantly, since NHEJ ligates the cleaved genomic 

strands, introducing exogenous DNA (e.g. cDNA encoding fluorescent proteins) is only possible at  
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Figure 1. Exploiting HDR for insertion or replacement of DNA 
Left panel: DNA Insertion strategy. A nuclease induced DSB near the stop codon triggers HDR mediated insertion 
of sequence in-between the homology regions of the donor template. Right panel: DNA replacement strategy. In this 
example, replacing an exon for a mutant variant will be accommodated via its excision by dual targeting of the 
nuclease to both ends of the exon (using two gRNA), followed by HDR between the DNA break extremities and the 
homology regions of the donor template. HDR via the 5’ and 3’ homology regions is indicated in blue and red 
respectively. 
 

 

the exact genomic location where the DSB was generated. Furthermore, replacing a genomic 

sequence, e.g. one exon for another, or introducing predetermined point mutations, requires excision 

of the genomic region by generating two DSBs that flank the region to be replaced. In similar fashion, 

the microhomology required for MMEJ-mediated donor integration does not tolerate significant 

positional divergence between the nuclease cleavage site and the desired integration site.  

While mammalian genome editing via HDR remains the least error prone and most flexible strategy, 

traditional protocols often suffer from low editing efficiency. Fortunately, novel generations of designer 

nucleases and new insights into the molecular mechanisms of HDR have led to the development of 

more efficient HDR-mediated genome editing protocols. In this review we discuss the latest research 

and condense it into ‘best practise guidelines’ for researchers who would like to generate mammalian 

model systems with precisely defined genetic modifications. 

 

Designer nucleases 

 
Mouse genomes can be edited with bp-resolution using HR-mediated repair of naturally occurring 

DSBs in cultured ES cells (16). For decades, this procedure has been successfully used to generate 

new mouse models with specific integrations of exogenous DNA, so-called knock-in mouse models. 

Since the timing and location of DSBs could not be controlled, efficiency of HR-mediated knock-ins 

varied significantly between different integration-sites, e.g., genes of interest. In addition to the desired 

genomic modification, the donor template often included a positive selection cassette to allow 

selection for donor integration. Furthermore, the homology arms were extended up to 5 kb in length 

to increase the likelihood that the DNA template would span a naturally occurring DSB (17).  
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The development of designer nucleases that can target virtually all DNA loci of interest significantly 

enhanced the efficiency of precise genome editing, since integration of the donor template is no longer 

dependent on the spontaneous occurrence of a DSB near the site of interest (18). The first use-cases 

of designer nucleases for precise genome editing in mammalian cells involve Zinc-finger nucleases 

(ZFN), which were succeeded by transcription-activator like effector nucleases (TALENs) (19,20). 

Specificity of both ZFN and TALENs depends on a sequence-specific DNA binding domain to guide 

a non-specific DNA cleavage module, frequently the FokI nuclease domain. Generation of a DSB 

requires dual targeting in a specific spatial bi-orientation since FokI requires dimerization for nuclease 

activity. While ZFN and TALENs have been proven effective, their usability has been limited by the 

requirement to pre-engineer sequence-specific DNA binding domains for each genomic target site, 

followed by experimental testing of nuclease activity for each ZFN or TALEN pair.  

More recently, class II nucleases of the bacterial clustered regularly inter-spaced short palindromic 

repeats (CRISPR) adaptive immune system have been engineered to facilitate mammalian genome 

editing (21,22). Class II CRISPR nucleases consist of a single large monomeric nuclease with DNA 

target-site specificity mediated by an RNA molecule (guide RNA). Double-strand DNA cleavage 

occurs after sequence alignment (heteroduplex formation) between the variable region within the RNA 

(guide sequence) and the genomic target site. In contrast to engineering new proteins (e.g., ZFN and 

TALENs), these nucleases only require modification of the guide sequence to direct nuclease activity 

toward a specific genomic locus. In addition, the monomeric nature of class II CRISPR nucleases 

does not impose any orientational restraints on target sites. Potential target sites of class II CRISPR 

nucleases are only limited by the requirement of a protospacer adjacent motif (PAM), located either 

up- or downstream of the genomic target site on the strand that is not engaged in heteroduplex 

formation with the guide sequence (protospacer). However, most class II CRISPR nucleases have 

relatively permissive PAM requirements and many variants with alternate PAMs have since been 

validated in mammalian systems. Due to their superior properties, we will focus our discussion on two 

distinct types of class II CRISPR nucleases that have been adapted for mammalian genome editing 

to date. 

CRISPR associated nuclease 9 (Cas9) is a monomeric nuclease first derived from Streptococcus 

pyogenes (SpCas9) and human codon optimized (23). Cas9 is guided by a synthetic single-guide 

RNA (sgRNA) of approximately 100-nucleotides (nt) in length (24), containing a 17-20 nt guide 

sequence that recognizes the target locus. The RuvC-like and HNH nuclease domains independently 

initiate cleavage on both strands 3 base-pairs (bp) upstream of the PAM to generate a blunt-ended 

DSB (Figure 2A). SpCas9, the most widely used class II CRISPR nuclease, primarily recognizes the 

relatively permissive NGG PAM with limited activity toward NAG PAMs. Orthologs and variants of 

SpCas9 with alternative PAM specificities have since been published and provide an opportunity to 

bypass restrictions imposed by the PAM preference of conventional SpCas9 (25-34). 
An interesting alternative to Cas9 is the more recently described CRISPR from Prevotella and 

Francisella 1 (Cpf1) (35). In addition to Cpf1 from F. Novicida (FnCpf1) (35,36), orthologs have been 

adapted from Acidaminococcus sp. (AsCpf1) and Lachnospiraceae bacterium (LbCpf1) (37-39). 

There are major differences between Cas9 and Cpf1 at the molecular level (Figure 2). Cpf1 is guided 
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by a shorter CRISPR RNA (~40 nt) and contains a guide sequence of up to 24 nt of which the 18 nt 

proximal to the PAM contribute most to binding and cleavage activity (40). In addition, the Cpf1 PAM 

is located immediately upstream of the protospacer and is T-rich. Although the exact nick positions 

have not been defined for all Cpf1 orthologues, DNA cleavage by Cpf1 results in a 5’ staggered cut 

that is located away from the PAM (Figure 2B). As a consequence, small insertions or deletions 

(indels) generated by NHEJ-mediated repair are more likely to maintain critical target site residues, in 

contrast to Cas9 where indels frequently prevent re-cleavage. The additional cleavage cycles of Cpf1 

were speculated to increase the probability for HDR (35). However, a direct experimental comparison 

between LbCpf1 and SpCas9 in mice did not reveal a significant increase in HDR mediated donor 

integration when initiated by LbCpf1 (41). Whereas a more recent study in zebrafish attributed 

enhanced HDR by LbCpf1, among other things to its PAM distal cleavage (42). 

 

Specificity and cleavage efficiency of CRISPR derived nuclease 

variants 

 
The specificity of designer nuclease-mediated cleavage is an important consideration since off-target 

cleavage can result in unintended disruption of genomic elements. Genomic cleavage by ZFN or 

TALEN pairs is inherently specific since it is exceedingly unlikely that two off-target sites are in the 

required proximity and orientation to support FokI dimerization. By contrast, the monomeric nature of 

type II CRISPR nucleases has raised concerns regarding off-target cleavage activity. Indeed, initial 

reports demonstrated substantial off-target indel generation by wild-type SpCas9 (43-46). Algorithms 

have since been developed that predict cleavage activity at off-target sites for type II CRISPR 

nucleases (43), which allows the researcher to select highly specific target sites. For sensitive 

applications an in vitro analysis of off-target cleavage can be obtained via GUIDE-Seq (47). 

In addition, there have been efforts to improve the intrinsic specificity of wild-type Cas9 by directed 

engineering of SpCas9 (26,27,48). These engineered variants display single base sensitivity at many 

target sites, but often sacrifice on-target cleavage efficiency when compared to wild-type SpCas9 

using standard expression protocols (49). The most recent engineered SpCas9 variant, xCas9, has 

the most permissive PAM to date and is reported to be superior to SpCas9 in terms of specificity and 

on-target cleavage activity (32). However, before this variant is set to replace conventional SpCas9 it 

needs broader characterization.  

Alternatively, the inherent specificity of FokI-based nucleases has been emulated by mutagenic 

inactivation of the RuvC like nuclease domain of SpCas9, thereby creating a nicking variant (25). 

While generating DNA nicks in close proximity on opposite genomic strands can initiate DSB repair 

machinery, the efficiency is generally lower compared to a DSB generated by a monomeric nuclease 

(21,25). Instead, Cas9 nickase variants are now increasingly used to stimulate donor integration using 

a single genomic DNA nick (50-53), which significantly reduces off and on-target indel generation 

since single DNA nicks are far less mutagenic compared to DSBs (50-52). In addition to engineering  
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Figure 2. Key features of SpCas9 and LbCpf1 
Schematic representation of SpCas9 (A) and LbCpf1 (B). Ribonucleoprotein heteroduplexed with target DNA. DNA 
is indicated with grey lines, unless specified otherwise (PAM and protospacer). Red lines are RNAs. Light grey 
shape at the back represents protein structure. DNA strand cleavage is indicated using red arrow heads. 
 
 

of class II CRISPR nucleases, significant improvements in both specificity and on-target cleavage 

activity can be achieved by modification of the guide RNA. A truncated sgRNA of 17nt significantly 

enhances cleavage specificity of Cas9 (43,46,54), often without reducing on-target activity (54,55). 

Chemical modifications or even DNA substitutions of select sgRNA residues enhances specificity (56-

59), while terminal modifications that prevent RNA degradation lead to enhanced cleavage activity 

(60). A combination of extensive chemical modifications throughout the sgRNA sequence further 

enhances Cas9 cleavage dynamics (61). Similar modifications of the Cpf1 guide RNA have also been 

shown to be effective (62,63). Chemically modified guide RNAs are widely available from commercial 

suppliers and are especially effective in combination with mRNA or ribonucleoprotein delivery of Cas9 

or Cpf1, which we will discuss in a later section. 

In general, most nuclease targeting approaches deal with a trade-off between on-target editing 

efficiency versus on-target specificity. In the interest of maximizing the efficiency of generating a new 

model system, we recommend a preference for established monomeric type II CRISPR nucleases 
(Table), which display the highest on-target cleavage activity. The increased off-target proclivity of 

monomeric nucleases is mainly a concern in the context of therapeutic in vivo gene correction. For 

research applications, careful selection of target sites will often provide sufficient specificity.  

 

Selecting a genomic target site 

 
While HDR mediated donor integration is maximally stimulated by a DSB at the intended integration 

site, additional considerations should be taken into account when selecting a genomic target site. As 

for target site specificity, algorithms have been developed that predict site specific cleavage activity 

of SpCas9 based on the nucleotide composition of the protospacer and PAM (40,64,65). Many tools  
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are now available that implement these algorithms to score potential nuclease target sites in a 

selected stretch of DNA. For conventional monomeric cleavage we recommend the free CRISPR 

design tool offered by the Benching platform. Among others, it predicts site specific activity of SpCas9 

based on algorithms by Doench et al. (2016); allows selection of various genomes to predict specificity 

scores; supports a variety of PAMs including Cpf1, and allows the export of DNA oligo’s suitable for 

ligation into commonly used expression plasmids. For a more complete overview of CRISPR design 

tools we suggest a review by Cui et al. (66).  

In practice, the researcher will want to use a CRISPR design tool to select a nuclease target site 

based on the following criteria; 1) Cleavage proximity to the intended integration site; 2) predicted on-

target activity; 3) absence of high probability exonic off-targets and; 4) overlap with the intended 

integration site. The latter is preferable since a target site that overlaps with the intended integration 

site will be disrupted during template integration, which prevents re-cleavage without having to 

introduce additional point modifications in the template. In addition, although cleavage near the 

intended integration site is preferable, a distal target with a high on-target score may be preferred 

over a proximal target site with a poor on-target score. Furthermore, while a general off-target score 

is helpful as an overall indicator of target site specificity, predicted off-targets should be examined on 

an individual basis to identify off-targets that are particularly detrimental in the context of the research 

application. These critical sites should be screened in selected clones to confirm the absence of 

indels. In Figure 3 we summarize how the above criteria can be used to interpret the quality of 

nuclease target sites in proximity to the genomic site of integration.  

In general, once CRISPR machinery becomes active within a cell, both alleles will be cleaved. Since 

NHEJ is dominant over HDR this often leads to the generation of indels within alleles that are not 

modified by HDR. Generated DSBs within an exonic region therefore often result in a heterozygous  
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Figure 3. Nuclease target site choice 
Schematic representation of a dsDNA with 5 candidate gRNA (coloured arrows). To ensure optimal HDR of a donor 
template at the hypothetical integration site, the possible gRNA are ranked with respect to their cleavage dynamics 
(on and off-target scores), as well as in relation to their location and orientation towards the intended integration site. 
 

 

null allele in addition to the correctly modified allele. If a heterozygous null allele is detrimental to the 

application of the modified lineage, the modification can be introduced using a DNA nick instead of a 

DSB (50,52), which we will discuss in a later section. Alternatively, a DSB can be induced within the 

nearest intron or 3’ UTR, where indels are less likely to interfere with expression or protein function. 

However, positional divergence between the cleavage site and the intended integration site creates 

an internal region of homology between the genome and donor. This promotes undesired 

recombination outcomes and reduces the effective probability of generating a correctly modified allele 

(Figure 4A) (67). Internal homology also occurs when two modifications are simultaneously introduced 

that have intervening sequences that are unmodified, for instance when generating floxed alleles with 

two LoxP sites. The probability the distally located modification increases with the extent of internal 

homology (68). There are two ways in which internal homology can be prevented from participating 

in HDR. One strategy disrupts internal homology between the donor and genome by recoding in the 

corresponding region of the donor (Figure 4B) (69). Alternatively, the internal homology region can be 

excised from the genome by introducing two DSBs (Figure 4C) (70), which is a proven strategy when 

replacing genomic sequence (71,72). However, this does increase the incidence of heterozygous null 

modifications by promoting excision and inversion alleles (67). In summary, we advocate a preference 

for recoding as a strategy to minimize small regions of internal homology, whereas excision might be 

best when dealing with extensive internal homology during replacement of genomic sequence. 

The positional divergence between the genomic integration site and the nuclease target site has to 

be compatible with the type of donor template that is used, since the donor needs to be capable of 

bridging the gap between those sites. In addition, short homology arms demand cleavage in close 
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proximity to the intended integration site (53,73), while larger homology arms are more tolerant to 

distal cleavage (67). As a rule of thumb, we suggest to limit nuclease positional divergence to less 

than 10% of homology arm length before taking steps to counteract internal homology.  

 
 
At a glance 

• Monomeric type II CRISPR nucleases display the highest on-target activity and provide sufficient 

specificity for research applications. 

• Exploring target sites for multiple monomeric Cas9 as well as Cpf1 variants increases the 

probability of identifying a high-quality target site.  

• Cleavage proximity to the integration site and predicted on-target activity are the main 

parameters that researchers should use when selecting a nuclease target site to initiate HDR. 

• We recommend DNA cleavage to be initiated within a distance corresponding to 10% of 

homology arm length with respect to the integration site. 

• Internal homology between the genome and donor should be minimized, and if extensive, 

excised from the genome. 

 

Selection strategies 

 
Due to the relatively low success rate of accurate HDR-mediated donor integration, the end result is 

often a mono-allelic modification, particularly when the locus is inactive and at closed chromatin 

conformation (74,75). Therefore, it is important to decide in advance whether a homozygous 

modification is necessary. Furthermore, if a heterozygous modification is sufficient, the researcher 

has to consider whether perturbation of the ‘secondary’ non-recombined allele is detrimental and thus 

if ‘functional loss-of-heterozygosity’ needs to be prevented at all costs. Ultimately, the selection 

method used to identify desired clones will largely dictate the genome editing strategy as a whole. In 

the following paragraphs we will discuss a variety of selection approaches and the context in which 

they are useful. 

 

Direct selection for precise genetic modifications 
In some cases, the desired modification conveys a phenotype that can be directly selected for. A clear 

example is the genomic integration of a fluorescent protein sequence that allows enrichment of 

correctly targeted cells via fluorescence activated cell sorting (FACS) (76). Providing that the 

fluorescent protein, e.g., fused to a protein of interest, will be expressed at detectable levels in the cell 

type of choice and that these cells are compatible with FACS. Alternatively, modifications that allow 

immunogenic detection, such as small epitope tags, could offer similar opportunities for FACS-based 

enrichment. Another class of modifications that allow direct selection are those that convey a selective 

advantage over the parental lineage by means of modifying culture conditions. This strategy is  
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Figure 4. Internal homology increases the risk of undesired recombination events 
(A) Positional divergence between DNA cleavage (DSB, indicated with red arrow heads) and the intended integration 
site (green arrow heads) creates the possibility for an alternative mode of recombination wherein an internal 
homology region participates. In the green panel, the internal homology region is indicated (dashed grey lines), but 
HDR is mediated via the intended homology arms at the extremities of the donor template (indicated in blue and 
red). Alternatively, the internal homology region (red) participates with the upstream homology arm (blue) in HDR, 
thereby failing to integrate the insert from the donor template (red panel). Since the size of internal homology is 
proportional to the probability of undesired recombination events, there are two widely used preventive strategies 
that minimize the extent of internal homology. (B) Internal recombination can be prevented by introducing (silent) 
mutations (red stars) in the internal homology region of the donor template (recoding). (C) Alternatively, in case of 
extensive internal homology, the region can be excised from the genome using dual targeting of the nuclease to 
introduce two DSBs that flank the internal homology sequence. 
 

 

frequently used in the generation of oncogenic model systems since many oncogenic driver mutations 

activate signalling pathways that promote growth factor independency. As a result, omitting growth 

factors from the culture conditions enables enrichment of correctly modified cells (22,77). However, 

this mode of phenotypic selection risks co-selection for orthogonal oncogenic mutations that arise 

instead or in addition to the desired modification. Although direct selection for the desired modification 

allows donor integration without additional modification of the genome, experimental settings are not 

always compatible with this mode of selection and may therefore require the co-integration of a 

genetic selection element. 



20 
 

 

Genetic selection elements 
Genetic selection elements commonly drive the expression of a protein that conveys drug resistance 

or allows fluorescent detection to support subsequent enrichment strategies. The protein that is 

expressed by the selection element should be non-invasive and able to provide a selectable 

phenotype in the targeted cells. Expression of the selection element can either be controlled by its 

own independent transcriptional regulatory elements or alternatively by endogenous regulatory 

elements.  

Independent genetic selection elements are under transcriptional control of a dedicated promoter with 

ubiquitous activity so that it is expressed in virtually all cell types. In addition, the cDNA that encodes 

the selection marker is followed by a strong PolyA transcription terminator. As a result, the cassette 

will function as an independent transcriptional entity. In cases where the intended genomic 

modification is located within an exon, the selection cassette is frequently integrated within the nearest 

intron (78). However, in case the last exon is targeted, e.g., to generate C-terminal fusion proteins, 

the element is commonly integrated within the endogenous 3’UTR of the gene of interest (79). The 

independent selection cassette should be integrated in close proximity to the intended genetic 

modification in order to minimize internal homology between the genome and donor. However, caution 

should be taken with respect to disruption or relocation of regulatory elements. An RNA motif 

prediction tool such as RegRNA 2.0 (80) can be used to determine the least invasive integration site. 

In addition, DNA sequences of candidate integration sites can be compared between mammalian 

species in order to avoid conserved regions.  

The integration of an exogenous polyA transcriptional terminator upstream of the last coding exon 

can prematurely terminate transcription of the targeted allele (81). To prevent truncated transcription, 

the independent selection cassette can be integrated in the opposite transcriptional orientation with 

respect to the gene of interest, thereby escaping polyadenylation signal recognition by the polymerase 

that transcribes the targeted allele. However, integration of a strong exogenous promoter in the vicinity 

of endogenous regulatory elements may influence the expression level and pattern of the modified 

allele (16,82,83). In addition, some selection cassettes contain cryptic splice sites which may interfere 

with splicing of the targeted allele. (83,84). In order to minimize potential interference with endogenous 

expression it is good practice to remove the cassette once clones have been selected. Often this is 

achieved by flanking the selection cassette with either LoxP or FRT recombinase sites, allowing 

removal of the intervening sequence upon transient expression of the appropriate recombinase (85). 

This process leaves only a single recombinase site of about 30 bp in length behind, in contrast to the 

average size of selection cassettes of about 2 kb. Unwanted DNA sequences that are practical 

leftovers from the editing procedure are often referred to as a scar sequence. However, although 

minimal in size and widely considered intrinsically inert, the localization of the scar sequence might 

still interfere with expression of the modified allele (86). Scarless removal of a selection cassette can 

be achieved via nuclease mediated excision followed by MMEJ-based repair of appropriately 

designed microhomology (87) or by using the piggyBac transposase (88).  

For genomic modification strategies that include a selection cassette, we recommend insertion of the 

cassette within a non-conserved region in-between the 5’ splice donor site and the downstream 
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branch point (Figure 5). Insertion in-between the branch point and the 3’ splice acceptor site is not 

advisable since it will extend the branch sequence beyond the consensus length. When a selection 

cassette will be included within the endogenous 3’UTR of the locus of interest, a less invasive location 

can usually be found around 50-100nt downstream of the endogenous stop codon. 

As an alternative to independent expression of a selection cassette, a genetic selection element may 

be positioned under the transcriptional control of the endogenous allele of interest. This type of 

selection element does not include a promoter and polyA transcription terminator, and instead 

expression reflects the level and pattern of the gene of interest. The selection element is either co-

integrated with an internal ribosome entry site (IRES) into the endogenous 3’UTR to become 

expressed as a bicistronic message (79,89), or as a C-terminal fusion protein interspaced by a 

ribosome skipping 2A peptide (90). It is important to realize that the stringency for selection depends 

in both scenarios on the activity of the endogenous promoter. Both methodologies have been 

successfully used in multiple studies. However, insertion of an IRES sequence into the endogenous 

3’UTR may influence expression levels (91), presumably by altering mRNA stability, while C-terminal 

2A peptide fusion leaves the endogenous 3’UTR intact. On the other hand, the relative positioning of 

an IRES within the 3’UTR is flexible while C-terminal 2A peptide fusion requires integration 

immediately upstream of the endogenous stop codon. Furthermore, while the translational efficiency 

of an IRES might substantially deviate from the expression levels of the upstream gene, the newest 

generation of 2A fusion peptides generate near equimolar protein ratios. Therefore, 2A peptide 

reporters are more suitable as a readout of expression levels (90). On the other hand, a downside of 

the 2A peptides is the addition of a 19-22 amino acid peptide at the C-terminus of the upstream 

protein, which can potentially interfere with normal protein function.  

 

Sampling-based selection 
Direct selection for correct template integration is convenient via the simultaneous integration of a 

genomic selection element. However, this is not always necessary or even preferable. Foremost, 

using a genomic selection element requires construction of a larger donor even if the desired 

modification is only a single base substitution. Moreover, scarless removal of a selection cassette 

remains laborious to engineer, often requiring negative selection strategies. Sampling-based selection 

is an alternative strategy to identify desired clones. Although broadly applicable, this approach is 

especially helpful when generating delicate disease models that require solitary integration of their 

respective mutation. Sampling-based selection generally involves enrichment for cells that obtained 

transient expression of the designer nuclease. A common strategy relies on FACS-based enrichment 

of transfected cells via co-expression of 2A-GFP (92) or the use of fluorescently labelled tracrRNA 

(93). Alternatively, if the cell line is not compatible with FACS, transient puromycin selection can be 

used instead (94). When integrating epitope tags and other small modifications, the frequency of 

correctly modified clones can be estimated within the bulk population using TIDER, an adaptation of  
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Figure 5. Intronic integration and removal of a selection cassette 
Schematic representation of HDR via a large DNA donor template that includes an autonomous selection cassette 
(in the opposite transcriptional orientation) to provide neomycin resistance. The selection cassette is integrated in 
the intron downstream of the integration site. Ideally the positioning of the cassette is in close proximity to the 
intended modification (mutant exon) to minimize internal homology. However, it is essential that sequences and 
relative locations of important regulatory elements for correct splicing remain intact (such as the 5’ splice donor site 
and the 3’ branch point). After clonal selection, the cassette is ideally removed from the genome in order to exclude 
undesired influence of the selection cassette on the expression levels of the endogenous gene. Multiple strategies 
exist for removal, for instance via Cre/Flp mediated recombination of LoxP or Frt sites that flank the cassette (red 
triangles). The minimal left-over sequence, in this case a single recombination site of ~30nt, is often referred to as 
a scar sequence. Scar-free removal strategies are available (see text). 
 

 

the popular TIDE algorithm which decomposes Sanger sequencing data generated from multiple 

alleles (95,96). This will provide the researcher with an impression of the number of clones that need 

to be screened in order to obtain a number of correctly modified clones. In the next section we will 

discuss the use of TIDER or PCR-based strategies to determine the zygosity state of the modified 

alleles within individual clones. 

We recommend sampling-based selection for modifications that are compatible with ssDNA donor 

design, since these can often be integrated with relatively high efficiency. We advise against sampling-

based selection when; (1 integrating large DNA donor templates that often suffer from low integration 

efficiencies; (2 when working with model systems that are relatively laborious to maintain and scale 

and (3 when the projected editing efficiency is low. 
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Figure 6. PCR-based identification of correctly modified alleles 
PCR-based assays can be employed to expedite screening of clones for correctly modified alleles (A). For insertion 
strategies, zygosity can be determined by discrimination between PCR amplicon sizes spanning the integration site. 
Subsequently, sequence integrity can be confirmed by sequencing of the amplicons. (B) Discrimination based on 
size is not always possible when replacing DNA sequences with modified versions. Sequence specific primers can 
be used to generate amplicons that are specific for WT or modified alleles. 
 

Screening clones using PCR-based strategies. 
Once clones are obtained, they have to be screened to confirm correct editing and determine the 

zygosity of the modified alleles. A straightforward strategy involves the design of primer pairs that are 

able to discriminate between non-integrated (wild-type) and correctly modified alleles. For insertion 

strategies, this requires a PCR that spans the genomic integration site with at least one primer 

annealing to endogenous DNA sequences outside the homology arm regions (Figure 6A). This 

approach prevents false positive amplicons in cases where the donor template randomly integrated 

into the genome. The generated PCR amplicon allows discrimination of wild-type and insertion alleles 

based on product size. If a clone generates amplicons corresponding to both wild-type and insertion 

alleles this indicates heterozygosity, whereas the absence of a wild-type amplicon indicates 

homozygosity. If the integrated sequence is so large that a corresponding amplicon would preclude 

efficient genomic PCR amplification, a secondary primer can be designed which anneals only to the 

integrated DNA sequence. 

If a genomic sequence is to be replaced, a PCR spanning the corresponding region often allows 

discrimination between wild-type and replacement alleles based on product size. In cases where both 

amplicons are of similar size (wild-type and mutant), primer sets should be designed that amplify 

either wild-type or mutant specific amplicons (Figure 6B).  

While a single primer set is often able to identify zygosity, we recommend the design of redundant 

primer sets since genomic PCR’s can be challenging. In addition, PCR amplicons should span the 

entire modified sequence so that the integrity of correctly modified alleles can be confirmed via DNA 

sequencing of the amplicons. The absence of indels within the non-recombined wild-type allele can 

be analysed by decomposing the Sanger sequencing data using TIDE, or alternatively by sub-cloning 
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the amplicon into cloning vectors prior to individual Sanger sequencing of multiple clones representing 

single alleles. 

 
At a glance 

• Genomic modifications that do not allow direct selection may require co-introduction of a genetic 

selection element, expressed either as an independent transcriptional entity or under control of 

an endogenous promoter. 

• Removal of a genetic selection element is crucial to minimize potential artefacts. 

• Sampling-based selection is a broadly applicable alternative to genomic selection cassettes and 

is recommended for modifications that are compatible with ssDNA donor design. 

• A single genomic PCR is often able to discriminate between wild-type and modified alleles based 

on amplicon size.  
 

Donor composition 
 
DNA donor templates can consist of synthesized single-stranded oligodeoxyribonucleotide (ssODN) 

donors, larger ssDNA fragments, plasmid- or viral-based donor vehicles, and PCR amplified double-

stranded (ds)DNA donors. Each donor type offers distinct advantages and has a unique demand for 

the extent and distribution of homology. In general, the donor type that is best suited for the 

introduction of a particular modification depends on the size of the modification, but also on the 

selection strategy that can be used.  

 

ssDNA donors 
Efficient ssDNA donor integration via HDR pathways can be stimulated by a DSB or DNA nick(s) 

(53,71). The compact nature of ssDNA donors results in a relatively high concentration of donor 

molecules within each cell, which is thought to enhance the probability of alignment between the donor 

and target locus (52). Indeed, precise editing efficiency is generally higher when mediated by ssDNA 

donors as compared to plasmid-based donor vectors (21). Moreover, editing efficiency increases 

proportionally with donor concentration (97).  

Commercially synthesized ssODN donors allow efficient integration of modifications up to ~60 nt 

during synthesis-dependent strand annealing (SDSA) mediated repair of Cas9 induced DSBs (53). 

The proposed mechanism of SDSA is relevant for this discussion. It involves; 1) 5’ end resection of 

the cleaved genomic strands and subsequent base pairing with the 3’ arm of the ssODN; 2) extension 

of the genomic sequence using the ssODN as a template, and 3) capture of the opposite genomic 

strand by the newly synthesised homology (69). Many studies have contributed to optimal design 

parameters for ssODN donors in conjunction with blunt-end DNA cleavage, which we summarized in 

Figure 7A. Work by Richardson et al. initially suggested that ssODN polarity (i.e. ssODN in sense or 

antisense orientation) should be complementary to the strand that is not heteroduplexed with Cas9 

(52). However, this finding has not been consistent with subsequent studies (42,98,99). Paix et al. 

propose an alternative model where ssODN polarity should be adjusted such that base pairing 
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between the 3’ arm of the ssODN and the genomic strand is not interrupted by the intended 

modifications (69). As a consequence, optimal ssODN polarity depends on the relative position of the 

generated DSB in relation to the integration site. If the DSB is generated downstream of the intended 

integration site then a sense ssODN should be preferred, whereas cleavage upstream of the 

integration site favours an antisense ssODN. The polarity rule by Paix et al. is in agreement with the 

performance of ssODNs in the study by Richardson et al. and with other published work (52,98,99). 

In addition to polarity, the length and distribution of homology should be considered. Richardson et al. 

proposed that the 5’ arm has a greater demand for homology (52). This asymmetric distribution of 

homology has been confirmed in an independent study by Liang et al. (98). In addition, while in a 

study by Guo et al. an asymmetric ssODN underperformed, we note that the asymmetric ssODN had 

an unfavourable polarity according to Paix et al. while the symmetric ssODN had the correct polarity, 

which may explain the underperformance of the asymmetric ssODN (99). We therefore recommend 

ssODN polarity according to Paix et al. with an asymmetric distribution of homology of 30-36 nt at the 

3’ and 67-91 nt at the 5’ of the ssODN according to Richardson et al. Finally, the stability of the ssODN, 

and thus the editing efficiency, is significantly enhanced by phosphorothioate (PS) modifications of 

the last two nucleotide bonds at both the 3’ and 5’ end (98), which can be included during commercial 

synthesis. Collectively, these design rules have been established using Cas9 mediated cleavage 

although they will likely translate to Cpf1 mediated cleavage as well.  

We recommend the use of ssODNs for the precise generation of modifications ranging from single 

nucleotide insertions or deletions to small epitope tags and multi-codon deletions. When a single 

ssODN is used to introduce two or more modifications that are spaced apart, the intervening region 

should be recoded using silent mutations (69). As a consequence the entire region between the 

proximal and distal modifications is likely treated as a single region of heterology (53). Although this 

might negatively impact overall integration efficiency, it will favour simultaneous incorporation of all 

modifications since internal homology is prevented (53,69).  

If a single point mutation is desired, we strongly encourage the researcher to explore whether a base-

editor is applicable. Base-editors trigger nucleotide-conversion after being targeted to specific 

genomic loci based on their fusion to catalytically-dead or nickase Cas9. As a result, base-editors can 

efficiently mediate any single nucleotide substitution without genomic cleavage (100-102). 

Since base-editors do not rely on cleavage, no indel mutations are introduced within the secondary 

allele, keeping its coding sequence intact and preventing ‘functional loss-of-heterozygosity’. As such, 

base-editors are optimal for introducing heterozygous point mutations, like oncogenic mutations. 

Similarly, two or more nucleotide substitutions can be integrated without compromising the secondary 

allele by stimulating ssODN mediated editing via a DNA nick (52,53). Although polarity of the ssODN 

with respect to the generated nick determines the preferred HDR pathway, it has little influence on 

editing efficiency. Moreover, while optimal ssODN composition for this mode of nick editing has not 

been determined, an ssODN with 77 nt homology arms was integrated at roughly half the efficiency 

when stimulated by a DNA nick as compared to a DSB (53).  

Commercial ssDNA is now available up to 2 kb, which allows highly efficient generation of 

modifications that previously required construction of a dedicated donor vector (72,103,104). Precise 
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genome editing by long ssDNA donors is likely mediated by the single-strand annealing pathway 

instead of SDSA. As such, the optimal design parameters for long ssDNA donors are likely to be 

different from ssODN design and have yet to be fully determined. Nevertheless, efficient editing is 

achieved with homology arms of 50-300 nt with no clear preference for a particular polarity of the 

ssDNA (Figure 7B). We highly recommend long ssDNA donors for modifications that are too large for 

ssODN synthesis. The only exception being current size restrictions and sequence complexities that 

are rejected by commercial suppliers, such as high GC content. 

 

PCR generated dsDNA donors 

Commercial synthesis of long ssDNA can be expensive and when performed ‘in-house’ requires 

construction of a vector with an appropriately located T7 promoter (104). A PCR generated dsDNA 

donor is a cheap alternative which is especially useful for medium sized insertions that allow direct 

selection, e.g., fluorescent knock-in alleles. Homology arms up to 80 nt (or even longer via a nested 

PCR) can be appended to the desired insertion as overhangs in the PCR primers (Figure 7C) (105-

107). The integration efficiency observed for PCR-generated donors is similar to that of traditional 

donor vectors (108).  

 

Plasmid or viral donor vectors 
Modifications that are too large for ssDNA synthesis require construction of a viral or plasmid-based 

donor vector using molecular cloning techniques. Since a substantial part of these vectors consists of 

backbone elements such as bacterial selection cassettes or viral packaging sequences, the effective 

donor template concentration per cell is disproportionally reduced compared to ssDNA donors. On 

the other hand, donor vectors have sufficient capacity to include a genomic selection cassette, making 

absolute editing efficiency less important.  

Traditionally, donor vectors required relatively large homology arms of up to 2 kb in order facilitate 

efficient HR mediated donor integration by a designer nuclease generated DSB (67,108). Homology 

arm length of donor vectors can be reduced to 0.6-0.9 kb by flanking the donor with nuclease target 

sites that are identical to the genomic target site (Figure 7D). As a consequence, a linear donor supply 

is liberated concurrent with genomic cleavage (108,109). The linear nature and relatively long 

homology arms of the excised donor fragment is thought to stimulate a novel HDR pathway, themed 

homology-mediated end joining (109). Currently, no direct negative consequences of in-vivo donor 

excision have been reported, and since nuclease target sites are easily included as overhangs in the 

PCR amplification of the homology arms, the construction of this type of dual-cut donor vector does 

not require extra labor. Moreover, a donor vector that is flanked with nuclease target sites is 

compatible with a novel called in trans paired nicking (50), where concurrent nicking of the genome 

and donor triggers efficient integration without genomic cleavage. However, it remains unclear 

whether this strategy can trigger replacement of genomic sequence. 

We expect donor vectors flanked with nuclease target sites to develop into the preferred 

strategy for the integration or substitution of large transgenic elements. The reduced extent of 

homology makes vector construction and subsequent genotyping far more convenient. 
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Figure 7. Parameters for donor template design 
(A) Schematic representation of ssODN template integration stimulated by a DSB (red arrow heads). Due to 5’ DNA 
end resection by DNA repair pathway associated proteins, an ssODN can be designed to either hybridize in the 
sense or antisense orientation. Complete hybridization from the 3’ end of the ssODN towards the DNA strand 
extremity (DSB site) is advised. In this example, ssODN hybridization with the antisense genomic resected overhang 
(red) would lead to mismatches, whereas hybridization with the sense overhang (blue) does not. Furthermore, 
homology should be distributed in an asymmetric fashion in favour of the 5’ homology arm. Phosphorothioate bonds 
prevent ssODN degradation. (B) Schematic representation of HDR using long ssDNA templates. (C) Schematic 
representation of HDR using PCR amplified dsDNA donor. Homology arms up to 80nt can be added to conventional 
PCR primers as 3’ overhangs. (D) Schematic representation of HDR using a donor vector. Vectors can be assembled 
as complex donor templates from multiple sources. Flanking of the template with nuclease target sites identical to 
the genomic target site allows excision and linearization of the template concurrent with genomic cleavage. 
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At a glance 

• Due to the absence of backbone sequences, ssDNA donors result in a high effective donor 

concentration, which improves editing efficiency. 

• Modifications up to ~60 nt can be integrated using ssODN donors. Optimized ssODNs are 

constructed with an asymmetric distribution of homology and a polarity determined by the 

position of the DSB relative to the intended integration site. 

• Modifications up to 1.9 kb can be integrated using commercially available long ssDNA 

donors. 

• PCR generated donors with short homology arms allow cost efficient generation of 

fluorescent knock-in alleles.  

• Modifications too large for ssDNA donor templates require vector construction. By flanking 

the donor with nuclease target sites, the homology demand can be reduced to 0.6-0.9 kb. 

 

Delivery of HDR components 

 
Efficient delivery of genome editing components into target cells is a crucial step in the process 

towards generation of genetically modified model systems. The delivery method should be matched 

to the model system of choice and to the manner in which the designer nuclease and donor are 

presented to the cell.  

 

In vitro delivery 
To date, most publications involving precise CRISPR-mediated genome editing have used 

established transfection methods including liposomal transfection, electroporation and peptide-

mediated cell penetration, to deliver nuclease expression constructs and donor templates into target 

cells (23,110-113). Although generally robust and broadly applicable, plasmid delivery has particular 

drawbacks that should be considered. Foremost, the introduction of high concentrations of foreign 

DNA into cells can trigger an immune response in certain cell types, which can eventually lead to 

programmed cell death (114). In addition, prolonged expression of nucleases from plasmid DNA 

increases the frequency of indel mutations at off-target sites (115,116) and along similar lines, 

prolonged stability of plasmid DNA increases the probability of random plasmid integration into the 

genome. To circumvent these issues, nucleases can be delivered as pre-assembled 

ribonucleoprotein complexes (RNPs) or as mRNA molecules along with in vitro transcribed or 

commercially synthesized gRNA (115,117,118). Messenger RNA is significantly less stable compared 

to plasmid DNA, resulting in a relatively short but robust spike of nuclease activity. Similarly, RNP 

delivery circumvents translation, resulting in an immediate spike of nuclease activity followed by a 

rapid decline due to protein degradation. In each case, nuclease activity is short lived, which reduces 

the probability of generating off-target indels. Furthermore, the immediate spike in nuclease activity 

ensures co-presence with initial high concentrations of DNA donor templates prior to their 

degradation. Indeed, RNP delivery in particular is associated with a significant increase in precise 
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genome editing efficiency (98,119). In addition, since assembly of RNPs or delivery of mRNA is 

compatible with chemically modified gRNA, these protocols open up new avenues of maximizing 

editing efficiency.  

Some cell lineages, such as primary cells, remain difficult to transfect with classical transfection 

methods. Instead, these cells are often virally transduced (120). However, the cargo restrictions of 

many viral vectors often prohibit CRISPR mediated genome editing applications. BacMam 

technology, which employs baculoviral vectors that have the capacity to carry large DNA cargo up to 

38 kb in length (121), has recently been used to address viral cargo issues. All the components 

required to support CRISPR-mediated precise integration of large DNA constructs, including the donor 

template itself, can be integrated within a single baculoviral genome (122,123). In addition, 

transduction in mammalian cells occurs in a transient manner by default, thereby minimizing the risk 

of viral integration into the host genome. However, since viral transduction is associated with general 

safety risks, alternative transfection methods are under continuous development (124,125). 

While common in vitro plasmid delivery methods have been widely applicable in mono-layer cell 

cultures, transfection of 3 dimensional organoid cultures is more challenging. Although both 

transfection and electroporation can successfully deliver plasmids in organoid structures, the resulting 

transfection efficiency is generally low (77,110,111). An optimized electroporation protocol has 

demonstrated significantly improved transfection efficiency in comparison to liposomal transfection 

(111). Nevertheless, cell viability post transfection generally remains low and consequently large 

quantities of organoid-derived cells are required in order to obtain successfully edited clones. 

Alternatively, human intestinal organoids have been virally transduced to deliver CRISPR machinery, 

however this method is not compatible with ssDNA donor delivery (123). 

To conclude, delivery of nuclease expression constructs following conventional protocols is 

convenient for less demanding applications such as heterozygous modifications that allow direct 

selection. RNP delivery, in particular when assembled with enhanced chemically modified gRNA, 

supports highly efficient precise editing in conjunction with ssDNA donors (71,98), and more recently 

in combination with AAV donor transduction (126). Therefore, we encourage the use of RNP delivery 

protocols whenever applicable, and especially when generating modifications that depend on a 

sampling-based selection approach. In this regard, enrichment of an RNP transfected population can 

be achieved by assembling RNPs with fluorescent tracrRNA (93). Finally, model systems that are 

particularly difficult to transfect can usually be virally transduced. In a broader sense, viral-based 

delivery of genome editing components may be useful as a platform for the precise incorporation of a 

particular modification across many different cell types of the same organism.  
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In vivo delivery 
Although significant progress has been made in the development of in vitro delivery protocols that 

target a cellular population in its completeness, in vivo delivery is far more challenging. Initial 

publications demonstrated proof-of-principle in vivo HDR-mediated genome editing in adult mice 

using non-viral hydrodynamic tail vein injections, co-delivering Cas9-sgRNA expression constructs 

and ssODN donor template into the liver (127,128). However, among other things due to inferior 

delivery methods, HDR-mediated gene editing efficiency remained very low. The sporadic introduction 

of cancer mutations in vivo for the rapid development of human cancer models in mice has mainly 

been supported by locally injected lentiviral transduction (129,130). Further development of these 

protocols may benefit from the latest generation of high-capacity adenoviral vectors that are able to 

carry both the nuclease and gRNA scaffolds in one viral particle (131). 
The ultimate clinically-related goal of highly efficient genome editing is to correct disease mutations 

and phenotypes in living patients in terms of personalized medicine. In contrast to in vitro culture 

systems that allow clonal selection and outgrowth of successfully modified cells, most disease 

phenotypes for which in vivo genome editing is considered a potential clinical break-through require 

mutational correction in a large fraction of cells that manifest the diseased phenotype. Delivery 

methods to accommodate this level of precise nuclease mediated editing are currently out of reach. 

In addition, since many genetic conditions are caused by single point mutations, base editors are a 

far more likely candidate for clinical translation. Since the scope of our review is to facilitate guidelines 

for researchers that would like to genetically engineer their preferred model system, we refer to a 

number of excellent reviews with respect to in vivo genome editing for clinical applications (132-134).  

 

At a glance 

• Plasmid based nuclease delivery is convenient for less demanding applications such as 

heterozygous modifications that allow direct selection. 
• We encourage the use of RNP delivery protocols in conjunction with chemically modified 

gRNA, especially when depending on a sampling-based selection approach. 

• BacMam technology is recommended for the generation of large genomic modifications in 

difficult to transfect cell lines, since it allows the delivery of all HDR components in a single 

construct. 

• Clinical applications of CRISPR-mediated precise gene correction are currently out of 

reach.  



31 

 

Complementary strategies to enhance precise editing efficiency 

 
In addition to optimized donor template design, nuclease choice, genomic target site selection and 

delivery, there are additional complementary strategies that may further enhance CRISPR-mediated 

HDR efficiency. A major focus has been the development of tools to suppress the competing NHEJ 

repair pathway. Strategies include depletion or inhibition of the NHEJ pathway proteins KU70, KU80 

and DNA ligase IV using either shRNAs (107,135), Adenovirus 4 (Ad4) proteins (135), or molecular 

inhibition of DNA ligase IV via small molecule inhibitors such as SCR7 (107,135-138). Similar to 

observations in DNA ligase IV-deficient flies, depletion or inhibition of DNA ligase IV reduced NHEJ 

activity, while increasing HDR in both mouse and mammalian cell lines (135,136,139). A similar effect 

was observed upon the depletion of the KU complex (137). NHEJ pathway suppression may be of 

particular interest when generating homozygous mutations, as the Ad4 protein-induced degradation 

of DNA ligase IV enhanced the net yield of homozygous clones when used in combination with 

selection markers (135). However, significant care should be taken when using the SCR7 compound, 

as it can enhance the number of off-target integrations and induces cell toxicity when used at high 

concentrations. Also, the sensitivity to NHEJ inhibition seems to be cell type specific, as improvements 

in HDR efficiency varied significantly between cell lines and often does not result in a notable 

beneficial effect (107,108,136). The search for compounds that enhance HDR continues. One study 

demonstrated resveratrol to be an even more potent enhancer of HDR-mediated genome editing 

efficiency when compared to SCR7 (138), albeit the molecular mechanism governing its therapeutic 

properties remain elusive (140). In addition, two new compounds that enhance Cpf1-mediated HDR 

have recently been identified (141). 

Another interesting approach is cell cycle synchronization in combination with timed Cas9 RNP 

delivery to focus nuclease activity to the G2/M-phase of the cell cycle when HDR is dominant. Indeed, 

cell cycle synchronization prior to Cas9 RNP delivery resulted in a significant increase in HDR 

efficiency in a variety of cell types (8,97,108). As expected, this also reduced the frequency of NHEJ 

events (108). In addition, the minimal concentration of Cas9 RNPs and donor DNA for sufficient HDR 

was substantially lower (8,97). However, cell cycle inhibitors by themselves may significantly affect 

cell viability, thereby decreasing the effective number of targetable cells in the population (8). In 

addition, several reports demonstrated that combining NHEJ inhibition and cell cycle synchronization 

did not further improve HDR efficiency, suggesting that HDR is already the predominant repair 

pathway during the G2/M-phase (8). 

Several reports have investigated the effect of temperature on nuclease mediated HDR. For instance, 

cold shock treatment at 32°C for 24-48h post transfection was shown to enhance Cas9 mediated HDR 

in human induced pluripotent stem cells (99). However, a similar protocol turned out to be detrimental 

to Cas9 induced HDR in many other human cell types (142). A relative heat shock to 34°C in zebrafish 

significantly enhanced Cpf1 mediated HDR but had no effect on Cas9 mediated HDR (42). Collectively 

these results suggest that the effect of temperature on HDR rates requires further investigation before 

it should be generally applied. 
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Although complementary strategies are useful in the context of maximizing precise editing efficiency 

we advise against using these strategies by default. Rather, they should be used in parallel or as a 

back-up plan when initial genome editing strategies yielded an insufficient number of clones. 

 

At a glance 

• Inhibition of NHEJ, either via co-expression of Adenovirus 4 proteins or via small molecule 

inhibitors of DNA ligase IV, can enhance HDR-mediated genome editing. 

• Cell cycle synchronization in the G2/M-phase combined with timed RNP delivery induces 

nuclease activity in the HDR dominant phase of the cell cycle. 

• Complementary strategies should not be used by default but rather in parallel or as a 

backup strategy. 

 
 

Discussion 

 
In the last couple of years, CRISPR-mediated genome editing has evolved at a very rapid pace. The 

expansion of the CRISPR-associated toolkit and our increased understanding of the molecular 

mechanisms that govern HDR have improved our ability to accurately edit mammalian genomes. 

Whereas many reviews have shed light on the historical and molecular background of CRISPR 

technology, up-to-date guidelines with respect to the design of HDR-mediated genome editing 

strategies were lacking. This review aims to function as a decision-making guide to assist researchers 

in using state-of-the-art genetics to generate mutant variants of their model system. It should be of 

special interest to classical cell biologists and biochemists without extensive genetic backgrounds. 

Especially in 2D cell cultures, introducing disease-related point mutations or protein fusions at 

endogenous loci is highly efficient. Indeed, solely relying on transient overexpression of (mutant) 

effector proteins is no longer recommended since scientific standards increasingly demand genetic 

modifications at endogenous loci. However, we stress the importance of a well thought out genome 

editing strategy in advance, since the entire process from design to a validated model system may 

still require a couple of months work. To summarize the current knowledge, opportunities and strategic 

options available to researchers, we will discuss three different design examples where many aspects 

discussed in this review will be placed into a real context.  

Example 1 (Figure 8A): Homozygous loss of phenylalanine at position 508 of the Cystic Fibrosis 

transmembrane conductance regulator (CFTR) is the most frequent genetic variant that causes Cystic 

Fibrosis (143). An accurate human model system will require homozygous deletion of ∆F508 without 

additional genetic scarring. The small size and homozygous nature of the deletion strongly favours 

an ssODN donor. A SpCas9 target site is available that cleaves just one nucleotide upstream of the 

deletion site, favouring an antisense ssODN designed with an asymmetric distribution of homology. 

Since deletion of ∆F508 will destroy the Cas9 target site, no additional silent mutations are required 

within the donor. Although the selected target site has a poor predicted on-target efficiency, better 

performing target sites cleave further away from the deletion site, likely leading to an overall decrease 



33 

 

in performance when working with an ssODN. In addition, no well positioned Cpf1 target sites are 

available. RNP transfection will maximize editing efficiency, which enhances the isolation of 

homozygous clones. Since direct selection for ∆F508 CFTR is not available, RNPs will be assembled 

with chemically stabilized fluorescent tracrRNA in combination with commercially synthesized and 

chemically stabilized CRISPR-RNA containing the guide sequence. Fluorescent tracrRNA allows 

FACS-based single cell sorting of transfected cells. In addition, isolating a bulk population for TIDER 

analysis will give an estimate for the frequency of homozygous clones.  

Example 2 (Figure 8B): Overexpression of fluorescent fusion proteins illuminates cell biology at the 

costs of altering protein homeostasis and potentially protein function. In contrast, endogenous tagging 

of the respective genes is potentially less invasive and probably truer to nature. Fluorescent beta-

actin (ACTB) fusions are popular in cell biology (144). In order to insert mNeongreen (a bright 

monomeric green fluorophore (145)) at its C-terminus in a human cell line, we selected a highly active 

SpCas9 target site that cleaves within the stop codon of ACTB. The mNeongreen coding sequence 

will be fused in frame to the C-terminus of hACTB via a 3xGSS flexible linker (144), thereby also 

disrupting the selected SpCas9 target site. Considering the size of the modification, integration 

efficiency is maximized by using an ssDNA donor. About 100 nt downstream of the stop codon, the 

3’ UTR runs into a stretch of sequence complexity which commercial suppliers currently reject. We 

therefore limited the length of the 3’ homology arm of the sense ssDNA donor to 100 nt. By contrast, 

5’ homology is more flexible which we extended to 200 nt, providing an extra buffer against 5’ 

degradation. The nature of the modifications allows direct selection by FACS, and may even permit 

enrichment for homozygous clones if desired. Correct integration of the template, as well as its 

zygosity, can easily be determined using a single PCR that spans the integration site. In addition, an 

additional primer set can be designed with one primer placed on top of the nuclease cleavage site to 

facilitate identification of heterozygous clones where the secondary allele remained intact. 

Example 3 (Figure 8C): Patient-derived organoids recapitulate the stem cell driven differentiation 

hierarchy of self-renewing tissues, among others enabling the study of lineage differentiation (146). 

Unfortunately, genetic modification of organoids via sampling-based selection is often prohibited by 

poor transfection efficiency and laborious clonal expansion. In addition, when modifying a gene that 

is exclusively expressed in a terminally differentiated cell state, many direct selection strategies are 

problematic. A C-terminal P2A-CreERT2 fusion to Keratin 20 (KRT20) allows genetic lineage tracing 

within the enterocyte lineage of human colon organoids (147). In order to select for this C-terminal 

fusion, a selection cassette is integrated within the 3’ UTR at an unconserved position. The orientation 

of the selection cassette is not important in this instance since the cassette will be removed using Flp-

mediated recombination in an undifferentiated population of cells. Due to the size of the modification 

(~4 kb) and sequence complexity of the selection cassette, donor vector construction is required. 

During assembly of the donor vector, both homology arms should by flanked by a copy of the genomic 

target sequence. This approach will enable both in trans paired nicking as well as linear donor excision 

concurrent with genomic cleavage. While the relative position of the selection cassette with respect 

to CreERT2 creates a limited stretch of internal homology between the endogenous 3’UTR and the 

donor template, we recommend against introducing point mutations within the start of the 3’ UTR in 
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order to avoid disruption of potential regulatory motifs. Instead, we minimize homology by placing the 

cassette in close proximity to the last exon. 

Innovative genome editing technologies will continue to be developed, thereby constantly modifying 

and changing existing editing procedures and methods. A recent innovation are RNP-donor 

conjugates that aim to deliver the DNA donor template directly at the site of nuclease activity 

(148,149). In addition, assembly of donor vectors by molecular cloning may soon be unnecessary as 

better ssDNA synthesis protocols are being developed (150). Ultimately, considering the progression 

toward nick-mediated editing and base-editors, we anticipate that the future of complex genome 

editing might not even involve nuclease activity at all. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Designing genome editing strategies: 3 real examples 
(A) Schematic workflow of the practical steps and the sequence information for the process of generating ∆F508 
CFTR mutant cell lines. Top: The dsDNA sequence of the CFTR gene is presented around the intended modification 
site. In between the corresponding amino acid sequence is depicted. As a donor template, an asymmetric antisense 
ssODN is advised (see text). (B) Schematic workflow of the practical steps and the sequence information for the 
process of generating an mNeongreen knock-in at the C-terminus of hACTB in cell lines. Top: The dsDNA sequence 
of the hACTB gene is presented around its endogenous stop codon. The corresponding amino acid sequence is 
depicted in between the dsDNA. An ssDNA donor template is depicted below the schematic representation of the 
hACBT locus. Rationale for strategy design is described in the text. (C) Schematic workflow of the practical steps 
and the sequence information for the process of generating a CreERT2 knock-in in the hKRT20 locus via a P2A 
fusion at its C-terminus in human colon organoids. Top: A stretch of dsDNA sequence of the 3’UTR of the hKRT20 
gene is presented. Below the locus is a schematic representation of the donor plasmid. Rationale for strategy design 
is described in the text. Yellow arrow indicates gRNA. Cleavage sites (DSB) are indicated with red arrow heads. 
PAM sequences are underscored. 
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Abstract 

 
CRISPR-associated nucleases are powerful tools for precise genome editing of model systems, 

including human organoids. Current methods describing fluorescent gene tagging in organoids rely 

on the generation of DNA double-strand breaks (DSBs) to stimulate homology-directed repair (HDR) 

or non-homologous end joining (NHEJ)-mediated integration of the desired knock-in. A major 

downside associated with DSB-mediated genome editing is the required clonal selection and 

expansion of candidate organoids to verify the genomic integrity of the targeted locus and to confirm 

the absence of off-target indels. By contrast, concurrent nicking of the genomic locus and targeting 

vector, known as in-trans paired nicking, stimulates efficient HDR-mediated genome editing to 

generate large knock-ins without introducing DSBs. Here, we show that in-trans paired nicking allows 

for fast, highly efficient, and indel-free fluorescent gene tagging in human normal and cancer 

organoids. Highlighting the ease and efficiency of in-trans paired nicking, we generate triple 

fluorescent knock-in organoids where three genomic loci were simultaneously modified in a single 

round of targeting. In addition, we generated model systems with allele-specific readouts by 

differentially modifying maternal and paternal alleles in one step. In-trans paired nicking using our 

palette of targeting vectors, publicly available from Addgene, is ideally suited for generating error-free 

heterozygous knock-ins in human organoids.  
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Introduction 
 

Since the development of efficient genome editing technology, molecular and cell biological research 

increasingly relies on genetically modified in vitro model systems. In particular, the visualization of 

endogenous proteins using fluorescent knock-in reporters allows for a precise assessment of their 

subcellular localization and dynamics during cellular homeostasis and disease1. 

Organoids, in particular of human origin, represent next generation model systems that recapitulate 

in vivo tissue architecture and functionality more accurately than 2D cell lines2. However, the precise 

engineering of large knock-in reporters in organoids can be laborious when using conventional 

CRISPR-mediated strategies to stimulate HDR3–5 or NHEJ6 based editing. While generally effective, 

these strategies rely on the generation of genomic DSBs by CRISPR-associated nucleases, which 

often result in both on- and off-target indel mutations as a consequence of error-prone repair by 

repeated cycles of NHEJ. On-target indels are often generated in the ‘untargeted allele’ that is not 

carrying the knock-in and may result in missense or nonsense mutations. In addition, while HDR 

generally results in error-free repair, generating knock-ins via NHEJ-based ligation of a linearized 

DNA fragment often results in indels within the up- and downstream junctions of the knock-in allele6,7. 

Consequently, existing knock-in protocols inherently require sequence verification of individually 

picked organoid clones, which is laborious, time consuming and eliminates genetic heterogeneity in 

tumor-derived organoid models. 

In cell lines, large knock-ins have been generated without introducing DSBs by using the partially 

inactivated Cas9 D10A nickase variant8–10, which generates single-strand DNA breaks (nicks) in the 

genomic strand that hybridizes with the guide RNA11. By simultaneously nicking the genomic target 

locus and the extremities of both homology arms within the targeting vector, a strategy known as in-

trans paired nicking (ITPN)8, efficient knock-in alleles can be generated without double-strand DNA 

cleavage. Unlike conventional CRISPR/Cas9-mediated genome editing, ITPN modifies target loci with 

high fidelity, since single genomic nicks are rarely mutagenic8,12. By avoiding double-strand DNA 

cleavage, ITPN enables the insertion of heterozygous reporters or pathogenic (germline) mutations 

with intact ‘untargeted’ secondary alleles and with minimal risk of off-target indels. Consequently, 

knock-in cells can be pooled to expedite the expansion and thus the ‘generation time' of a knock-in 

line (2 weeks). Pooling successfully targeted organoids is particularly useful for organoid models 

where clonal selection is laborious. Furthermore, by avoiding clonal selection, pre-existing genetic 

diversity in tumor-derived organoid lines is largely preserved. Here, we investigate the efficiency and 

fidelity of fluorescent gene tagging via ITPN in human organoids. In addition, we present a palette of 

easy-to-use targeting vector backbones and protocols for N- or C-terminal fluorescent gene tagging 

using ITPN.  
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Results 
 

To probe the efficiency of fluorescent knock-ins in human organoids (Fig. 1A), we designed an N-

terminal mScarlet knock-in at the human SEC61B locus. We constructed different targeting vectors 

in order to compare editing efficiencies of various knock-in strategies (Fig. 1B). To stimulate editing 

via NHEJ-mediated ligation of a linearized mScarlet-coding fragment into the Cas9-generated 

genomic DSB6,7, we constructed a vector carrying the mScarlet-coding sequence flanked by copies 

of the genomic Cas9 target site. Alternatively, we included 20bp microhomology to stimulate genomic 

integration via the microhomology-mediated end joining (MMEJ) pathway13. In addition, we generated 

vectors with 1kb homology arms following a traditional targeting vector design that is without flanking 

Cas9 target sites, or with flanking Cas9 target sites to support genomic integration via ITPN or in-trans 

paired cleavage (ITPC)14,15. 

Targeting vectors were co-electroporated with wild-type or D10A nickase SpCas9 expression 

constructs in a patient-derived tumor organoid model obtained from a colorectal cancer biobank16. We 

visually confirmed the expected localization of mScarlet within knock-in organoids for each condition 

prior to flow analysis of mScarlet+ cells 10 days post-electroporation (Fig. 1C). Flanking homology 

arms with Cas9 target sites to stimulate ITPN or ITPC resulted in substantially higher editing 

efficiencies when compared to a traditional targeting vector design with the same homology arm 

length (Fig. 1C and Extended data Fig. 1A). In addition, NHEJ and MMEJ conditions underperformed 

when compared to targeting vectors with long homology arms, in particular when combined with 

nickase Cas9. Notably, ITPN resulted in a similar fraction of knock-in cells when compared to a 

traditional knock-in strategy that uses wild-type Cas9 and targeting vectors without flanking Cas9 

target sites. 

To investigate the fidelity of ITPN-mediated fluorescent knock-ins, we performed sequence analyses 

on polyclonal knock-in lines that were generated according to above-described conditions. To 

determine the risk for off-target indels, we analyzed the fidelity of the secondary allele that is not 

carrying the knock-in as a proxy for the likeliest candidates for off-target modifications. Using TIDE 

analysis17, we show that wild-type Cas9 conditions result in a high frequency of indels within the 

secondary allele, whereas knock-in organoids generated via ITPN displayed >99% sequence integrity 

of their secondary allele (Extended data Fig. 2). Next, to investigate the fidelity of ITPN-mediated 

knock-ins, we generated 11 clonal knock-in lines from the ITPN condition and examined the knock-in 

alleles via Sanger sequencing. All knock-ins contained intact 5’ and 3’ junctions and no evidence for 

tandem integration was found (Extended data Fig. 3A). Moreover, in agreement with previous TIDE 

analysis on polyclonal cultures, we confirmed the absence of indels in the untargeted allele of 

heterozygous clones (Extended data Fig. 3B). Finally, to exclude the presence of off-target editing, 

we performed whole genome sequencing (WGS) on 3 out of the 11 clonal ITPN-mediated knock-in 

lines. We investigated the somatic mutation burden of these clones in 166 regions, which were 

predicted in silico to be likely off-target protospacer loci. No genomic aberrations were identified in the 

unmodified allele, the predicted off-target protospacer regions or the 200 bases surrounding the 

predicted sites (Supplementary Table 1). The lack of all variants ranging from single base substitutions  
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Fig. 1 | Fluorescent gene tagging in human organoids without double-strand DNA cleavage 
(A) Schematic representation of the workflow used to capture fluorescent knock-in efficiencies in human organoids. 
To ensure optimal outgrowth post electroporation, organoids are trypsinized to a cell suspension consisting of ~5 
cell clumps. After electroporation, cells are allowed to expand for 10 days without selecting for cells that received 
the knock-in constructs. Prior to flow analysis, organoids may consist of partial knock-in populations. To capture the 
overall knock-in efficiency, organoid cultures are trypsinized to a single cell suspension and flow analyzed. (B) 
Schematic representation of the SEC61B targeting strategy. mScarlet was flanked with homology arms matching 
up- and downstream sequences of the N-terminus of the human SEC61B locus, coding for Protein transport protein 
Sec61 subunit beta. Cas9 was targeted close to the start of the coding region using a gRNA as indicated (green 
arrow). Cas9 cleavage sites (triangles) and protospacer adjacent motifs (black bar) are indicated. Up- and 
downstream homology is represented in blue and red respectively. Compositions of targeting vectors supporting 
different knock-in strategies are indicated. NHEJ: non-homologous end joining, MMEJ: microhomology-mediated 
end joining, ITPN: in-trans paired nicking, ITPC: in-trans paired cleavage. (C) Knock-in efficiencies of mScarlet at 
the human SEC61B locus in a patient-derived tumor organoid model using various knock-in strategies. Wild-type 
(WT) or D10A nickase (Nick) SpCas9 was co-delivered with targeting vectors indicated in (B). Targeting vectors 
were electroporated at equimolar ratios between conditions to correct for differences in vector size. Editing efficiency 
(% mScarlet+ cells) was determined by single-cell flow analysis 10 days post electroporation (n=3 independent 
experiments). * p<0.05 in a Ratio paired t-test. Error bars indicate s.e.m. The inset shows representative stills of 
mScarlet-SEC61B localization in patient-derived tumor organoids (scale bar = 10µm). Underlying data are provided 
in S1 Data. (D) Knock-in efficiency of mScarlet at the human SEC61B locus in tumor organoids using targeting 
vectors with different homology arm lengths flanked by Cas9 target sites and co-delivered with Cas9 D10A nickase 
to support ITPN (n=3 independent experiments). Targeting vectors were electroporated at equimolar ratios between 
conditions to correct for differences in vector size. Error bars indicate s.e.m. Underlying data are provided in S1 
Data. (E) As in (B), schematic showing the targeting strategy for ITPN-mediated integration of mScarlet (0.7kb) or 
mScarlet-P2A-PuromycinR (1.4kb) at the C-terminus of the human HIST1H2BC locus, coding for Histone H2B type-
1C. (F) Knock-in efficiency of mScarlet (mSC; 0.7kb) or mScarlet-P2A-PuromycinR (mSC-PR; 1.4kb) in tumor 
organoids at the C-terminus of the human HIST1H2BC locus (n=3 independent experiments). Targeting vectors 
were electroporated at equimolar ratios between conditions to correct for differences in vector size. The difference 
between mSC and mSC-PR was non-significant in a Ratio paired t-test. Error bars indicate s.e.m. Underlying data 
are provided in S1 Data. (G) Knock-in efficiency of an mScarlet knock-in at the SEC61B locus in human colon normal 
and tumor organoids via ITPN using 1kb homology arms (n=3, n=6 independent experiments for normal and tumor 
organoids respectively). In all control conditions, the targeting vector was co-transfected with a guide targeting a 
different gene. The difference between normal and tumor KI organoids was non-significant in a two-sided unpaired 
t-test. Error bars indicate s.e.m. Underlying data are provided in Supplementary data file 1. Raw FCS files are 
available on the FlowRepository (FR-FCM-Z4PJ).  
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to structural variation breakpoints confirms the absence of mutations due to incorrectly repaired off-

target nuclease activity as well as off-target integrations of the knock-in cassette. 

Collectively, these data indicate that ITPN enables highly efficient and indel-free fluorescent gene 

tagging in human organoids and makes sequence confirmation of clonal lines unnecessary. 

Consequently, all knock-in organoids can immediately be pooled to expedite the expansion of the 

edited organoid line and to maintain genetic diversity of patient-derived tumor organoid models. 

Traditional design of targeting vectors requires long homology arms to maximize the chance of 

homologous recombination between the genomic locus and targeting vector. However, vectors with 

long homology arms are challenging to assemble and are inconvenient for locus-specific genotyping 

by PCR. To investigate whether efficiency of fluorescent gene tagging is lost when ITPN is mediated 

by shorter homology arms, we generated a series of targeting vectors with decreasing homology. At 

the SEC61B locus, the homology demand of ITPN-mediated mScarlet integration peaked at 800bp 

(Fig. 1D and Extended data Fig. 1B). While vectors with shorter homology arms were accompanied 

with lower editing efficiencies, they were sufficient to generate knock-in lines and may be preferred in 

situations of challenging vector assembly and/or genotyping. 

Next, to probe whether knock-in size influences editing efficiency, we designed a C-terminal knock-in 

at the HIST1H2BC locus and constructed targeting vectors with 500bp homology to integrate either 

mScarlet (0.7kb) or mScarlet-P2A-Puro (1.4kb) (Fig. 1E). Surprisingly, we found no substantial 

difference in knock-in efficiency between the two targeting vector variants, suggesting that a knock-in 

 

 
Fig. 2 | One-step targeting vector assembly and in-trans paired nicking expedite fluorescent gene tagging 
(A) Schematic outline of one-step targeting vector (TV) assembly via SapI-based golden gate-mediated homology 
arm ligation. Homology arms can be amplified from genomic DNA or ordered as commercially synthesized DNA 
fragments. (B) Overview of knock-in backbone constructs available from Addgene. Knock-in backbones contain one 
of four different fluorescent proteins and optional P2A-linked resistance cassettes. Backbone constructs are suitable 
for knock-ins at either the C- or N-terminus, as indicated. (C) Schematic workflow outlining fluorescent gene tagging 
in organoids using ITPN. Following electroporation, organoids generally require ~10 days of outgrowth before FACS 
purification of fluorescent knock-in cells. Alternatively, fluorescent clonal organoids can be hand-picked picked and 
pooled. Sequence verification of individually picked clonal lines is not required when editing via ITPN. 
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size in the range of <1.4kb has no notable influence on editing efficiency via ITPN (Fig. 1F and 

Extended data Fig. 1C). 

Since SEC61B and HIST1H2BC are ubiquitously expressed genes, we decided to investigate if we 

could knock-in mScarlet-P2A-Blast into normal human colon organoids at the C-terminus of KRT20, 

which is exclusively expressed in differentiated cells. Following a short pulse of Blasticidin selection, 

we observed clonal organoids with a subpopulation of cells showing the expected cytoplasmic red 

fluorescence (Extended data Fig. 4). Since differentiated cells do not form organoids as efficiently as 

stem cells, lines that involve fluorescent knock-ins in differentiation genes such as KRT20 are best 

generated either using a short pulse of selection, or by manually picking and pooling clonal organoids 

that contain (some) fluorescent cells. 

Finally, we compared the efficiency of an N-terminal mScarlet knock-in at the SEC61B locus between 

tumor and normal colon organoids (Fig. 1G and Extended data Fig. 1D). The knock-in efficiency in 

tumor organoids was higher (although not significant), which may be attributed to a difference in 

culture conditions and electroporation efficiency. 

A major downside of generating targeting vectors with homology arms flanked by Cas9 target sites at 

their extremities is the time-intensive molecular cloning. To expedite the cloning of targeting vectors 

for fluorescent gene tagging at either the N- or C-terminus, we generated a series of minimalistic 

targeting vector backbones allowing seamless one-step integration of both homology arms using 

SapI-based Golden Gate assembly4 (Fig. 2A). Targeting vector backbones carrying state-of-the-art 

monomeric fluorescent proteins are made available from Addgene, including optional P2A-linked 

selection elements (Fig. 2B). Using our optimized vector backbones, targeting vectors can be 

assembled in the same amount of cloning time as is required for the insertion of gRNA oligos into 

Cas9 expression vectors. Consequently, when using our vector backbones for ITPN, fluorescent 

reporter alleles in cell lines and organoid models can be generated in as little as 2 weeks, including 

molecular cloning procedures for vector assembly (Fig. 2C). We summarized our recommendations 

for knock-in design and one-step targeting vector assembly in a protocol (Supplementary File 1). In 

addition, new variants of targeting vector backbones, e.g., replacing the donor with a different 

fluorescent protein sequence, can be generated in a short amount of time (Supplementary File 2). 

To probe the efficiency of ITPN using our newly designed targeting vectors, we generated triple 

fluorescent knock-ins by simultaneous targeting of three separate genomic loci. Specifically, we 

targeted the C-terminus of the HIST1H2BC locus to knock-in mTurquoise2-P2A-puromycinR, the C-

terminus of the CDH1 locus to knock-in mScarlet, and as a third locus we included an N-terminal 

knock-in of mNeongreen at either the LMNA, SEC61B or MAP4 locus (Fig. 3A). DNA cocktails 

containing different combinations of targeting vectors and their respective Cas9 expression constructs 

were electroporated into fractionated tumor organoids. Organoids were allowed to form for 10 days 

without puromycin selection prior to quantification of the raw knock-in efficiencies by single cell flow 

analysis. As expected, in all three conditions the knock-in fractions were dominated by cells that 

carried single knock-ins in either one of the targeted genes. However, we readily detected cells 

carrying multiple knock-ins, including cells where all three genes were edited simultaneously (Fig. 

3B). The overall knock-in efficiencies for each targeted gene and the fraction of cells carrying multiple  
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Fig. 3 | Multiplexed fluorescent gene tagging in human organoids using in-trans paired nicking 
(A) Multiplexed fluorescent gene tagging in tumor human colon organoids at three different genomic loci using ITPN. 
C-terminal integrations of mScarlet at the CDH1 locus and mTurquoise2-P2A-Puromycin into the HIST1H2BC locus 
were combined with N-terminal integration of mNeongreen at either the LMNA, SEC61B or MAP4 locus. In the 
schematics: Cas9 D10A nick positions (red triangles) and protospacer adjacent motifs (black bars) are indicated for 
each knock-in design, as well as the gRNA used (green arrow). Organoids were electroporated simultaneously with 
all three targeting vectors to generate one-step multiplexed triple knock-ins. (B) All three targeting combinations 
yielded triple knock-in populations with practical efficiencies, as indicated by flow analysis (numbers indicate 
frequencies (%) of knock-in cells within the entire targeted cell population). Imaging snapshots show the expected 
sub-cellular localization of each fusion protein (scale bar = 10µm). Raw FCS files are available on the 
FlowRepository (FR-FCM-Z4PJ). (C) Overview of the multiplexed gene tagging efficiencies as determined by flow 
cytometry analysis. Raw FCS files are available on the FlowRepository (FR-FCM-Z4PJ). (D) Live-cell imaging of 
tumor human colon organoids carrying CDH1-mScarlet, HIST1H2BC-mTurquoise2 and mNeongreen-MAP4 knock-
ins. The top panel shows representative stills of organoid growth over time (scale bar = 10µm). For divisions I and 
II, snapshots of each channel are shown in metaphase and anaphase (scale bar = 5µm). 
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knock-ins are summarized in Fig. 3C. To confirm the fidelity of the gene fusions, we generated 

polyclonal triple knock-in lines from each editing condition by manual picking and pooling clonal triple 

positive organoids. TIDE analysis again confirmed the absence of on-target indels in the untargeted 

alleles of all edited genes (Extended data Fig. 5). In addition, we confirmed the intended integration 

of the knock-in via Sanger sequencing (Extended data Fig. 6). Next, we recorded overnight growth of 

our TKI-3 knock-in line using live-cell imaging to demonstrate normal growth behavior and phenotype 

(Fig. 3D). Each channel could be recorded without excessive bleaching, allowing a multidimensional 

dynamic readout of chromosomal instability during mitosis, including chromatin errors (H2B1C), 

spindle assembly (MAP4) and membrane defects or binucleation (CDH1). 

Taken together, these results demonstrate that ITPN maintains high levels of fidelity across different 

genomic loci and allows multiplexed fluorescent gene tagging in human organoids. Using conventional 

editing protocols, generating organoid lines carrying multiple fluorescent knock-ins is highly laborious. 

By using ITPN, organoids with multiple edits can be generated within two weeks. Alternatively, in case 

an attempt to multiplex gene targeting fails, cells with a single knock-in can be pooled and re-targeted.  

 

 
Fig. 4 | One-step differential fluorescent knock-ins at a single locus 
(A) The SEC61B, MAP4 and HIST1H2BC loci of a patient-derived tumor organoid model were targeted via ITPN 
with both mNeongreen and mScarlet targeting vectors according to the design shown in Fig 3A. Flow analysis was 
performed 10 days post electroporation. The percentage of cells carrying a single knock-in and cells carrying both 
knock-ins are indicated. Raw FCS files are available on the FlowRepository (FR-FCM-Z4PJ). (B) Representative 
stills of tumor organoids carrying bi-allelic mNeongreen and mScarlet modifications at either the SEC61B, MAP4 
and HIST1H2BC loci (scale bar = 10µm). (C) Allele-specific read-out in human colorectal cancer organoids 
containing differentially tagged HIST1H2BC alleles. Organoids carrying mNeongreen and mScarlet knock-ins at the 
HIST1H2BC locus were live-cell imaged for 18 hours. Top panels show imaging stills of the green/red composite 
over time. The left bottom graph shows the changes of allele-specific output over time for a single representative 
cell. The corrected fluorescent signals of mScarlet, mNeongreen, as well as the ratio mScarlet/mNeongreen are 
plotted. The right bottom graph shows 7 out of 17 analyzed single cell ratios (mScarlet/mNeongreen). Underlying 
data are provided in S1 Data. 
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Moreover, we generated the same combinations of triple knock-ins in two rounds of targeting and 

used intermediate antibiotic selection to enrich for knock-in cells instead of manual picking (Extended 

data Fig. 7). Since the sequence integrity of the untargeted allele that is not carrying the knock-in is 

maintained when editing via ITPN, this secondary allele can be re-targeted using the same locus-

specific targeting vector to obtain homozygous knock-ins. This also enables straightforward 

differential modification of maternal and paternal alleles by offering two different targeting vectors for 

the same locus. To investigate if ITPN allows the simultaneous generation of bi-allelic knock-ins 

carrying different fluorescent tags within each allele, we targeted the SEC61B, MAP4 and HIST1H2BC 

loci in tumor organoids with both mNeongreen and mScarlet targeting vectors. Flow analysis at 10 

days post electroporation confirmed the presence of a double-positive cell population for each 

targeted locus (Fig. 4A). Genotyping of manually picked lines confirmed correct modification of each 

allele (Extended data Fig. 8). In addition, imaging of bi-allelic knock-in organoids confirmed the 

detection of both allele-specific reporters (Fig. 4B). Next, we performed live-cell imaging of organoids 

and assessed the bi-allelic fluorescent output (green vs red) for single cells over time (Fig. 4C), as a 

straightforward showcase how differential allele-specific modifications could be used to study allele-

specific expression levels18,19. This proof of principle underscores the power of ITPN to create allele-

specific readouts that, depending on the knock-in template, can be applied to address many biological 

questions, ranging from allele-specific expression patterns to differential biochemical properties 

between wild-type and mutant proteins. 

 

 

Discussion 

 
Here, we show that large knock-ins such as fluorescent gene tags can be generated in human 

organoids with high efficiency and fidelity using ITPN. The strategy is superior to conventional Cas9-

mediated genome editing as ITPN is DSB-independent which minimizes the risk of undesired 

mutations, both at potential off-target sites as well as within the untargeted allele that does not carry 

the knock-in. This also implies that ITPN is ideally suited for the introduction of heterozygous 

pathogenic (germline) mutations. An additional advantage is that sequence verification of individually 

picked clonal lines becomes obsolete and thus that all de novo generated knock-in cells can 

immediately be pooled. This accelerates expansion of the early culture and reduces the overall 

generation time of knock-in models. In addition, pooling all de novo generated knock-in cells preserves 

the genetic heterogeneity present in the original culture, which is important when working with patient-

derived tumor organoid models. To circumvent labor-intensive molecular cloning of targeting vectors, 

we generated a palette of vector backbones that can be locus customized in the same amount of 

cloning time required for gRNA oligo insertion into Cas9 expression vectors. Moreover, our targeting 

vector backbone design is modular, so that the donor template itself can easily be adapted to more 

complex and sophisticated reporter designs5. Our vector backbones are available on Addgene, and 

our protocols (Supplementary File 1 and 2) contain detailed instructions for their application. 
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While absolute knock-in efficiency depends on many variables, the most practical determinant of a 

successful strategy is that knock-ins are consistently obtained with each attempt. To showcase the 

robust efficiency of ITPN in organoids, we generated triple knock-ins at three independent genomic 

loci in a single targeting round, and we accomplished a one-step generation of bi-allelic knock-ins 

carrying allele-specific reporters. In our hands, efficiency of ITPN is superior to CRISPR strategies 

that use conventional donor templates. In agreement with earlier reports8,9,14,15, an important variable 

that influences overall efficiency was the in-trans paired nicking or cleavage of the donor. Although 

NHEJ-mediated knock-ins by strategies such as CRISPR-HOT6 minimize the need for molecular 

cloning, our results indicate that ITPN substantially improves efficiency and fidelity when compared to 

NHEJ-mediated strategies, while our dedicated vector backbones minimize molecular cloning to a 

similar extent. 

Due to the near exact sequence similarity between maternal and paternal alleles, differences in 

expression patterns between two alleles of a given gene are poorly understood. Likewise, changes in 

subcellular localization, protein interactions and/or biochemical properties between wild-type and 

mutant proteins, such as oncogenes, are rarely examined in the same cells due to the near impossible 

task of modifying both alleles independently with different tags. Since ITPN generates knock-in alleles 

without modifying the untargeted allele, the same locus can be re-targeted with an alternative donor 

template. As a proof of principle, we generated a bi-allelic knock-in with different fluorophores at the 

HIST1H2BC, SEC61B and MAP4 loci in a single targeting round. Accurate estimation of allelic 

imbalance is important to understand genetic and epigenetic mechanisms of gene regulation, and 

dysregulation during carcinogenesis. 

In conclusion, ITPN is a versatile strategy that generates fast and efficient knock-ins in human 

organoids. We envision that our approach can easily be applied to organoid models derived from 

other tissues or sources, such as pluripotent stem cell-derived organoid models. Various CRISPR-

mediated knock-in strategies have been reported to date that reach sufficient efficiencies to make 

genetic editing practical in organoid models. ITPN is comparable in terms of efficiency, but stands out 

as being DSB-independent and therefore has the highest intrinsic fidelity of precise genome editing. 

In combination with the seamless one-step generation of targeting vectors, ITPN represents an 

important technological advance in generating high-fidelity knock-in model systems. 
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Materials & methods 

 
Vector assembly 
Targeting vector backbones were generated by recombinase-based seamless assembly (In-fusion 

cloning, Takara biotech) of a commercially synthesized DNA fragment (IDT or Genscript) carrying 

mNeongreen20, mTurquiose221, mScarlet22, or photoconvertible Dendra223 with optional P2A-selection 

elements (Supplementary Table 2) into a PCR amplified generic backbone fragment (FWD: 

tcctcgctcactgactcgct, REV: gcggtattttctccttacgcatctg). See Supplementary File 2 for a detailed 

explanation of how to generate new targeting vector backbones. To generate locus-specific targeting 

vectors, commercially synthesized homology arm fragments (Supplementary Table 3) were inserted 

into targeting vector backbones using SapI-based golden gate assembly as previously described4, 

see Supplementary File 1 for a more detailed protocol. Cas9 wild-type (addgene #48139) and Cas9 

D10A nickase (addgene #48141) locus-specific expression vectors were generated according to 

published protocols24. 

 
Organoid culture 
Patient-derived tumor organoid with identifier P9T (PDTO-9) was obtained from a previously published 

colorectal cancer biobank16. PDTO-9 was maintained at 37°C with 5% CO2 atmosphere seeded in 

RGF Basement Membrane Extract (BME), Type 2 (Cultrex). Culture media consisted of advanced 

DMEM/F12 (Gibco) supplemented with penicillin-streptomycin (Lonza, 10U ml−1), GlutaMAX (Gibco, 

1x), HEPES buffer (Gibco, 10mM), Noggin-conditioned medium (10%), R-spondin1-conditioned 

medium (10%), B-27 (Gibco, 1x), nicotinamide (Sigma-Aldrich, 10mM), N-acetylcysteine (Sigma-

Aldrich, 1.25mM), SB202190 (Gentaur, 10μM), A83-01 (Tocris, 500nM) and recombinant human EGF 

(PeproTech, 50ng ml−1). PDTO-9 cultures were passaged weekly and maintained below passage 10. 

Briefly, PDTOs were dissociated using trypsin-EDTA (Sigma-Aldrich) and seeded in BME in a pre-

warmed 24-well plate. ROCK inhibitor Y-27632 (Gentaur, 10μM) was added to culture medium upon 

plating for 2 days. 

Normal human colon organoids were maintained at 37°C with 5% CO2 atmosphere seeded in growth 

factor reduced Matrigel (BD Biosciences). Culture media25 consisted of advanced DMEM/F12 (Gibco) 

supplemented with penicillin-streptomycin (Lonza, 10U ml−1), GlutaMAX (Gibco, 1x), HEPES buffer 

(Gibco, 10mM), Noggin-conditioned medium (10%), R-spondin1-conditioned medium (20%), B-27 

(Gibco, 1x), N-acetylcysteine (Sigma-Aldrich, 1.25mM), A83-01 (Tocris, 500nM), recombinant human 

EGF (PeproTech, 50ng ml−1), recombinant human IGF-1 (BioLegend, 100 ng/ml), recombinant human 

FGF-basic (Peprotech, FGF-2 50 ng/ml), and 0.5 nM Wnt surrogate (U-protein Express). Organoid 

were passaged as described above. 
 

Organoid electroporation 
To generate knock-ins in either normal or colorectal tumor organoids, 1x106 cells at ~5 cell clumps 

were co-electroporated with 15μg DNA, at a 1:1 ratio of Cas9 (Addgene #48139) or Cas9 D10A 
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nickase (Addgene #48141) and targeting vector using the NEPA21 Super Electroporator (Nepagene) 

following described conditions26. 

 

Flow analysis 
Organoids were trypsinized and filtered through a CellTrics 10μm sieve (Sysmex) to obtain a single 

cell suspension. To quantify the knock-in efficiency, cells were flow analyzed (FACSCelesta, BD) at 

least 10 days post electroporation. Gates were set based on a negative control/population.  

 

Genotyping and TIDE analysis 
Polyclonal or clonal knock-in cultures were established via manual picking or FACS. Site-specific 

integrations were confirmed by genotyping PCRs on genomic DNA extract using locus-specific primer 

sets (Supplementary Table 4), followed by Sanger sequencing. TIDE analysis was performed on 

Sanger sequencing data of secondary “non-knock-in” alleles using the Sanger sequencing read of the 

parental organoid line as a control sample chromatogram. 

 

Whole genome sequencing and read mapping 
The genomic DNA of three clonally expanded ITPN-mediated SEC61B-mScarlet organoid lines was 

isolated using the QIAamp DNA Micro Kit according to the manufacturer’s instructions. Illumina 

sequencing libraries were generated using 200 ng of genomic DNA according to standard protocols 

(Illumina). Following WGS to a base coverage of 15x (Illumina NovaSeq 6000, 2 x 150 bp), initial 

processing of the sequence reads was performed using the complete analysis pipeline available at 

https://github.com/UMCUGenetics/NF-IAP. Briefly, the Burrows-Wheeler Aligner v0.7.17 mapping 

tool was used to map sequence reads against human reference genome GRCh38 with settings ‘bwa 

mem -c 100 -M’27. Next, duplicate reads were flagged with Sambamba v0.6.8 and the Genome 

Analysis Toolkit (GATK) v4.1.3.0 was used for realignment28. 

 

Variant calling and filtering 
Next, variants were multi-sample called with the GATK HaplotypeCaller v4.1.3.0 and GATK-Queue 

v.4.1.3.0, based on default settings and the additional option “EMIT_ALL_CONFIDENT_SITES”. 

Subsequently, GATK VariantFiltration v4.1.3.0 was used to evaluate the quality of the variant 

positions, with options -snpFilterName SNP_LowQualityDepth -snpFilterExpression “QD < 2.0” -

snpFilterName SNP_MappingQuality -snpFilterExpression “MQ < 40.0” -snpFilterName 

SNP_StrandBias -snpFilterExpression “FS > 60.0” -snpFilterName SNP_HaplotypeScoreHigh -

snpFilterExpression “HaplotypeScore > 13.0” -snpFilterName SNP_MQRankSumLow -

snpFilterExpression “MQRankSum < −12.5” -snpFilterName SNP_ReadPosRankSumLow -

snpFilterExpression “ReadPosRankSum < −8.0” -snpFilterName SNP_HardToValidate -

snpFilterExpression “MQ0 >= 4 && ((MQ0 / (1.0 ∗ DP)) > 0.1)” -snpFilterName SNP_LowCoverage -

snpFilterExpression “DP < 5” -snpFilterName SNP_VeryLowQual -snpFilterExpression “QUAL < 30” 

-snpFilterName SNP_LowQual -snpFilterExpression “QUAL >= 30.0 && QUAL < 50.0 ” -

snpFilterName SNP_SOR -snpFilterExpression “SOR > 4.0” -cluster 3 -window 10 -indelType INDEL 
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-indelType MIXED -indelFilterName INDEL_LowQualityDepth -indelFilterExpression “QD < 2.0” -

indelFilterName INDEL_StrandBias -indelFilterExpression “FS > 200.0” -indelFilterName 

INDEL_ReadPosRankSumLow -indelFilterExpression “ReadPosRankSum < −20.0” -indelFilterName 

INDEL_HardToValidate -indelFilterExpression “MQ0 >= 4 && ((MQ0 / (1.0 ∗ DP)) > 0.1)” -

indelFilterName INDEL_LowCoverage -indelFilterExpression “DP < 5” -indelFilterName 

INDEL_VeryLowQual -indelFilterExpression “QUAL < 30.0” -indelFilterName INDEL_LowQual -

indelFilterExpression “QUAL >= 30.0 && QUAL < 50.0” -indelFilterName INDEL_SOR -

indelFilterExpression “SOR > 10.0.” 

Low-quality and subclonal mutations accumulated during clonal expansion of the organoid lines were 

excluded by annotating using SMuRF release 2.1.2 as described29 

(https://github.com/ToolsVanBox/SMuRF). We included all variants in each clone at autosomal or X 

chromosomes present in less than three clonal samples that passed VariantFiltration, with a GATK 

phred-scaled quality score ≥ 60; minimum base coverage of 5X, a mapping quality ≥ 30, and a variant 

allele frequency of at least 0.1529,30. Structural variation calling was performed with the GRIDSS-

purple-linx pipeline v1.3.2, using all paired combinations of the three WGS samples as tumor-normal 

pairs31. 

 

Analysis of in silico predicted off-target regions 
All potential off-target protospacer regions for the guide sequence 5’-

GGGGTCGGACCAGGCTGTAG-3’ were predicted using the publicly available CasOFFinder tool32, 

using an NGG PAM and allowing up to four mismatches. As regions of interest, both the potential off-

target protospacer regions as well as the flanking 200 bases were considered. Using BEDtools 

v2.27.1, all variants that passed filtering by SMuRF were intersected with the regions of interest33. In 

addition, all start and end coordinates of the structural variations called by GRIDSS-purple-linx were 

intersected with the same potential off-target genomic regions. 

 

Live organoid imaging 
To support live-cell microscopy of organoids, PDTO-9 or normal organoid cultures were passaged 5-

7 days prior to imaging. PDTOs were harvested 24h before imaging and resuspended in an ice-cold 

mix of culture media containing 50% v/v BME or 90% v/v Matrigel. The organoid suspension was then 

seeded in an ice-cold glass bottom WillCo-dish (WillCo Wells B.V.) coated with a thin film of BME or 

Matrigel. Organoids were allowed to settle on ice before gel polymerization at 37°C and addition of 

culture media. Outgrowth was captured overnight on a spinning disk confocal system (Nikon, 15min 

frame rate, z-step 1.4µm). Imaging data were analyzed with Fiji (ImageJ). For the HIST1H2BC bi-

allelic knock-in organoids, a custom-made analysis macro34 was used to track single cells and monitor 

their mNeongreen and mScarlet signals. Bleach correction (per channel, per timepoint) was 

performed based on integral fluorescence signals of the corresponding organoids. 

  

https://github.com/ToolsVanBox/SMuRF
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Extended data Fig. 1 | Flow cytometry analyses for the measurement of knock-in efficiencies 
Representative flow cytometry plots for the analysis of knock-in efficiencies including non-edited controls are shown. 
Panel (A), (B), (C), and (D) are related to Fig 1C, 1D, 1F, and 1G, respectively. Raw FCS files are available on the 
FlowRepository (FR-FCM-Z4PJ). 
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Extended data Fig. 2 | On-target TIDE analysis of different knock-in strategies at the SEC61B locus 
To perform TIDE analyses, genomic DNA was extracted from polyclonal knock-in populations generated either via 
MMEJ, traditional targeting, ITPC (with wild-type Cas9) or ITPN (with Cas9 D10A nickase) (see Fig 1C). Polyclonal 
lines were generated by manually pooling ~10 clonal knock-in organoids. TIDE analysis was performed using the 
Sanger sequencing read of the parental patient-derived tumor organoid model as a control sample chromatogram. 
The NHEJ condition co-delivered with wild-type Cas9 was omitted from this analysis as there were too few knock-
in organoids available to generate a polyclonal line. The percentage of reads containing indels is displayed in the 
left upper corners. Underlying data are provided in Supplementary Data file 2. 
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Extended data Fig. 3 | Fidelity of ITPN-mediated fluorescent knock-ins at the SEC61B locus 
Sanger sequencing was performed on the SEC61B locus of 11 clonal patient-derived tumor organoid knock-in lines 
generated via ITPN (see Fig 1C). Knock-in lines were generated by handpicking individual large clonal knock-in 
organoids. The 5’ and 3’ junctions of the knock-in allele and the target region of the ‘untargeted’ allele is shown for 
each clone. Clone no.7 carries a homozygous mScarlet knock-in at the SEC61B locus and therefore does not contain 
an untargeted allele. Underlying data are provided in Supplementary Data file 2. 
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Extended data Fig. 4 | KRT20-mScarlet knock-in in normal human colon organoids 
(A) Schematic representation of the KRT20 targeting strategy to knock in mScarlet-P2A-BlasticidinR. The donor was 
flanked with homology arms matching up- and downstream sequences of the C-terminus of the human KRT20 locus. 
Cas9 D10A nickase was targeted close to the stop codon using a gRNA as indicated (green arrow). Cas9 D10A 
nickase cleavage sites (triangles) and protospacer adjacent motifs (black bar) are indicated. Up- and downstream 
homology is represented in blue and red, respectively. Knock-in organoids were generated by electroporating normal 
human colon organoid clumps followed by outgrowth for 10 days. To select for successfully targeted cells, organoids 
were treated for 7 days with Blasticidin, followed by manual picking of a clonal organoid containing red fluorescent 
cells. (B) Fluorescent images of representative KRT20-mScarlet-P2A-BlasticidinR knock-in organoids containing 
both KRT20-positive and KRT20-negative cells (red: KRT20-mScarlet). Scale bar = 50µm. (C) Sanger sequencing 
was performed on the KRT20-mScarlet-P2A-BlasticidinR knock-in line. The 5’ and 3’ junctions of the knock-in allele 
are intact. Underlying data are provided in Supplementary Data file 2. 
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Extended data Fig. 5 | TIDE analysis of multiplexed triple KI knock-in lines in tumor human colon organoids 
TIDE analysis of the ‘untargeted’ alleles for all targeted genes in the one-step triple knock-in lines (see Fig 3). TIDE 
was performed using the Sanger sequencing read of the parental tumor colon organoid model as a control sample 
chromatogram. The SEC61B allele of Triple KI-2 was not analyzed because it failed quality control. Underlying data 
are provided in Supplementary Data file 2. 
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Extended data Fig. 6 | Sanger sequencing of 5’ and 3’ knock-in allele junctions in triple KI tumor colon 
organoids. 
Sanger sequencing was performed on polyclonal triple knock-in tumor colon lines generated via manual picking of 
triple positive clonal organoids. The 5’ and 3’ junctions of each knock-in allele are shown for all three multiplexed 
knock-in conditions (see Fig 3). Underlying data are provided in Supplementary Data file 2. 
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Extended data Fig. 7 | Two-step triple knock-ins in human colon cancer organoids using antibiotic 
enrichment 
(A) Schematic representation showing the generation of triple fluorescent knock-ins in human colon cancer 
organoids in two rounds of gene targeting. mScarlet-BlastR was integrated into the CDH1 locus, coding for E-
cadherin, followed by Blasticidin selection for 2 weeks to enrich for knock-in organoids. Subsequent handpicking 
generated a pure line (99.5%, Scarlet+). In a second round of gene targeting, mTurquoise2-PuroR was integrated 
into the HIST1H2BC locus combined with mNeongreen integrations into either the LMNA, SEC61B or MAP4 loci. In 
the schematics: Cas9 (D10A) nick positions (red triangles) and protospacer adjacent motifs (black bar) are indicated 
for each knock-in design, including gRNA used (green arrow). (B) FACS plots of triple KI organoids after the second 
targeting round and puromycin selection for 10 days. Puromycin enrichment resulted in a near complete selection 
for HIST1H2B-mTQ2-PuroR positive cells (purple & blue populations combined). Numbers in FACS plots indicate 
frequencies (%) of knock-in populations within the entire targeted cell population. Raw FCS files are available on 
the FlowRepository (FR-FCM-Z4PJ).  
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Extended data Fig. 8 | Sanger sequencing of differential bi-allelic modifications in a patient derived tumor 
organoid line 
Sanger sequencing was performed on polyclonal bi-allelic tumor knock-in lines carrying both mScarlet and 
mNeongreen integrations at either the SEC61B, MAP4 or HIST1H2BC locus. The 5’ and 3’ junctions of each knock-
in allele are shown for all three bi-allelic knock-in conditions (see Fig 4A). For HIST1H2BC-mSC, the endogenous 
stop codon of the HIST1H2BC locus was maintained.  
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Supplementary tables 1-5 and a supplementary data files showing raw sanger sequencing and TIDE 
results are available online. See PLoS Biol. 2022. 20(1):e3001527 
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Supplementary file 1 

Design considerations and cloning protocol for the one-step targeting vector assembly to obtain 

fluorescent gene tagging using in-trans paired nicking or cleavage28. 

Considerations regarding fluorescent gene tagging 

Before starting the design and cloning of a targeting vector to obtain fluorescent knock-ins for the 

purposes of (live) cell imaging of endogenous proteins the researcher should consider the following: 

1) Is the protein of interest expressed at sufficient levels to support the intended application? 

Endogenous expression levels of proteins are generally at least an order of magnitude lower 

when compared to exogenous over-expression. This can complicate live cell imaging 

procedures, since the lower expression levels require more light exposure to produce sufficient 

signal, which in turn accelerates bleaching and laser toxicity. In our experience, highly expressed 

proteins such as H2B1C can be imaged dynamically (4-minute intervals) on confocal systems 

over a period of at least 72h. 

2) Which terminus should be targeted for fluorescent gene tagging? We recommend a pre-study of 

current literature on the behavior and correct sub-cellular localization of fluorescently-tagged 

exogenous over-expression of the protein of interest, to infer whether the protein of interest can 

be fused without compromising its activity. Often, the least invasive terminus can be rationally 

deduced. For example, membrane proteins frequently have a terminus embedded in the 

membrane or exposed to the cell exterior, which is not suitable for fluorescent tagging. 

3) How will the cells carrying the fluorescent knock-in be selected for? Generally, if a protein of 

interest is suitable for live cell imaging it will also be sufficiently bright to allow FACS of knock-in 

cells. There are exceptions. Some cell or organoid lines may not tolerate single cell outgrowth 

after FACS. Furthermore, the protein of interest may only be expressed in differentiated cells 

and not in the primary cells initially targeted. In the former case, we advocate using a C-terminal 

P2A-selection element, when possible, which allows antibiotic enrichment of correctly targeted 

cells. If a C-terminal knock-in is not compatible or if the protein is expressed only in differentiated 

cells, resorting to a sampling-based selection of clonal lines may be the easiest option. Generally, 

knock-in efficiencies are sufficiently high to find a knock-in by sampling fewer than 40 clones. 

Alternatively, the researcher can modify the targeting vector backbone (Supplementary file 2) to 

include more complex and sophistigated reporter constructs like a floxed selection element that 

is expressed by an independent promoter1. 

4) Fluorescent protein choice. For the targeting vector backbones described in this manuscript we 

selected fluorescent proteins that are bright and have a high monomeric propensity (with the 

exception of Dendra2 which was chosen for its photoconvertible properties). Monomeric property 

is especially important given that dimerization of endogenously tagged fluorescent proteins is 

associated with perturbed function and localization defects. For an overview of the 

characteristics of many fluorescent proteins we recommend the excellent work by Cranfill et al.29.  
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Cas9 target site selection 

To discuss considerations for Cas9 target site selection we will use an N-terminal LMNA knock-in as 

a concrete example. We recommend using Benchling.com for knock-in designs, which is free for 

academics.  

We first import the annotated human LMNA genomic sequence and find the site where we want to 

integrate our knock-in which, in the case of LMNA, is at the N-terminus, right after the start codon: 

 

We then select a sequence spanning 50 bases up- and downstream of the integration site and scan 

for SpCas9 target sites. The image below represents the Benchling output, slightly modified for clarity. 

Outputs of other design tools generally look similar. There are plenty of SpCas9 target sites available, 

we highlighted a few to discuss target site selection considerations: 

 

Each target site is represented by an arrow. The direction indicates whether the guide RNA anneals 

to the sense or antisense genomic strand. The cut site, 3-bp upstream of the PAM, is indicated by the 

flag pole for each guide. The first number of the flag represents the predicted on-target cleavage 

efficiency and the second number represents specificity. In each case, higher is better.  

In our view, there are 4 considerations for target site selection in order of importance: 

1) Cleavage proximity to the integration site 

2) The Cas9-target site overlaps the integration site 

3) Predicted on-target efficiency (>50 is great) 

4) Specificity (not important when editing using in-trans paired nicking). 
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In the image above guide 2 is the worst option, the cut is far away from the integration site and the 

on-target efficiency score is bad. Guide 1 is slightly better as it has a good on-target efficiency score, 

but cuts equally far away from the integration site. Guide 3 is much better; it has a great on-target 

efficiency score and cuts closer to the integration site. However, although guide 3 overlaps the 

integration site, the integration of the knock-in still preserves 15-nucleotides of the SpCas9 target site 

including the PAM (the integration site is determined by the homology arms and not by the Cas9 cut, 

the cut serves solely to stimulate homology-directed repair). Leaving a too large a portion of the 

original target site intact risks re-targeting of the correctly edited allele by Cas9. Fore safety, we use 

a cut-off of 14nt’s of less30. Therefore, the use of guide 3 (and indeed guide 1 & 2) would require 

editing of the homology arms to introduce silent mutations that prevents Cas9 cleavage after 

successful editing. In the case of guide 3 for example; selecting a different codon for arginine (CGG 

-> CGC) in the targeting vector would already destroys the PAM. For guides 1 & 2, it is harder to 

introduce a non-invasive mutation since these guides cut in the 3’-UTR which risks disrupting 

important motifs. Therefore, in cases where we cannot select a guide that sufficiently overlaps the 

integration site such that re-cleavage by Cas9 is prevented, we have a preference for guides that cut 

in the coding region, since this allows the introduction of silent mutations that prevent re-cleavage 

(such as guide 3). Fortunately, guide 4 allows a knock-in design where the introduction of silent 

mutations is not necessary. Guide 4 has a good on-target score and cuts very close to the integration 

site (1bp downstream), in addition, the target site is destroyed by the introduction of our knock-in. For 

these reasons we selected guide 4 for our design. 

With respect to specificity, we strongly recommend performing the knock-in with a single genomic nick 

instead of double-strand cleavage, such that potential indels at off-target sites can be disregarded. If 

the use of wild-type Cas9 is desired, we still recommend to disregard the score indicated by the flag. 

Instead, we suggest taking a look at the top predicted off-target sites for each guide to check if they 

are located in genes. If they are, there is no reason to discard the guide. Instead, when using wild-

type Cas9 for editing, the positions of the off-target sites can be sequenced for individual clones to 

confirm the absence of indels at these sites (unless the off-target site is a 100% match, resulting a 

very high indel frequency). 

While we think the predicted on-target cleavage efficiency is important, we generally do not discard 

well positioned target sites with mediocre on-target scores in favor of target sites with great on-target 

scores that cut farther away from the integration site. For example, the target sites selected for the 

H2B1C knock-in in our manuscript has a poor predicted on-target score (16.3) but a great cleavage 

position, and results in some of the highest knock-in efficiencies we have recorded. 

The strategies outlined above are also relevant for alternative CRISPR associated nucleases, in 

particular with respect to the the Cas9 derived nucleases with alternative PAMs. 
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Homology arm design for one-step targeting vector assembly for N-terminal knock-ins. 

To integrate the coding sequence of a fluorescent protein at a specific genomic location, we select 

up- and downstream homology arms that flank the desired integration site. In the case of LMNA, we 

integrate our knock-in right after the start codon at the N-terminus.  

Homology arm length is a frequently debated topic. Prior work8, 14,15, and our experiments in Fig. 1d 

of the current manuscript, lead us to operate with a default homology arm length of 600bp. This is a 

convenient size for commercial synthesis or a genomic PCR, and generally results in high knock-in 

efficiencies for both in-trans paired cleavage and nicking. We first select our homology arms for LMNA: 

 

To support in-trans paired cleavage and nicking, we prefer to flank both homology arms by the same 

Cas9-target site as the one selected for genomic cleavage at the integration site, so that co-delivery 

of a single guide is sufficient, instead of using a separate, dedicated guide for vector cleavage. On 

the other hand, a dedicated vector guide allows the researcher to select a well vetted and highly 

efficient guide for vector cleavage, but requires co-delivery. Both strategies are valid. Furthermore, 

we designed our targeting vector backbones to allow one-step targeting vector assembly using a SapI 

based golden-gate strategy, which requires flanking the homology arm fragments with SapI sites that 

generate specific overhangs.  

To generate homology arm fragments that are flanked with a Cas9 target site and SapI restriction 

sites, we prefer commercial synthesis. We created homology arm fragment templates that can be 

modified and ordered. Note that the N-terminal and C-terminal targeting vector backbones require 

different overhangs. Here are the templates for the N-terminal targeting vectors: 

N-terminal Upstream Homology arm (UHA) fragment template 

AACGCTCTTCATAC-Cas9 target here-PAM-UHA here-GTGTGAAGAGCGCG 

N-terminal DHA fragment template 

CGCGCTCTTCGAGC-DHA here-Cas9 target here-PAM-AATCGAAGAGCGTT 
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In the above homology arm fragment templates, the SapI sites are indicated in green. These sites 

generate unique 3-base overhangs that allow golden-gate assembly of the targeting vector.  

SapI restriction enzyme 

5'...GCTCTTC (N)1... 3' 

3'...CGAGAAG (N)4... 5' 

 

The selected homology arm regions can simply be copied and pasted, 3’ to 5’ to replace “UHA/DHA 

here”. If necessary, include mutations in the homology arms that prevent re-cleavage by Cas9. The 

Cas9 target site, including the PAM can also simply be copied and pasted from the genome. The 

respective orientation of the Cas9 target sites when using in-trans paired nicking is irrelevant (e.g., it 

makes no difference whether you nick the top-strand twice, or both the top and bottom strand once).  

Before ordering the fragments, we strongly encourage in-sillico golden-gate assembly (Benchling, or 

any other cloning program) using the desired targeting vector backbone. This confirms that the SapI 

overhangs are correct and allows the researcher to check if the ultimate targeting vector has the 

intended sequence upon vector assembly and upon insertion into the genome.  

Alternatively, the homology arm fragments can be generated using a genomic PCR with the required 

overhangs. The primer templates for N-terminal assemblies are: 

N-terminal UHA fragment 

Forward 5’-3’: 

 AACGCTCTTCATAC-Cas9 target here with PAM -NNNNNNNNNNNNNNN 

Reverse 5’-3’: 

CGCGCTCTTCACAC-NNNNNNNNNNNNNNN 

N-terminal DHA fragment 

Forward 5’-3’: 

CGCGCTCTTCGAGC-NNNNNNNNNNNNNNN 

Reverse 5’-3’: 

AACGCTCTTCGATT-Cas9 target here with PAM (reverse complement)-NNNNNNNNNNNNNNN 

We strongly encourage performing an in-silico PCR and subsequent in-silico golden-gate assembly 

to confirm that the targeting vector has the intended composition and that the Cas9-target sites are 

correct. 
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Homology arm design for C-terminal knock-ins. 

For C-terminal fluorescent knock-ins the target site selection criteria can be applied as previously 

described. C-terminal fluorescent knock-ins are integrated right before the endogenous stop codon. 

However, since the C-terminal targeting vector backbones already contain a stop codon, the 

endogenous stop codon can be omitted from the downstream homology arm. Below is an example of 

the homology arm locations of our H2B1C knock-ins, omitting the stop codon: 

 

 

As for N-terminal knock-ins, the homology arms and target sites can be pasted into homology arm 

fragment templates for C-terminal targeting vector backbones as previously described: 

C-terminal UHA fragment template 

AACGCTCTTCATAC-Cas9 target here-PAM-UHA here- GGCTGAAGAGCGCG 

C-terminal DHA fragment template 

CGCGCTCTTCGTGA-DHA here-Cas9 target here-PAM- AATCGAAGAGCGTT 

 

If preferred, the homology arm fragments can be amplified from genomic DNA using the following 
primer templates: 

C-terminal UHA fragment 

Forward 5’-3’: AACGCTCTTCATAC-Cas9 target here with PAM-NNNNNNNNNNNNNN 

Reverse 5’-3’: CGCGCTCTTCAGCC-NNNNNNNNNNNNN 

C-terminal DHA fragment 

Forward 5’-3’: CGCGCTCTTCGTGA-NNNNNNNNNNNNNN 

Reverse 5’-3’: AACGCTCTTCGATT-Cas9 target here with PAM (reverse complement)-

NNNNNNNNNNNNNNN 
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One-step targeting vector assembly 

For the purposes of one-step golden gate assembly of targeting vectors, we assume the homology 

arm fragments have been gel purified (genomic PCR) or resuspended (commercial) to a concentration 

of ~10ng/ul.  

SapI based golden gate reaction mix: 

10x T4 ligation buffer   1.5μl 

10mM ATP     1.5 μl 

SapI      1 μl 

T4 ligase    1 μl 

TV backbone 100ng    X μl  

Upstream arm 10ng   X μl  

Downstream arm 10ng  X μl  

MQ      To 15ul 
 
 
Thermocycler program: 

37˚C 2' 

16˚C 5' 

25x 

--- 

37˚C 15' 

80˚C 10' 

4˚C Forever 

 

After the golden gate reaction, the mix can be transformed into bacteria using Ampicillin selection. 

Generally, we miniprep 6 colonies per construct and run an restriction fragment length polymorphism 

assay to scan for correct clones.  

Correct integration of the homology arms can subsequently be checked using the following 

sequencing primers, which are suitable for both N- and C-terminal targeting vectors: 

UHA_seq:  caaataggggttccgcgcac 

DHA_seq:  ttaccgcctttgagtgagctga 
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Supplementary file 2. 

 

Personalize your one-step targeting vector backbone by replacing the current donor templates. 

The two major steps involved are: 1) design/order of your personalized donor template to be inserted 

into the targeting backbone. 2) Linearize the backbone of our existing targeting vectors. 

 

Replace donor templates to personalize your one-step targeting vector backbone 

Personalized targeting vector backbones with up-to-date fluorophores or more complex and 

sophisticated reporter constructs can easily be generated by modifying our existing templates for 

either N- or C-terminal knock-ins.  

Personalized donor templates should be sequence customized to be compatible with our seamless 

one-step assembly strategy of our targeting vector backbones. Please see the end of this document 

for the sequence information of vector backbones for the N and C-terminal knock-ins. In short, your 

reporter construct represents the [insert] and should be flanked with the DNA sequence as indicated. 

Fully customized donor templates can be ordered as a DNA fragment from commercial suppliers (e.g., 

ID&T or Genscript) and is suitable for Gibson assembly31 or recombinase based seamless cloning in 

combination with the PCR amplified vector backbone fragment.  

General note: When modifying the SapI overhangs, ensure that each of the 4 overhangs carries at 

least two unique bases so that the golden gate assembly has a high ligation specificity. Before 

ordering the DNA fragment, we strongly encourage an in-sillico assembly of the personalized targeting 

vector backbone followed by a subsequent in-sillico integration of the desired homology arms to 

confirm that the cloning overhangs are compatible. 

 

Generating locus-specific targeting vectors 

Personalized targeting vector backbones can be generated by combining the desired insert, designed 

according to our insert template (described below), with a PCR amplified vector backbone.  

To generate a linearized backbone fragment, use the following primers on one of our existing targeting 

vectors as a PCR template. 

TVBB_FWD:  tcctcgctcactgactcgct 

TVBB_REV:  gcggtattttctccttacgcatctg 
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After gel purification of the generic backbone fragment (1.9kb in length) and reconstitution of the 

commercially ordered personalized donor template, the new targeting vector backbone plasmids can 

be assembled using Gibson assembly or recombinase based cloning kits according to the 

manufacturer’s specifications. Once the new targeting vector backbone is finalized, the plasmid is 

ready for the insertion of both homology arms (see supplementary file 1). 

 

Donor template for N-terminal knock-ins 

5'gcgtaaggagaaaataccgcTACGGAAGAGCGCGATCGCGTTTAAAGGCTCTTCAGTG[insert]GGC

GGAGGCGGCAGCGCCAGCCGAAGAGCGTTTAAACGCGAACCGGCTCTTCGAATtcctcgctcactg
actcgct 3' 

- Bold & underscored are the 20nt Gibson/recombinase cloning overhangs compatible with 

the PCR amplified backbone fragment. 

- SapI sites that allow seamless one-step integration of up-and downstream homology arms 

(see suppl file 1) 

 SapI restriction enzyme 

  5'...GCTCTTC (N)1... 3' 

  3'...CGAGAAG (N)4... 5' 

 

- GTG encodes the amino acid valine and serves as a SapI overhang for seamless cloning. 

Valine is the first amino acid of many fluorescent protein’s and is meant to be the first codon 

after the endogenous start codon. When modified, also modify the corresponding SapI 

overhang in the homology arm fragment. 

- [insert] This is the position to place your own desired reporter construct sequence e.g., a 

different fluorescent protein. 

- The blue segment encodes a GGGGSAS flexible linker that is present in both N- and C-

terminal backbones to create a linker sequence between the fluorescent protein and the 

protein of interest. If undesired the sequence can be removed. However, for N-terminal 

assemblies, the last codon of the linker sequence (bold and underscored) serves as a SapI 

overhang for seamless cloning and should be conserved unless modifying the 

corresponding SapI overhang in the homology arm fragment. 
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Donor template for for C-terminal knock-ins 

5'gcgtaaggagaaaataccgcTACGGAAGAGCGCGATCGCGTTTAAAGGCTCTTCAGGCGGAGGCG

GCAGCGCCAGC[insert]TGACGAAGAGCGTTTAAACGCGAACCGGCTCTTCGAATtcctcgctcact
gactcgct 3' 

- Bold & underscored are the 20nt Gibson/recombinase cloning overhangs compatible with 

the PCR amplified backbone fragment. 

- SapI sites that allow seamless one-step integration of up- and downstream homology arms 

(see suppl file 1) 

 SapI restriction enzyme 

  5'...GCTCTTC (N)1... 3' 

  3'...CGAGAAG (N)4... 5' 

- The blue segment encodes a GGGGSAS flexible linker that is present in both N- and C-

terminal backbones to create a linker sequence between the fluorescent protein and the 

protein of interest. If undesired (for example when performing a knock-in as an expression 

readout by integrating a P2A-flurophore at the C-terminus) the sequence can be removed. 

However, for C-terminal assemblies, the first codon of the linker sequence (bold and 

underscored) serves as a SapI overhang for seamless cloning and should be conserved 

unless modifying the corresponding SapI overhang in the homology arm fragment. 

- [insert] This is the position to place your own desired reporter construct e.g., a different 

fluorescent protein  

- TGA encodes a stop codon and serves as a SapI overhang for seamless cloning. When 

modified, also modify the corresponding SapI overhang in the homology arm fragment. 
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Abstract 

 
Central to tumor evolution is the generation of genetic diversity. However, the extent and patterns by 

which de novo karyotype alterations emerge and propagate within human tumors are not well-

understood, especially at single-cell resolution. Here, we developed ‘3D Live-Seq’, a protocol that 

integrates live-cell imaging of tumor organoid outgrowth and whole-genome sequencing of each 

imaged cell to reconstruct evolving tumor cell karyotypes across consecutive cell generations. Using 

patient-derived colorectal cancer organoids and fresh tumor biopsies, we demonstrate that karyotype 

alterations of varying complexity are prevalent and can arise within a few cell generations. Sub-

chromosomal acentric fragments were prone to replication and collective missegregation across 

consecutive cell divisions. By contrast, gross genome-wide karyotype alterations were generated in a 

single erroneous cell division, providing support that aneuploid tumor genomes can evolve via 

punctuated evolution. Mapping the tempo and patterns of karyotype diversification in cancer enables 

reconstructions of evolutionary paths to malignant fitness. 
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Introduction 

 
Aneuploidy, defined as a cell having an abnormal number of chromosomes or sub-chromosomal 

fragments, is among the most common features of human cancers1. The prevalence of aneuploidy 

and the detection of recurrent copy-number alterations (CNAs) across cancer types indicates that 

genome-wide aneuploidy plays an active role in promoting malignant phenotypes2,3. 
How an aneuploid tumor genome evolves over time remains incompletely resolved. Although single-

cell sequencing from patient samples captures genetic diversity in human tumors4,5, the evolutionary 

history of an aneuploid genome is difficult to determine as the two critical parameters that fuel its 

progression, being ongoing chromosomal instability (CIN) and selection pressures, are dynamically 

intertwined3,6-8. Consequently, general models of tumor evolution are still under debate, in part 

because the karyotype alteration rate and the patterns by which de novo karyotypes emerge and 

propagate within human tumors are not well-understood6,8,9. These parameters in particular are 

difficult to extract from patient material since it provides limited to no information on genetic 

intermediates and the timescales that separate individual tumor subclones (number of cell 

generations). For instance, punctuated bursts of karyotype alterations in human cancers have been 

described10-13, but the exact timescale and prevalence of such events remain elusive14. 

Patient-derived tumor organoids (PDTOs) offer a unique opportunity to address these fundamental 

questions. PDTOs are 3-dimensional ‘mini-organs’ derived from primary tumor tissue. PDTOs 

maintain the histopathological features of the native tumor, including high concordance in somatic 

mutations, transcriptome and drug response profiles15-17. Crucially, PDTO models are the closest 

representatives of human tumors that are compatible with high spatiotemporal resolution imaging of 

cells, enabling live microscopy of clonal tumor outgrowth. 
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Results 

 
De novo CNAs emerge and propagate during PDTO outgrowth.  
To investigate the extent to which de novo chromosomal CNAs emerge and propagate during clonal 

outgrowth of a single tumor cell, we developed a protocol that allows single-cell whole-genome 

sequencing of the entire cell population derived from a single organoid (Fig. 1a). Using this protocol, 

we repeatedly sequenced a high fraction (~90%) of cells from clonal tumor organoids of two colorectal 

cancer patients, PDTO-9 (microsatellite stable) and PDTO-19b (microsatellite unstable)15. 

Sequencing data from both PDTO lines display de novo whole chromosome as well as sub-

chromosomal CNAs among cells (Fig. 1b, c and Extended Data Fig. 1, 2), in agreement with our 

previous study showing that both PDTOs are in CIN7. Capturing the entire population of cells from 

individual clonal PDTOs has the critical advantage of detecting reciprocal copy-number gains and 

losses between cells, indicating that the two lineages are progeny of the same ancestral CNA event 

(Fig. 1b, c, red boxes, >1 cell with the same CNA indicates propagation). Across datasets, CNA events 

occurred at a rate of approximately one in ten cell divisions for both PDTO-9 and PDTO-19b (Fig. 1d). 

Notably, we identified instances where identical CNAs emerged from independent events within a 

single PDTO-9 organoid, which are discriminated by the co-occurrence of additional CNAs that 

prohibit assembly of a coherent single phylogeny (Fig. 1b, I-II and Extended Data Fig. 1b, I-II). Indeed, 

we frequently detected cell divisions where multiple CNAs arose simultaneously. Extreme cases are 

represented by a subset of PDTO-19b cells with highly aberrant karyotypes that can be classified as 

hopeful monsters18,19, defined as a genome-wide set of changes in ploidy that are likely to significantly 

alter fitness. Two of these cells display extensive reciprocal CNAs across their genomes (Fig. 1c, III), 

indicating that they are progeny of a single catastrophic cell division. The sum of both karyotypes point 

to a genome-duplicated ancestor, in line with models suggesting that extreme aneuploid states often 

evolve from unstable tetraploid intermediates20 (Extended Data Fig. 3a).  

Collectively, these data indicate that de novo CNAs readily arise and propagate during PDTO 

outgrowth. Furthermore, we detected several instances of punctuated karyotype alterations that 

involve multiple chromosomes in a single cell division, with hopeful monsters representing the most 

extreme cases. 

 

Integrating live-cell imaging and single-cell sequencing data using 3D Live-Seq.  
To further investigate the dynamics of de novo CNAs as they arise and propagate across cell 

generations, we developed ‘3D Live-Seq’, a protocol inspired by the Look-Seq strategy21. 3D Live-

Seq incorporates confocal live-cell imaging data of a growing PDTO structure and single-cell 

sequencing data of the entire imaged cell population to allow a precise reconstruction of evolving 

tumor karyotypes across consecutive cell generations. The expression of transgenic H2B-Dendra222 

is sufficiently bright to support long-term confocal imaging with remarkable spatiotemporal resolution. 

Importantly, cells-of-interest can be photoconverted from green to red Dendra2-fluorescence to serve 

as a reference landmark for the direct integration of imaging and sequencing datasets. 
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Fig. 1 | Chromosomal copy-number alterations emerge and propagate during clonal PDTO outgrowth 
a) Schematic overview of the procedure to perform single-cell whole-genome sequencing of the entire cell population 
from individual organoids. Clonal PDTO structures are mechanically dissociated into single cells prior to manual 
picking of individual cells for prospective genome-wide CNA analysis. b) Karyotype heatmap showing 62 cells 
derived from a clonal PDTO-9 structure expressing transgenic H2B-Dendra2 and consisting of 67 cells (93% 
recovery). 18 cells show de novo CNAs. Reciprocal gains and losses are indicated with red boxes. Dashed boxes 
indicate CNA events where a reciprocal loss or gain is missing. Sub-chromosomal CNAs were counted as events 
when represented in more than one cell. Parallel emergence of de novo CNAs involving Chr.1q (I, II) was determined 
by co-occurrence of a sub-chromosomal CNA in Chr.18. Scalebar is 10μm. c) As in b. Sequencing data of 58 PDTO-
19b cells are shown (87% recovery). 16 cells show de novo CNAs. The bottom panel shows a population of polyploid 
cells with large deviations from the core karyotype. Two cells show reciprocal gains and losses across their genome 
(III). Scalebar is 10μm. d) Graph indicating the number of CNA events per dataset (8 datasets). Dataset size is 
indicated per dot. Events include reciprocal CNAs, non-reciprocal whole-chromosome gains or losses and non-
reciprocal sub-chromosomal CNAs represented in more than one cell. Hopeful monster karyotypes were excluded 
from this analysis. CNA that occurred in the same cell division were considered as one event. 
 
 
Chromatin errors during mitosis are phenotypes of de novo CNAs.  
We first implemented 3D Live-Seq to investigate whether de novo CNAs correlate with specific 

chromatin errors during mitosis. Collectively, we generated high-resolution imaging data of 64 cell 

divisions, each from individual tumor organoids (PDTO-9), to score their chromatin phenotype. We 

then sequenced both daughter cells along with a bulk sample consisting of the remaining cells of the 

dissociated PDTO structure (Fig. 2a). As expected, de novo CNAs were almost exclusively generated 

among daughter cells of cell divisions that involved either a chromatin bridge or lagging chromatin 

(Fig. 2b and Supplementary file 1). Furthermore, chromatin bridges generally resulted in sub-

chromosomal CNAs, whereas whole-chromosome missegregations were mainly associated with 

lagging chromatin. This bias is consistent with reports showing that chromatin bridges primarily 

represent the stretching of fused or dicentric chromosomes23, likely to result in sub-chromosomal 

fragments when broken. To exclude that the expression of transgenic H2B substantially exacerbates  
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Fig. 2 | Capturing karyotype diversification across consecutive cell generations using 3D Live-Seq 
a) Schematic representing confocal imaging of individual PDTO-9 organoids expressing H2B-Dendra (green) to 
capture high spatiotemporal recordings of individual cell divisions, followed by photoconversion of cells-of-interest 
to red fluorescence prior to single-cell isolation. Below: representative imaging stills of the procedure. CNA plots 
from chr.7 to chr.16 are shown for photoconverted daughter cell 1 and 2 (top 2 lanes), as well as the remaining 
single cells of the organoid combined in lane 3 as reference material. Red box indicates the reciprocal gain and loss 
of chr.15, matching the lagging chromatin phenotype. Dots represent measured CNA per bin (1Mbp). Average 
deviation from diploid genome is indicated by color coding, blue (loss) and orange (gain). Scalebars are 10μm. b) 
Bar graph representing the fraction of PDTO-9 cell divisions that resulted in reciprocal whole-chromosome or sub-
chromosomal CNAs among daughter cells per chromatin error class. 37 normal (N) divisions, 18 divisions displaying 
chromatin bridges (CB) and 9 divisions with lagging chromatin (LC) were captured.  c) 3D Live-Seq dataset of a 
PDTO-9 organoid consisting of 13 cells. Top panel: representative stills of the growing PDTO-9 structure with nuclei 
in a false color depth code. The panel below shows a reconstruction of the true mitotic tree containing representative 
stills of 3D-rendered anaphases. The onset of anaphase is indicated by arrowheads in relation to the time axis (in 
hours). Bottom panel: karyotype heatmap of 12 cells (93% recovery) isolated from the imaged PDTO-9 organoid. A 
consecutive missegregation of chr.7 (I) was mapped to the highlighted branch of the mitotic tree using the 
photoconverted cell (white arrow) as a reference landmark. Anaphase stills showing lagging chromatin are indicated 
with red arrows. Chromosome cartoons along the mitotic tree indicate copy-number changes across cell 
generations. 
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CIN phenotypes, we generated a CRISPR knock-in24 of Dendra2 at the C-terminus of the histone 

H2B1C gene (Extended data Fig. 4a, b). In a direct comparison, both lines showed clear chromosomal 

instability phenotypes with similar error type frequency distributions (Extended data Fig. 4c). The lower 

overall CIN rate in the knock-in line can be attributed to the substantially reduced brightness of the 

knock-in, which hampers effective scoring of subtle chromatin errors, as well as to clonal differences 

between lines7 (Extended data Fig. 4d). Furthermore, single cells isolated from genetically unmodified 

PDTOs (using the DNA dye Syto 11) that have not been exposed to live-cell imaging procedures, 

displayed a similar number of de novo CNAs when compared to other PDTO datasets (Extended data 

Fig. 1d and 2b, c).   

While these data confirm that chromatin errors are distinct phenotypes of karyotype diversification, 

chromatin bridges in particular often failed to generate detectable CNAs (Fig. 2b). In contrast to 

artificially induced chromatin bridges25, naturally occurring chromatin bridges in PDTOs are likely to 

reflect a more complete spectrum of underlying causalities, of which a subset may be resolved at high 

fidelity, while other cases may give rise to mutations that are below our detection threshold 

(Supplementary file 2). 

 

3D Live-Seq captures karyotype alterations across consecutive cell generations.  
Next, we applied 3D Live-Seq to study evolving tumor genomes across multiple consecutive cell 

divisions. To showcase the feasibility of our protocol, we recorded unperturbed tumor growth of an 

individual PDTO-9 organoid across three cell generations (from 2 to 13 cells) and reconstructed the 

true mitotic tree with a detailed characterization of mitotic fidelity for each cell division (Fig. 2c). Prior 

to single-cell isolation we selected one cell-of-interest for photoconversion based on a lagging 

chromatin phenotype during its preceding cell division (Fig. 2c, cell no. 1.1.1.1).  Single-cell 

sequencing data from 12 out of 13 cells displayed several de novo CNAs across three lineages (Fig. 

2c, I-III). By using the sequencing result of the photoconverted cell as a landmark and the mitotic tree 

as a structural constraint on potential phylogenetic solutions of lineage no. I, we mapped a 

consecutive missegregation of chr.7 to the highlighted branch within the mitotic tree (Fig. 2c, branch 

1.1). In agreement with our previous data, divisions at which chr.7 missegregated display a lagging 

chromatin phenotype migrating toward the daughter cell that gained a copy of chr.7 (Fig. 2c, red 

arrows). The remaining de novo CNAs could not be mapped with high accuracy as their potential 

phylogenetic solutions matched multiple branches of the mitotic tree (Fig. 2c, II and III). Lineage no. 

III displayed an unusual CNA of Chr6q (Chr6q24.2-ter) with one cell carrying five copies of Chr.6q 

while its sister cell, identified by the reciprocal CNA of Chr.1q, displayed only one copy of Chr.6q. 

Given the structural constraints set forth by the mitotic tree, any conventional phylogenetic 

interpretation that could explain the origin of additional Chr.6q copies appeared unlikely. 
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Acentric chromosomal fragments are prone to replication and collective missegregation 
across consecutive cell divisions.  
We encountered a similar amplification of Chr.9q (Chr.9q21.33-ter) within the photoconverted lineage 

of another PDTO-9 3D Live-Seq dataset (25 cells; 100% recovery), which allowed accurate mapping 

of its phylogenetic origin across four cell generations (Fig. 3a, I). The amplification of Chr.9q in one of 

the photoconverted cells and the reciprocal loss across all other cells within the lineage could only be 

reconciled by two cycles of replication and collective missegregation of an acentric Chr.9q fragment 

(Supplementary file 3). Chromatin phenotypes along the photoconverted branch suggest that 

replicated Chr.9q fragments were missegregated during consecutive divisions 1.1 and 1.1.1, but were 

most likely shielded from a third round of replication prior to division 1.1.1.1 by micronuclear 

containment (asterisk), which is associated with replication defects26-28. Next, we performed additional 

deep sequencing of cell 1 (5 copies), cell 2 and 3 (1 copy) and a cell with the core karyotype (diploid), 

to extract single-nucleotide variants (SNVs) that are unique for the Chr.9q21.33-ter region of each 

parental chromatid. As expected, the cell containing an amplification of Chr.9q displayed a biased 

variant allele frequency of SNVs in favor of one parental allele and at a degree consistent with two 

rounds of replication (Fig. 3b). Notably, no indications of chromothripsis21,29 were found within the 

amplified Chr.9q fragment (Extended Data Fig. 5), suggesting that micronuclear envelope integrity 

was maintained30. Similar sub-chromosomal amplifications were observed in additional datasets 

(Extended data Fig. 1c, III-IV and Extended data Fig. 6, I). In each case, the amplified sub-

chromosomal fragments were acentric, suggesting a model where a lack of spindle microtubule 

attachment results in non-disjunction of the replicated acentric fragments. During anaphase, the 

unattached replicated fragments are collectively displaced to one daughter cell, likely resulting in a 

stochastic nuclear or micronuclear containment. While the impact of amplified acentric fragments on 

tumorigenesis and tumor evolution is speculative, it is conceivable that amplified acentric 

chromosomal fragments act as substrates for chromothriptic events after being captured in 

micronuclei with compromised envelope integrity, contribute to the formation of extrachromosomal 

DNA, or eventually fuse to chromosomes, resulting in a stable inheritance of the amplified segment. 

 

Gross karyotype alterations primarily result from multipolar spindle defects upon mitosis of 
unstable genome duplicated intermediates.  
While CNA events generally involve one or a few chromosomes, we identified two cells that displayed 

extensive reciprocal CNAs across their genomes and their karyotypes can be classified as hopeful 

monsters (Fig.3a, II). In contrast to the population of hopeful monsters that we previously detected in 

PDTO-19b, these cells displayed an unbalanced distribution of the core karyotype of lineage I without 

signs of prior genome duplication, demonstrating that near-haploid and -triploid genomes can be 

generated in a single division without tetraploid intermediates20. The uneven distribution of 

chromosomes matched the substantial difference in chromatin mass seen between daughter cells of 

division 1.1.2.2. Furthermore, the irregular shape of the metaphase plate indicated a multipolar spindle 

defect as a cause of the unbalanced chromosome distribution. Multipolar spindle defects are  
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Fig. 3 | Acentric chromosomal fragments are prone to cycles of replication and collective missegregation 
a) 3D Live-Seq dataset of a PDTO-9 organoid consisting of 25 cells (100% recovery). Top panel: representative 
stills of the growing PDTO-9 structure with nuclei in a false color depth code. The final still shows two photoconverted 
cells (white arrows) that are progeny of branch 1.1 of the mitotic tree. Branch 1.1 is highlighted (dashed box) in the 
full tree structure at the top left and enlarged below with 3D-rendered stills of each anaphase. The onset of anaphase 
is indicated by arrowheads in relation to the time axis (in hours). Bottom panel: karyotype heatmap of all cells 
mapped to branch 1.1 (cells 1-7) and a reference core karyotype of the imaged PDTO. The seq. numbers of the 
mapped sequencing results in relation to the mitotic tree are indicated, including the photoconversion state of each 
cell. Chromosome cartoons along the enlarged branch 1.1 indicate reconstructed copy-number changes across cell 
generations. The inset of cell division 1 shows a lagging chromatin structure indicated by the red arrow. The asterisk 
highlights the presence of a micronucleus in cell 1.1.1.1 that persists until nuclear envelope breakdown. 
b) VAF distribution of variants located on the acentric Chr.9q fragment (Chr.9q21.33-ter) is consistent with two 
rounds of replication and collective missegregation for cell no.1. VAF of SNVs located on the missegregated 
Chr.9q21.33-ter region is 0% for cell no. 2 and 3 (only 1 copy of Chr.9q) and 50% for a cell with the core karyotype. 
Cell no. 1 shows nearly 80% VAF for these SNVs, indicative that 4 of the 5 chr.9q21.33-ter copies originate from the 
same parental allele. 
 
 

associated with a loss of spindle pole integrity31 or supernumerary centrosomes. Indeed, the 

distribution of a replicated genome among excess spindle poles is likely to instigate a genome-wide 

misallocation of chromosomes. 

Since centrosome amplification is frequently associated with whole genome doubling32, we 

hypothesized that genome duplicated cells, resulting from mitotic entry and exit defects, could serve 

as efficient substrates for the generation of hopeful monster karyotypes by frequently instigating 

multipolar spindle defects. Indeed, we captured a tripolar division following a re-replication event, 
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which generated three daughter cells with reciprocal hopeful monster karyotypes (Fig. 4a, I, and 

Supplementary file 3). Collectively, their genomes aggregate to a twice-replicated core karyotype with 

a de novo loss of Chr.1p (1pter-p34.2) (Extended data Fig. 3b). Cells 1-4 displayed the same loss of 

Chr.1p and were mapped to branch 1.1.1. The difference in ploidy between branch 1.1.1 and 1.1.2 

and the absence of nuclear envelope breakdown and a prolonged cell cycle time of cell 1.1.2 clearly 

supports re-replication. Mitotic slippage similarly results in a genome duplicated cell state and, in 

contrast to re-replication events, can readily be recognized by a sequential chromatin condensation 

and de-condensation without entering anaphase.  

To investigate cell fate after mitotic slippage, we recorded confocal imaging data of PDTO-9 organoids 

for 72h to identify and trace mitotic slippage events. Although apoptosis was a more frequent outcome, 

we scored a significant number of cells entering mitosis following a prior mitotic slippage event. 

Multipolar spindle defects were common among these downstream cell divisions, with three out of 

twelve cells displaying three or more spindle poles (Extended data Fig. 7a, b). To confirm that 

multipolar spindle defects resulting from upstream mitotic slippage generate progeny with hopeful 

monster karyotypes, we photoconverted cells after mitotic slippage and isolated the progeny after 

their next cell division. As expected, when two daughter cells were generated with equal chromatin 

mass, we detected polyploidy (including a few reciprocal CNAs) but no genome-wide misallocation of 

chromosomes (Fig. 4b, I). By contrast, when downstream division resulted in three daughter cells, 

indicating a multipolar spindle defect, the isolated cells displayed hopeful monster karyotypes (Fig. 

4b, II). 

Collectively, these data demonstrate that genome duplication events, irrespective of their origin, can 

act as unstable intermediates in the generation of progeny with gross genome wide karyotype 

alterations. In addition, since a majority of cell divisions that follow mitotic slippage appeared fairly 

normal (bipolar) (Fig. 4b, I and Extended data fig. 7a, b), mitotic slippage may represent an important 

pathway for whole-genome doubling during carcinogenesis and tumor progression, which is a feature 

of many human cancers2,3,33.  

 

Cells with novel karyotypes frequently remain proliferative.  
As presented here, 3D Live-Seq of PDTOs enables the reconstruction of karyotype alterations across 

multiple consecutive cell generations. It reveals the immediate genomic consequence of 

chromosomal instability, i.e. the tempo and patterns by which new karyotypes are constantly being 

generated upon which selection pressures act to shape the genomic evolution of advanced human 

cancers. 

Our 3D Live-Seq datasets suggest that intrinsic negative selection against de novo karyotypes, 

including grossly altered hopeful monster karyotypes, is often not absolute or instantaneous. To derive 

quantitative evidence for the strength of selection experienced by novel karyotypes, we used a 

stochastic branching process model to simulate CNA evolution and clonal selection within organoids 

using cell cycle parameters and measures of karyotype diversity extracted from our datasets. The 

results were best explained by a neutral drift model, although the power to detect subtle selection  
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Fig. 4 | Genome duplication events are substrates for hopeful monster karyotypes 

a) 3D Live-Seq dataset of a PDTO-9 organoid consisting of 19 cells (95% recovery). Top panel: representative stills 
of the growing PDTO-9 structure with nuclei in a false color depth code. Photoconverted cells are indicated in the 
final still (white arrows). One photoconverted cell was mapped to branch 1.1 of the mitotic tree highlighted (dashed 
box) in the full tree structure at the top left and enlarged below with 3D-rendered stills of each anaphase. The onset 
of anaphase is indicated by arrowheads in relation to the time axis (in hours). Bottom panel: karyotype heatmap of 
all cells mapped to branch 1.1 (all cells share a loss of Chr.1p, chromosome cartoon) and a reference core karyotype 
of the imaged PDTO. Three cells including the photoconverted cell show reciprocal hopeful monster karyotypes (red 
brackets) and were mapped to tripolar division 1.1.2 using the photoconversion reference landmark. Cell 1.1.2 
underwent re-replication prior to anaphase indicated by the difference in ploidy between branch 1.1.1 and branch 
1.1.2.  b) Daughter cells post mitotic slippage maintain polyploidy of the genome duplicated ancestor. (I) Top left: 
representative imaging stills of a binucleated cell undergoing mitotic slippage. PDTO with photoconverted 'slippage 
cell' was cultured overnight. Final still shows two photoconverted daughter cells (white arrows) with similar chromatin 
mass. Below: karyotype heatmap of both daughter cells and the remaining PDTO cells (core). Daughter cells show 
polyploidy (8N) but roughly maintain the core karyotype. Red boxes indicate reciprocal gains and losses. (II) As 
described for I, but showing a multipolar spindle defect after mitotic slippage resulting in hopeful monster karyotypes 
among three daughter cells (white arrows). Sequencing data was obtained from two out of three daughter cells and 
display gross genome wide karyotype alterations relative to the core karyotype. 
 

 
pressures was restricted due to the limited dataset size (Extended data Fig. 8a-d).  To further explore 

selective forces in 3D Live-Seq data, we developed a likelihood ratio test to assess whether there was 

evidence for a change in birth rate following mitotic events. Using this approach, we were able to 

aggregate all four mitotic trees of PDTO-9 and found evidence for a decrease in birth rate after a 

mitotic error (p=0.029, Supplementary file 4). Taken together, this implies that many de novo 

karyotypes remain proliferative over a timescale of a few cell generations and experience neutral or 

subtle negative fitness effects. 



90 
 

 

Gross deviations of the core karyotype are generally less fit.  
To investigate cell intrinsic selection pressures against de novo karyotypes in closer detail, we 

captured a high number of individual cell lineages in PDTOs during early stages of outgrowth (day 4-

6, up to ~30 cells in size), and during mature stages (day 9-11, hundreds of cells). Overall, the level 

of CIN remained constant from young to mature organoids (Fig. 5a). Apoptosis was readily detected 

during both stages of outgrowth and, in agreement with previous reports7, we detected elevated levels 

of apoptosis among progeny of erroneous cell divisions, in particular after multipolar spindle defects 

(Fig. 5b, c, and Extended data Fig. 7c). For cells that remained proliferative, the apparent slight shift 

towards longer cell cycle durations immediately after an error was not significant (Fig. 5d, Wilcoxon 

test, p=0.64). However, a comprehensive analysis of mitotic tree structures using our derived 

likelihood ratio test was, again, able to indicate evidence for a decrease in birth rate following mitotic 

errors (p=5e-6, Supplementary file 4).  

Thus, a subset of de novo karyotypes are subject to stringent intrinsic negative selection, with large 

deviations from the core karyotype originating from multipolar spindle defects being least fit. By 

contrast, a majority of cells with localized karyotype alterations that result from chromatin bridges or 

lagging chromatin phenotypes clearly remain proliferative, although these cells seem to experience a 

subtle fitness cost in the aggregate.  

 

Cells with novel karyotypes can seed new PDTOs.  
To functionally probe the fitness of novel karyotypes, we assessed the organoid forming capacity of 

single tumor cells derived from one parental clonal PDTO. Subsequent karyotype analysis of the 

newly formed individual organoids (bulk) acts as a proxy for the karyotype of the seeding single-cell 

and can confirm sustained fitness of de novo CNAs.  Indeed, cells with (sub-)chromosomal karyotype 

alterations and even whole-genome duplications were able to develop into new PDTOs (Fig. 5e and 

Extended data Fig. 8e), which is in line with our general observations and demonstrates that from a 

cell intrinsic and short-term perspective, some cells with novel karyotypes maintain a high level of 

fitness. 

 

Punctuated and localized karyotype alterations are ongoing in mature colorectal carcinoma. 
To investigate whether advanced CRCs generate a similar degree of karyotype diversity in vivo prior 

to the reshaping of the karyotypic landscape as a consequence of selection, we adapted our 

sequencing methodology to measure karyotype diversity within clonal lineages of freshly frozen 

human CRC samples. To maximize recent ancestry within the sampled cell population, we excised 

small fragments from individual CRC glands, which are analogous to clonal intestinal crypts of the 

normal epithelium34. Subsequent single-cell isolation and prospective genome analyses displayed 

substantial karyotype diversity between cells, with almost 30% of cells carrying CNAs that deviate 

from the core gland karyotype, a number that is in agreement with our PDTO data (Fig. 6a and 

Extended data fig. 9). By contrast, only a few single cells from a wild-type intestinal crypt displayed  
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Fig. 5 | Novel karyotypes frequently remain proliferative and can seed new PDTOs 
a) CIN phenotype of PDTO-9 expressing transgenic H2B-Dendra2 during early and mature stages of outgrowth. 
Number of scored divisions are indicated in brackets. Statistics were performed on total CIN rates (Chi-square test, 
p=0.56, non-significant). b) Fate analysis of PDTO-9 progeny resulting from normal (N) or erroneous (E) cell 
divisions per growth stage. “Alive” progeny are non-proliferative until the end of the imaging window and this inactive 
period exceeds average cell cycle length. Number of scored events is indicated in brackets. Difference in apoptotic 
rates is statistically significant (Chi-square test, “young” p=0.014 & “mature” p=0.0026). c) As in b, but fate analysis 
is shown for Normal (N), chromatin bridge (CB), lagging chromatin (LC) and multipolar cell divisions (MP). d) Ratio 
between the cell cycle duration prior to a division and the progeny's cell cycle duration (averaged) after that division. 
Data from young and mature PDTOs were pooled and subdivided by mitotic fidelity. Difference in cell cycle duration 
ratios between normal (94 branches) and erroneous (76 branches) is non-significant (data not normally distributed, 
Saphiro, p=6.104e-13, non-significant, two-sided Wilcoxon test, p=0.64). Box-and-whisker plots: boxes represent 
quartiles 2 and 3, the horizontal line represents the median and whiskers represent minimum and maximum within 
the 1.5× interquartile range. Data points indicate outlier values that deviate more than 1.5× the interquartile range. 
e) Top: schematic of karyotype analysis of successfully formed organoids (bulk) grown from single (fit) cells derived 
from a parental (clonal) PDTO. Bottom panel: karyotype heatmaps of sequenced PDTOs (bulk, similar sized) as a 
proxy for the karyotype of the seeding cell. 67 organoids share the reference PDTO-9 core karyotype, 7 were 
polyploid and 5 had de novo localized CNAs. 
 

 

de novo CNAs, which supports the sensitivity of our assay and is in agreement with an earlier report 

on basal CIN levels in healthy colon tissue35 (Fig. 6b). Notably, by capturing a large fraction of clonal 

tumor cells (44%) we detected the emergence and propagation of a de novo CNA in vivo (Fig. 6a, I). 

Moreover, we readily identified cells with hopeful monster karyotypes (Fig.6a, II), further 

demonstrating that the generation of cells with genome-wide karyotype alterations is ongoing at 

advanced cancer stages. 
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Fig. 6 | Punctuated and localized karyotype alterations are ongoing in mature colorectal carcinoma 
a) Karyotype heatmap showing 112 cells (45% recovery) derived from an excised fragment of a single CRC gland 
isolated from a primary tumor biopsy of patient C274. The remaining gland structure was isolated as bulk (core). 33 
cells show CNAs that deviate from the core karyotype. Glands were stained with Syto-11 to support imaging (right 
panel) and single-cell isolation. Reciprocal CNA of Chr.2 and propagation of the loss is indicated (I). Several cells 
show gross genome wide karyotype alterations (II). b) As in a. 77 single cells were isolated from a wild-type intestinal 
crypt of patient C575. 4 cells show de novo CNAs of the healthy diploid karyotype. 
 

 

Discussion 
Our current work reveals the genomic consequences of chromosomal instability across consecutive 

cell generations. By reconstructing intermediate genomic states, we demonstrate that both genome-

wide (punctuated) and localized (singular) karyotype alterations are ongoing and prevalent in 

advanced colorectal carcinoma. The substantially reduced fitness of many hopeful monster 

karyotypes is not surprising given the extent of their karyotype alterations. Nevertheless, low 

probabilities of increased fitness can still be of potential impact considering that tumors can consist of 

hundreds of billions of cells9. Thus, while most diversity provides incremental variation around a 

proven fit aneuploid genome, millions of hopeful monster karyotypes represent extreme, potentially 

adaptive, phenotypes within a fitness landscape. The ongoing generation of karyotype diversity in 

advanced cancers is in agreement with recent analyses of tumor genomes from large patient 

cohorts2,3. However, as most of these studies measure net outcome of evolution, it remains difficult to 

disentangle the rate at which karyotype diversity is generated and the selection pressures that act on 

them to shape an aneuploid landscape over time. Therefore, our insights into the alteration rate and 

diversification patterns of tumor karyotypes provide valuable parameters to understand historic 

trajectories and tempos of an evolving aneuploid genome. In addition, our work suggests that 

aneuploid tumor karyotypes can, in principle, be generated in a single erroneous cell division, 

providing support for punctuated evolution of malignant karyotypes during the earliest stages of 

carcinogenesis13,14,36.  
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Methods 
 
Patient-derived organoid culture 

CRC PDOs with identifiers p9T and p19bT were obtained from a previously established biobank and 

published study15. PDTO cultures were maintained at 37°C with 5% CO2 atmosphere as previously 

described15. Culture medium contained advanced DMEM/F12 (Gibco) supplemented with penicillin-

streptomycin (Lonza, 10U ml−1), GlutaMAX (Gibco, 1x), HEPES buffer (Gibco, 10mM), Noggin-

conditioned medium (10%), R-spondin1-conditioned medium (10%), B-27 (Gibco, 1x), nicotinamide 

(Sigma-Aldrich, 10mM), N-acetylcysteine (Sigma-Aldrich, 1.25mM), SB202190 (Gentaur, 10μM), 

A83-01 (Tocris, 500nM) and recombinant human EGF (PeproTech, 50ng ml−1). PDTOs were 

passaged weekly and maintained below passage 10. Briefly, PDTOs were dissociated using trypsin-

EDTA (Sigma-Aldrich) and seeded in RGF Basement Membrane Extract (BME), Type 2 (Cultrex) in 

a pre-warmed 24-well plate. ROCK inhibitor Y-27632 (Gentaur, 10μM) was added to culture medium 

upon plating for 2 days.  

 

Generation of H2B-Dendra2 PDTO lineages  
PDTO cultures were transduced with lentivirus carrying H2B-Dendra2-ires-Puromycin (pLV-H2B-

Den2-ires-Puro was a gift from Jacco van Rheenen). Cells expressing H2B-Dendra2-ires-Puromycin 

were selected by supplementing culture media with puromycin dihydrochloride (Santa Cruz, 2μg ml−1). 

 
CRISPR gene tagging 

TV-hHIST1H2BC-Dendra2 was generated by Golden Gate assembly37 of hH2BC_UHA and 

hH2BC_DHA (gBlocks, IDT) into TVBB-Dendra2 (Supplementary Table 1). To knock-in Dendra2 at 

the C-terminus of the human HIST1H2BC locus 1x106 PDTO-9 cells were co-electroporated with 

7.5μg Cas9 D10A nickase (Addgene #48141) and 7.5μg TV-hHIST1H2BC-Dendra2 using the 

NEPA21 Super Electroporator (Nepagene) following described conditions38. A bulk knock-in culture 

was established by FACS of a Dendra2 positive cohort, 18 days post electroporation. Site-specific 

integration was confirmed by a genotyping PCR on bulk genomic DNA extract using locus specific 

primer sets (Supplementary Table 1). 

 
Karyotyping 
PDTOs were treated with 0.1µg ml−1 colcemid (Thermofisher) in culture medium for 12h. Then, PDTOs 

were dissociated into single cells using TrypLE express, incubated in a hypotonic 27 mM tri-

sodiumcitrate solution at 37°C for 10 minutes, and fixed in methanol:acetic acid solution (3:1). Fixed 

cells were dropped on a microscope slide, mounted with DAPI-containing Vectashield, and imaged 

on a Zeiss Axio Imager Z1 microscope with a 63× objective. In total, 36 metaphase spreads were 

imaged for each PDTO-line and quantified by manual chromosome counting (Extended data Fig. 10a).  
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Confocal live-cell microscopy and image analysis  
To support live-cell microscopy of cell divisions and subsequent photoconversion of daughter cells, 
PDTO cultures expressing transgenic H2B-Dendra2-ires-Puromycin were passaged 5-7 days prior to 

imaging. PDTOs were harvested 24h before imaging and resuspended in an ice-cold mix of culture 

media containing 50% v/v BME. The organoid suspension was then seeded in an ice-cold glass 

bottom WillCo-dish (WillCo Wells B.V.) coated with a thin film of BME. PDTOs were allowed to settle 

on ice before BME polymerization at 37°C and addition of culture media. Cells about to go into mitosis 

were identified by chromosome condensation and imaged until completion of mitosis with a confocal 

laser-scanning microscope (Leica SP8X, z step 1µm, 30s frame rate) equipped with atmospheric and 

temperature control. Daughter cells of imaged cell divisions were marked via photoconversion of 

Dendra2 (405nm laser/ 1min/ 10% laser power, per ROI). Imaging data were analysed and 3D 

rendered with Imaris v9.3 image analysis software (Oxford-Instruments).  

To support long-term imaging of organoid outgrowth a dissociated PDTO suspension was filtered 

twice through a CellTrics 10μm sieve (Sysmex) to obtain a pure single-cell suspension. Single cells 

were seeded in BME coated glass bottom WillCo-dishes as previously described. 30h after seeding, 

outgrowth of cell doublets was imaged (3min frame rate, z-step 1µm). Culture media was refreshed 

each day to prevent excessive evaporation. Raw data were converted to videos using an ImageJ 

macro as described39,40 and lineage traces were generated using a custom ImageJ macro (available 

on request). 

 

Spinning disk live cell imaging 
To support long-term imaging of organoid outgrowth using a spinning disk confocal system (Nikon), 

3-day old organoids carrying a HIST1H2BC-Dendra2 knock-in or expressing transgenic H2B-Dendra 

or were cultured and seeded in BME coated glass bottom WillCo-dishes as previously described. 

Outgrowth was captured for 72h on day 4-6 and on day 9-11 (4.5min frame rate, z-step 1.4µm). 

Imaging data were analysed with Fiji (ImageJ). 
 
Single cell isolation of PDTOs 
To generate clonal PDTOs, a dissociated PDTO suspension was filtered twice through a CellTrics 

10μm sieve to obtain a pure single cell suspension and seeded at medium density in BME. Clonal 

PDTOs were grown into structures of 60-100 cells before harvesting. Prior to single cell isolation, a 

single PDTO was transferred to a WillCo-dish containing PBS (and 1:1000 Syto11 (S7573, 

Thermofisher) for PDTOs lacking H2B-Dendra2-ires-Puromycin expression) for image acquisition 

(LSM510, Zeiss). Raw Z-stack data was analysed with ImageJ to obtain exact cell number, and a 3D 

render of the imaged organoid was generated using Imaris v9.3 image analysis software. To isolate 

single cells, the imaged organoid was mouth-pipetted to a drop of PBS on a siliconized object slide 

(Sigmacote, Sigma-Aldrich) and mounted on a fluorescent stereo microscope (SMZ18, Nikon) 

equipped with a Sola LED (Lumencor) for fluorescence assisted single cell picking. The organoid was 

transferred to a 20μl drop of trypsin-EDTA (Lonza) for dissociation (30s). After removing trypsin-

EDTA, PBS containing 0.5% BSA (Sigma-Aldrich) was added immediately. The organoid structure 
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was further dissociated by repeated mouth-pipetting using a 30μm glass capillary (custom made). 

Single cells were transferred to PCR tubes containing either 30μl mineral oil (Affymetrix) or 4μl H2O 

and each tube was immediately spun down and stored ice-cold. Photoconverted daughter cells were 

isolated as previously described and visualized with a custom filter set on SMZ18 (FF01-433/24, 

FF458-Di02, FF01-482/35). The remaining cells were pooled and transferred to a single PCR tube as 

a bulk sample. An overview of single cell datasets is presented in Supplementary Table 2. 

 
Organoid forming capacity of PDTO-9 cells 
PDTO-9 organoids were cultured and dissociated as previously described. Single cells obtained from 

a single parental clonal organoid were reseeded and cultured for 9 days as previously described. 

Organoids of similar size were isolated and individually bulk sequenced as a proxy for the karyotype 

of the seeding cell.  

 
Fresh-frozen colorectal cancer tissue specimens 
Fresh-frozen tissue samples were collected from UCL Hospitals under ethical approval 11/LO/1613 

and via the UCLH Biobank (15/YH/0311) and processed as previously described41. All surgical 

resected samples were collected from patients who had given informed consent. 

 
Single cell isolation of colorectal cancer glands 
Individual tumor glands were mechanically separated from thawed colorectal cancer tissue pieces 

using a fluorescent stereo microscope (SMZ18, Nikon) and transferred to a WillCo-dish containing 

PBS and 1:1000 Syto11 (S7573, Thermofisher) for image acquisition (LSM510, Zeiss). A small 

fragment was resected of individual colorectal cancer glands for single-cell isolation. Raw Z-stack 

data was analysed with ImageJ to obtain exact cell number of the resected fragment, and a 3D render 

of the imaged gland was generated using Imaris v9.3 image analysis software. Single cells of the 

resected fragment were subsequently isolated as described for PDTOs. The remaining part of the 

gland was transferred to a single PCR tube as a bulk sample. 

 
Single-cell sequencing 
1. Single-cell sequencing of clonal PDTOs and photoconverted daughter cells. For cells expressing 

H2B-Dendra2-ires-Puromycin, single cell lysis and whole-genome amplification (WGA) was 

performed using the Repli-G single cell kit (Qiagen) according to manufacturer’s instructions. A 

positive control (multiple organoids or HEK293T cells) and negative control (3µl of H2O) was included 

during each WGA reaction. Amplified DNA was purified by phenol:chloroform:isoamyl alcohol 

(25:24:1) treatment, followed by precipitation with ethanol. To assess the quality of amplified DNA, a 

multiplex PCR was used to simultaneously amplify 9 loci across the human genome in each single 

cell: SCYL1, PPP5C, JMJD6, ACTR10, ROCK2, SCAP, SCAMP3, SCARB2, XPOT42. DNA libraries 

of each single cell, with ≥2 amplified products in the multiplex PCR, were constructed with the TruSeq 

Nano DNA library preparation kit (Illumina). The concentration of all libraries was quantified using a 

Qubit (dsDNA HS Assay kit). Library fragment size profiling was performed using the Agilent 
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Tapestation system using Agilent High Sensitivity D1000 ScreenTapes (Agilent Technologies) and 

subsequently all libraries with unique indices were pooled equimolar. 

2. Single-cell sequencing of clonal PDTOs and colorectal cancer glands. For cells stained with Syto11, 

cell lysis was performed with 0.63mUA protease (Qiagen) and 1x NEB buffer 4 at 50°C for 2h, followed 

by a protease inactivation incubation for 20min at 80°C. DNA Libraries were prepared from individual 

cells with a modified KAPA HyperPlus kit protocol (1/7th of all volumes, Roche). Cleaned up pooled 

single-cell libraries were quantified using Qubit dsDNA HS Assay kit and analyzed using the Agilent 

Bioanalyzer 2100 HS kit.   

Low-coverage whole-genome single-end 75-bp sequencing was performed on an Illumina 

NextSeq500, aimed at generating ~5 million reads per single cell for the WGA-TruSeq libraries and 

more than 100,000 reads for the KAPA libraries. For a subset of WGA-TruSeq libraries, cell No. 1-3 

and Cell No. 15 of the clonal PDTO dataset presented in Fig. 3, whole-genome paired-end sequencing 

(2 × 150 bp) was performed on Illumina NovaSeq6000 to a coverage of 15x (Cell No. 2-3) or 30× (Cell 

No. 1 and 15).  

 
Genomic analysis 
Sequence reads were aligned to the human genome reference (hg19/GRCh37) using Burrows-

Wheeler Aligner mapping tool (BWA-MEM; v0.7.15). Duplicated sequence reads were marked by 

Sambamba (v0.6.5) and realigned using Genome Analysis Toolkit IndelRealigner (GATK; v3.8), and 

sequence read quality scores were recalibrated with GATK BaseRecalibrator.  

The copy number status of each single cell was analyzed using Ginkgo43. Briefly, the created BAM 

files were converted to BED format files using BEDtools (v2.25.0). Then, the aligned reads were 

binned into 1-Mb variable-length intervals across the genome, normalized and corrected for GC 

biases, and segmented in regions with an equal copy number status. Thereafter, a final integer copy 

number profile was assigned to each single-cell. Single cells that exhibited low-quality sequencing 

data, defined as high variation between copy-number ratios of segmented regions, were excluded. 

One exception was made for cell No.9 of dataset 04032020, as this cell clearly belonged to the lineage 

with segmental loss of chr.1p. 

To identify high-confident copy number variations, regions of at least 25-Mb (excluding bins greater 

than 5-Mb) with copy number values deviating >0.6 from the average ploidy were considered to 

indicate losses or gains. Copy number variations smaller than 25-Mb were only included if both the 

loss and gain of that particular region were identified in the clonally expanded organoid, 

photoconverted daughter cells or colorectal cancer gland. In order to avoid missing copy number 

variations, less confident variations (>0.3 and ≤0.6 below or above the average ploidy) with >70% 

reciprocal overlap between high-confident variations were reviewed. Heatmaps were generated using 

R (v3.4.3) package ggplot2. All de novo CNA events observed in PDTO datasets are shown in 

Extended data Fig. 10b using R package karyoploteR. 

For cell No. 1-3 and 15 of the clonal PDTO dataset presented in Fig. 3 with 15x or 30x coverage, 

single-nucleotide variant and indel calling was performed using GATK HaplotypeCaller. The allele 

frequency of variants located on chromosome 9 (genomic location: 89502430-141213431) in seq. 1 
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(SC11-20190409_1) and seq. 15 (SC15-20190409_1) (core) were calculated subtracting all the 

variants present on the allele of seq. 2. (SC10-20190409_1) and seq. 3 (SC17-20190409_1) (Fig. 

3b). Density plots of allele frequency of variants were generated using R package ggplot2. Manta 

(v0.29.5) was used with standard settings to detect structural variants (SVs). To exclude structural 

variants introduced by the WGA, short-range chimeras of the inverted orientation, we established a 

threshold of SV-length for which a similar count in inverted and non-inverted SVs was observed. Next, 

we estimated the frequency of structural variants (subdivided based on threshold SV-length) on all 

control chromosomes and on the missegregated chromosome to determine enrichment of structural 

variants in the missegregated chromosome. 

 

Parameter estimation and model selection 
We used a stochastic birth-death branching process to model outgrowth of PDTOs (Supplementary 

file 4). Since apoptotic events were rare in the 3D Live-Seq datasets, we modelled only cell birth with 

rate 𝑏𝑏 (per day). During each cell division, 𝑛𝑛1 reciprocal chromosome-level and 𝑛𝑛2 reciprocal arm-level 

CNAs were introduced to daughter cells, where 𝑛𝑛1 ~ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝜇𝜇1) and 𝑛𝑛2 ~ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝜇𝜇2). We assumed two 

models of evolution: a neutral model where all cells have the same fitness, and a selection model, in 

which cells with novel mutation(s) have a selective (dis)advantage, 𝑃𝑃, given by  𝑏𝑏𝑑𝑑
𝑏𝑏𝑝𝑝

= 1 + 𝑃𝑃, where 𝑏𝑏𝑝𝑝 

and 𝑏𝑏𝑑𝑑 are the birth rate of the parent and daughter cells respectively. The model parameters,  𝜃𝜃 =

(𝜇𝜇1, 𝜇𝜇2, 𝑏𝑏, 𝑃𝑃), were inferred using approximate Bayesian computation sequential Monte Carlo (ABC 

SMC)44,45. Using simulated data, we validated that the true parameters were inferred accurately. For 

datasets without recorded mitotic trees, we used single-cell copy-number profiles to estimate mutation 

rates under the neutral model (assuming 𝑏𝑏 =  0.5). For datasets with mitotic trees, we estimated all 

parameters under both models and selected the model that best fits the data using deviance 

information criteria (DIC)46. We also examined the power of our approach to detect negative selection 

at varying selection strengths and cell population sizes. This was done by simulating 100 datasets for 

each parameter setting with parameters estimated from real data (𝜇𝜇1  =  0.1, 𝜇𝜇2  =  0.1, and 𝑏𝑏 =  0.4), 

using the ABC rejection algorithm to estimate parameters of these datasets, and computing DICs 

under the neutral and selection models for each dataset. 

 

Statistics and Reproducibility 

Imaging stills in the manuscript represent (time compressed) representations of the entire captured 

imaging data. Representative snapshots of organoid outgrowth were extracted from imaging data at 

evenly distributed timepoints across the imaging span. The number of samples analysed are indicated 

when applicable. 

 

Data availability 
BAM files of single-cell sequencing data are made available through controlled access at the 

European Genome-phenome Archive (EGA) which is hosted at the EBI and the CRG (https://ega-

archive.org), under accession number EGA: EGAS00001003812. Data access requests will be 

evaluated by the UMCU Department of Genetics Data Access Board (EGAC00001000432) and 

https://ega-archive.org/
https://ega-archive.org/
https://ega-archive.org/dacs/EGAC00001000432
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transferred on completion of an agreement and authorization by the medical ethical committee UMCU 

at request of the HUB to ensure compliance with the Dutch ‘medical research involving human 

subjects’ act. The copy number segment calls of all sequenced single cells are publicly available on 

Zenodo (DOI: 10.5281/zenodo.4732372). 

 

Code availability 
Full pipeline description and settings used for mapping are available at: 

https://github.com/UMCUGenetics/IAP. Ginkgo, for the analysis and assessment of single-cell copy-

number alterations, is publicly available at: https://github.com/robertaboukhalil/ginkgo). The code for 

modelling real data (stochastic branching process and likelihood-ratio test) is freely available 

at https://github.com/ucl-cssb/CIN_PDO or at http://doi.org/10.5281/zenodo.4762533.  

https://github.com/UMCUGenetics/IAP
https://github.com/robertaboukhalil/ginkgo
https://github.com/ucl-cssb/CIN_PDO
http://doi.org/10.5281/zenodo.4762533
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Extended data Fig. 1 | Full and additional whole population PDTO sequencing datasets of PDTO-9 
a) Full PDTO-9 dataset of experiment shown in figure 1b. Karyotype heatmap showing 62 cells derived from a clonal 
PDTO-9 structure expressing transgenic H2B-Dendra2 and consisting of 67 cells (93% recovery). Reciprocal gains 
and losses are indicated with red boxes. Dashed boxes indicate CNA events where a reciprocal loss or gain is 
missing. Sub-chromosomal CNAs were counted as events when represented in more than one cell. Scalebar is 
10μm. b) As in a. 64 out of 72 cells provided quality sequence (89% recovery). Parallel emergence of de novo whole-
chromosome missegregations of Chr.15 (I, II) was determined by co-occurrence of a sub-chromosomal CNA in 
Chr.3. c) As in a. 33 out of 37 cells provided quality sequence (89% recovery). Two lineages show amplified sub-
chromosomal CNAs in one cell, while all other cells in the lineage show a reciprocal loss of the same region (III. IV). 
Consistent with replication and collective missegregation of acentric chromosomal fragments. See Fig. 3. d) As in 
a. Genetically unmodified PDTO-9 organoid. Cells were stained with Syto 11 to allow single-cell picking. 85 out of 
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Extended data Fig. 2 | Full and additional whole population PDTO sequencing datasets of PDTO-19b 
a) Full PDTO-19b dataset of experiment shown in figure 1c. Karyotype heatmap showing 58 cells derived from a 
clonal PDTO-19b structure expressing transgenic H2B-Dendra2 and consisting of 67 cells (87% recovery). 
Reciprocal gains and losses are indicated with red boxes. Dashed boxes indicate CNA events where a reciprocal 
loss or gain is missing. Sub-chromosomal CNAs were counted as events when represented in more than one cell. 
The bottom panel shows a population of polyploid cells with large deviations from the core karyotype (hopeful 
monsters). Two cells show reciprocal gains and losses across their genome (red brackets). Scalebar is 10μm. b) As 
in a. Genetically unmodified PDTO-19b organoid. Cells were stained with Syto 11 to allow single cell picking. 40 out 
of 45 cells provided quality sequence (89% recovery). c) As in a. Genetically unmodified PDTO-19b organoid. Cells 
were stained with Syto 11 to allow single cell picking. 52 out of 70 cells provided quality sequence (74% recovery). 
d) As in a. 21 out of 29 cells were sequenced (72% recovery). The previously reported TP53 mutation (chr 17: 
7577121 G>A) for PDTO-19b [van de Wetering, 2016] was confirmed in all sequenced clonal organoids.  
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Extended data Fig. 3 | Copy-number profiles of hopeful monster karyotypes 
a) Reciprocal copy-number profiles of two PDTO-19b cells with hopeful monster karyotypes are shown (Fig. 1c, III). 
Since the ancestor karyotype of these two cells is unclear, reciprocity between hopeful monster karyotypes refers to 
the observation that all chromosomal segments add up to an even number. Grey dots indicate bin ratios (Bin size: 
1 Mbp). Integer copy-number states are indicated with black (no deviation of a tetraploid state), blue (loss) and 
orange (gain) lines. Below: The copy-number profile of the merged sequencing data of the two hopeful monsters 
mimics a duplicated core karyotype of the sequenced PDTO-19b organoid. Orange boxes indicate CNAs in the 
merged profile that deviate from a duplication of the core karyotype, indicating that these CNAs were present in the 
ancestor cell. b) Reciprocal copy-number profiles of three PDTO-9 cells with hopeful monster karyotypes are shown 
(Fig. 4a). Grey dots indicate bin ratios (Bin size: 1 Mbp). Integer copy-number states are indicated with black (no 
deviation of a tetraploid state), blue (loss) and orange (gain) lines. Adding up the copy-number state of chromosome 
segments across all three hopeful monster karyotypes results in a twice replicated genome (‘ploidy 8’, not shown). 
Below: The copy-number profile of the merged sequencing data mimics the core karyotype carrying a de novo loss 
of 1pter-p34.2 (orange box).   
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Extended data Fig. 4 | Transgenic H2B expression does not exacerbate CIN 
a) The HIST1H2BC locus, coding for most abundant Histone H2B, was targeted to fluorescently tag H2B1C with 
Dendra2. Cas9 nickase (D10A) was targeted to the endogenous STOP codon, as well as both sites of the homology 
arms flanking the donor template. b) 18 days post electroporation, H2B-Dendra2 positive cells were isolated using 
FACS. Overall knock-in efficiency of 1.7% (not corrected for electroporation efficiency of ~10%). c) Similar CIN 
phenotypes of PDTO-9 expressing transgenic H2B-Dendra2 or carrying a HIST1H2BC-Dendra2 knock-in. 649 
divisions across 34 organoids and 183 divisions across 27 organoids were scored from the transgenic and knock-in 
line respectively. Difference in scored chromatin error rates is statistically significant (Chi square test, p=0.031), 
although the error rate in the knock-in line is likely underreported due to the significantly lower brightness of 
endogenous H2B-Dendra2 expression. d) Fluorescent signal of H2B-Dendra was compared between PDTO-9 lines 
expressing transgenic H2B-Dendra2 (n=95 cells, 19 organoids) or carrying a HIST1H2BC-Dendra2 knock-in (n=100 
cells, 20 organoids). Data are represented as box-and-whisker plots; boxes represent quartiles 2 and 3, the 
horizontal line represents the mean and whiskers represent minima and maxima within the 1.5× interquartile range.  
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Extended data Fig. 5 | Replication and collective missegregation of Chr.9q21.33-ter did not result in 
chromothripsis  
a) Length distribution of inverted and non-inverted structural variants (SVs) in four selected single cells of the dataset 
presented in Figure 3 (cell 1 (5 copies of a chr9.q fragment)), cell 2 and 3 (1 copy) and a cell with the core karyotype 
(diploid)). The enrichment of short-range inverted SVs can be explained by the WGA reaction. A similar count in 
inverted and non-inverted SVs was observed for SVs with a length ≥10kb. b) The frequency of SVs (length ≥10kb) 
on all control chromosomes and on the missegregated chr.9q21.33-ter fragment. No enrichment of SVs was 
observed in the chr.9q21.33-ter region for Cell No. 1 vs. Cell No. 2/3 which suggests that chromothripsis did not 
occur (p=1, two-sided Fisher's exact test).  
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Extended data Fig. 6 | 3D Live-Seq dataset of a PDTO-9 organoid consisting of 23 cells 
a) 3D Live-Seq dataset of a PDTO-9 organoid consisting of 23 cells of which 21 cells were whole-genome sequenced 
(91% recovery). Top: representative stills of the growing PDTO-9 structure with nuclei in false color depth code. 
Below: full mitotic tree with 3D-rendered stills of each anaphase. Onset of anaphase is indicated by arrowheads in 
relation to the time axis (in hours). Bottom panel shows a karyotype heatmap of all cells of the imaged PDTO. 
Lineage I: one cell carries four copies of Chr1q24.2-ter and three cells carry the reciprocal loss. 
b) Minimal phylogenic structure of lineage I, which only fits branch 1.2 (highlighted in orange) of the mitotic tree. 
Obtaining four copies of Chr1q24.2-ter involves one round of replication and collective missegregation of the 
Chr1q fragments (Fig. 3).  
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Extended data Fig. 7 | Fate of mitotic slippage events 
a) Bar graph showing the fate of traced mitotic slippage events in PDTO-9 expressing transgenic H2B-Dendra2. 99 
mitotic slippage events were traced, each from independent organoids. 28 slippage events resulted in downstream 
apoptosis or mitosis and were included in the statistics. Mitotic events were segregated into bipolar or multipolar 
spindles based on their chromatin phenotype. b) Imaging stills tracing the fate of all mitotic cells (n=12). Spindle 
polarity is indicated per division. Scalebar is 10μm. White arrows indicate daughter nuclei. c) Fate analysis of 
progeny from 19 multipolar spindle divisions of any origin.   
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Extended data Fig. 8 | Model selection and cell fate 
a) Stochastic branching process model of mitosis in a PDTO. Cell division rate = 𝑏𝑏 (per day). Per division, de novo 
reciprocal chromosomal (chr-level) or sub-chromosomal (arm-level) CNAs accumulate at rates 𝜇𝜇1 and 𝜇𝜇2, 
respectively. Division branches: normal (black), chr-level CNAs (blue), arm-level CNAs (green). Under a selection 
model de novo CNAs may confer selective (dis)advantages (cells in green and blue). The heatmap on the right 
shows copy number states of cells in the final population (Grey: 2N; Light red: 3N; Dark red: 4N; Light blue: 1N). 
Chr. N copy numbers (orange rectangular box) correspond to chromosomes depicted on the left. Summary statistics 
were derived from the mitotic tree and copy number states, and used for inference with approximate Bayesian 
computation (ABC). b) CNA rates and cell division rates estimated from seven individual PDTOs (four PDTOs with 
mitotic trees) using ABC under the neutral model. Violin plots (posterior distributions) and box plots were generated 
from n=500 independent samples. Box plots: boxes represent quartiles 2 and 3, horizontal lines represent median; 
whiskers extend to 1.5× of the interquartile range; data beyond interquartile range are plotted individually. c) Model 
selection using deviance information criteria (DIC, smaller values indicate better support) suggests the neutral model 
is better supported (100 replicates). Box plot criteria as in b. d) Power analysis with DIC on the detectability of 
negative selection in simulated data (n=100 per parameter setting). Top: number of times each model is supported 
with different selection strengths and cell numbers. Bottom: differences of DIC values computed under the two 
models. With increasing strength of negative selection or more cells, the power to detect negative selection 
increases. Box plots as in c. e) As in Fig. 5e but for an independent parental organoid. 28 organoids share the 
reference PDTO-9 core karyotype, 4 were polyploid and 2 had de novo localized CNAs.  
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Extended data Fig. 9 | Single-cell sequencing datasets of CRC glands 
a) Karyotype heatmap showing 112 cells (45% recovery) derived from an excised fragment of a single CRC gland 
isolated from a primary tumor biopsy of patient C274 (inset). Core: bulk karyotype analysis of the remaining gland 
structure. (I) Reciprocal loss, gain and propagation of Chr.2. (II) Cells with gross genome wide karyotype alterations. 
b) As in a. 47 single cells were isolated from an excised fragment of a single CRC gland, containing approximately 
~500 cells based on fragment size. Two cells in the sequenced population are polyploid. c) Box-and-whisker plots 
of PDTO-9, PDTO-19b and C274 representing the fraction of cells per dataset with de novo CNAs. Boxes represent 
quartiles 2 and 3, the horizontal line represents the mean and whiskers extend to the minimum and maximum within 
the 1.5× interquartile range. All data points are shown. Non-significant, p>0.05 (p=0.902, one-way ANOVA).  
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Extended data Fig. 10 | Overview of CNA events per chromosome for PDTO-9 and PDTO-19 
a) Genome-wide map of all de novo CNA events that were observed in eight PDTO-9 and four PDTO-19b datasets 
(respectively, 310 and 158 analysed single cells), and 64 PDTO-9 cell divisions (128 analysed single cells). Events 
include reciprocal CNAs, non-reciprocal whole-chromosome gains or losses and non-reciprocal sub-chromosomal 
CNAs represented in more than one cell. Hopeful monster karyotypes were excluded for this representation. 
Centromeric and other complex regions of chromosomes are depicted in red.  
b) Metaphase spread-based karyotyping of 36 tumor cells from PDTO-9 and PDTO-19b stained with DAPI to confirm 
their near-diploid genome. Each dot represents a tumor cell, center bar and error bars represent the mean and 
standard deviation. Scalebar is 5μm. 
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Supplementary File 1 

 
Karyotype heatmaps and imaging stills of cell divisions shown in Fig. 2b. 
 

 
Suppl. File 1. Fig. 1 | Karyotype heatmaps of progeny from cell divisions classified as normal 
Karyotype heatmap showing sequencing results of progeny from 37 PDTO-9 cell divisions classified as normal. 
Daughter cells (#1, #2) are plotted with their respective bulk sample consisting of the remaining cells of the 
imaged PDTO (darker shade). Reciprocal gains and losses are indicated with red boxes. 
 
 

Imaging stills of cell divisions classified as normal are shown on page 114-116. Time is indicated in 

seconds. The scalebar is 10μm 
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Suppl. File 1. Fig. 2 | Karyotype heatmaps of progeny from cell divisions involving chromatin bridges or 
lagging chromatin 
Karyotype heatmap showing sequencing results of progeny from 18 PDTO-9 cell divisions displaying chromatin 
bridges and 9 divisions showing a lagging chromatin phenotype. Daughter cells (#1, #2) are plotted with their 
respective bulk sample consisting of the remaining cells of the imaged PDTO (darker shade). Reciprocal gains 
and losses are indicated with red boxes. Bulk sample of LC3 is missing (asterisk). LC9 resulted in a sub- and 
whole-chromosomal missegregation (asterisks). 
 
 

Imaging stills of cell divisions involving either chromatin bridges or lagging chromatin are shown on 

page 118-120. Time is indicated in seconds. The scalebar is 10μm 
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Supplementary File 2 
 
Detection threshold CNAs 
 
In contrast to artificially induced chromatin bridges in 2D cell lines by Umbreit et al.25, the chromatin 

bridges that we observe in our tumor organoids often fail to generate detectable CNAs. This 

discrepancy can be the result of multiple factors. 

From a biological point of view: 

1. The chromatin bridges as observed by Pellman and colleagues were artificially induced in 

a 2D cell line (e.g., Nocodazole + RNAi against TP53 and/or CRISPR). Subsequently, large 

pulling forces could be generated by cells adhered to plastic and generated chromatin 

bridges which stretched to lengths >200µm which is longer than five times the diameter of 

average organoids in our manuscript.  

2. In contrast to artificial induction of a singular type of DNA error, we observed naturally 

occurring chromatin bridges in 3D tumor structures that could arise by a plethora of 

underlying molecular mechanisms. Some are potentially resolved without errors or give rise 

to CNAs smaller than 10Mb. 

From a technical point of view: 

3. Umbreit et al. have generated higher depth single-cell sequencing data which allows 

detection of CNAs ≥2.5Mb, whereas we apply a 10Mb resolution throughout our manuscript. 

However, most CNAs identified by Umbreit et al. were >10Mb, arguing that most CNAs 

should have been called by our methods as well. 

 

Nevertheless, to compare the sensitivity of both CNA analyses, we have downsampled the single-cell 

sequencing data of Umbreit et al. to match our sequencing depth. Subsequently, we adjusted our 

detection threshold to ≥2.5Mb like Umbreit et al. Reassuringly, our analysis is able to accurately detect 

previously reported small CNAs (<10Mb) in downscaled data (Suppl. File 2. Fig. 1). In conclusion, this 

exercise validates that our analysis, in combination with our data quality, is capable of detecting many 

of the small CNAs (≥2.5Mb) reported by that Umbreit et al., which may have fallen beyond our 

conservative detection threshold of 10Mb. 

 

Subsequently, we applied our analysis with the adjusted threshold (≥2.5Mb) to explore whether we 

could now find previously missed reciprocal CNAs in those daughter cells that originally seemed 

unaltered (i.e. no CNAs >10Mb). Again, we could not detect smaller reciprocal CNAs that were 

previously missed, confirming that the absence of CNAs following naturally occurring chromatin 

bridges is not solely a matter of sequencing depth and CNA size. 
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Suppl. File 2. Fig. 1. Highly comparable detection of small CNAs by our CNA analysis on downscaled 
sequencing data and the original report by Umbreit et al. 
a) CNA detection according to Umbreit et al. for daughter cells originating from an anaphase bridge division (division 
T3 and 4-8). Dashed boxes show the p- and q-arms of each chromosome. b) Karyotype heatmap according to our 
analysis on downscaled sequencing data that equals our sequencing depth, confirms accurate detection sensitivity 
of reciprocal CNAs between 2.5 and 10Mb in size. Colored copy number state: red, gain; blue, loss. Asterisk denotes 
CNAs <10Mb. 
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Supplementary File 3 
 
Extended 3D Live-Seq datasets shown in Fig. 3 and Fig. 4a 

 
Suppl. File 3. Fig. 1 | Complete 3D live-Seq dataset shown in main Fig. 3 
Full 3D Live-Seq dataset of a PDTO-9 organoid shown in Fig. 3 consisting of 25 cells (100% recovery). The top 
panel shows representative stills of the growing PDTO-9 structure with nuclei in a false color depth code. The final 
still shows two photoconverted cells (white arrows) that are progeny of branch 1.1 (highlighted) of the mitotic tree. 
The onset of anaphase is indicated by arrowheads in relation to the time axis (in hours). The bottom panel shows a 
karyotype heatmap of all cells of the imaged PDTO. Cell numbers of the mapped sequencing results are indicated 
in the mitotic tree behind a cartoon showing the photoconversion state of each cell. Chromosome cartoons along 
the mitotic tree indicate copy-number changes across cell generations. The photoconverted cells confine lineage I 
to the highlighted branch of the mitotic tree. Given the structure of branch 1.1, coherent phylogenetic mapping of 
lineage I requires two rounds of replication and collective missegregation of a Chr.9q21.33-ter fragment (Extended 
data Fig. 8). Since both photoconverted cells lost a copy of Chr. 21 (Cell 1 & 2), it follows that cell 3, displaying a 
gain of Chr. 21, maps to branch 1.1.1.2 and that missegregation of Chr. 21 occurred during division 1.1.1. Chromatin 
phenotypes along the photoconverted branch suggest that replicated Chr.9q fragments were missegregated during 
consecutive divisions 1.1 and 1.1.1, but were shielded from a third round of replication prior to division 1.1.1.1 by 
micronuclear containment (asterisk). The inset of cell division 1 shows a lagging chromatin structure indicated by 
the red arrow. Hopeful monster karyotypes of cells 6 and 7 (II) are consistent with the difference in chromatin mass 
between daughter cells of division 1.1.2.2. It follows that the remaining two cells (cell 4 and 5) map to branch 1.1.2.1. 
The origin of Lineage III and IV cannot be precisely mapped as their phylogenetic solutions are not unique within 
the mitotic tree.  
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Suppl. File 3. Fig. 2 | Amplification of Chr.9q in main fig. 3 is consistent with two rounds of replication and 
collective missegregation 
a) Karyotype heatmap of lineage I and a representative core karyotype highlighted in Fig. 3. Cell 1 displays 5 copies 
of the Chr.9q21.33-ter fragment while all other cells in lineage I contain a reciprocal loss of the same region. Note 
that cell 6 and 7 combined average to a 1 copy state of Chr.9q. Any phylogenetic explanation of lineage I has to 
comply with the structure of branch 1.1 (Extended data Fig. 7). b) Three consecutive de novo missegregations of 
the same parental Chr.9q region is consistent with the copy-number state of cells 2-7 but cannot explain the 
emergence of a cell with 5 copies of Chr.9q. Note that each de novo missegregation in this model is an identical 
independent event of the same parental chromatid, which is exceedingly unlikely. c) As in b, but with micronuclear 
containment during one cell cycle preventing replication of prior missegregated Chr.9q fragments. This model cannot 
explain the origin of a cell with 5 copies of Chr.9q. d) The identical loss of Chr.9q across all branches is consistent 
with the presence of severed Chr.9q fragments prior to replication and division of cell 1.1. Progeny of cell 1.1 all 
have an identical Chr.9 core state: carrying one intact Chr.9 chromatid and a Chr.9 chromatid from which a Chr.9q 
fragment was severed. In this model the replicated Chr.9q fragments are collectively missegregated during three 
consecutive cell divisions, exponentially amplifying the copy-number. However, three consecutive rounds of 
replication and missegregation is not consistent with the emergence of a cell carrying 5 copies of Chr.9q. e) The 
emergence of a cell carrying 5 copies of Chr.9q is consistent with two rounds of replication and collective 
missegregation. Micronuclear containment is the most straightforward explanation as to why the Chr.9q fragments 
were not replicated during one cell cycle.  
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Suppl. File 3. Fig. 3 | Complete 3D Live-Seq dataset shown in Fig. 4a 
Full 3D Live-Seq dataset of a PDTO-9 organoid shown in Fig. 4a consisting of 19 cells (95% recovery). The top 
panel shows representative stills of the growing PDTO-9 structure with nuclei in a false color depth code. The final 
still shows two photoconverted cells (white arrows) that are part of branch 1.1 and 2.1 of the mitotic tree. The onset 
of anaphase is indicated by arrowheads in relation to the time axis (in hours). Chromosome cartoons along the 
mitotic tree indicate copy-number states of historic cell generations. The bottom panel shows a karyotype heatmap 
of all cells of the imaged PDTO. The three hopeful monster karyotypes (cell 5-7) in this dataset show genome wide 
reciprocity, and were mapped to tripolar division 1.1.2 by using the photoconversion landmark. Merged hopeful 
monster karyotypes reveal the presence of a de novo loss of Chr.1p (1pter-p34.2) in the ancestral cell (Extended 
data Fig. 12). Four other cells share the same de novo loss (cells 1-4) and were mapped to branch 1.1.1. Loss of 
Chr.1p across branch 1.1 demonstrates initial missegregation of Chr.1p during division 1. Given the propagation of 
branch 1.2, the absence of cells carrying the reciprocal Chr.1p gain suggests propagation and collective 
missegregation of the Chr.1p fragment (Fig. 3). The cell receiving the Chr.1p fragments was either not recovered (1 
missing cell) or is represented by the apoptotic 

Supplementary File 4 



125 

 

 
Branching process modelling of individual organoid tree and sequencing data 
We implemented the stochastic birth-death branching process of PDTOs with a rejection-kinetic 

Monte Carlo algorithm44,45 in C++. The program is available at https://github.com/ucl-cssb/CIN_PDO. 

To infer parameters 𝜃𝜃 = (𝜇𝜇1, 𝜇𝜇2, 𝑏𝑏, 𝑃𝑃) with approximate Bayesian computation sequential Monte 

Carlo (ABC SMC)1,2 we extracted summary statistics 𝑃𝑃 =  (𝑃𝑃1,  𝑃𝑃2,  𝑃𝑃3,  𝑃𝑃4)  from the data, where 𝑃𝑃1 is 

the average absolute unique chromosome-level copy number changes, 𝑃𝑃2 is the average absolute 

unique arm-level copy number changes, 𝑃𝑃3 is half the cell lineage tree (where each node is a cell) 

length, and 𝑃𝑃4 is the average ratio of the waiting time to division of a cell’s parent to that of the cell’s 

daughter. To obtain the summary statistics from real data, we performed the following pre-processing. 

With respect to the mitotic tree, we converted the original time to be in units of a day. We used time 

on branches between the second-generation anaphase and the last anaphase which are more 

accurate estimations of cell cycling time. Regarding novel CNAs in each cell, we excluded hopeful 

monster events which affect multiple chromosomes at a time. We counted all the sub-clonal whole 

chromosomal events (reciprocal, single or recurrent). For sub-clonal segmental events, we excluded 

those appearing only once and taking up less than 80% of their corresponding arm. The summary 

statistics of all the datasets are shown in Suppl. File 4. Table 1 (𝑃𝑃4 cannot be computed for dataset 

PDTO-9 #5 due to the lack of three consecutive reliable branches). We used Euclidean distance to 

compare summary statistics of simulated and real data. Because 𝑃𝑃3 and 𝑃𝑃4 have a wide range, we 

used their natural logarithm values and assigned a weight 𝑤𝑤3 (=  2) to 𝑙𝑙𝑃𝑃𝑙𝑙(𝑃𝑃3) for distance 

computation on datasets with mitotic trees. The posterior distributions of overall mutation rates (sum 

of chromosomal-level and arm-level CNA rates) are shown in Suppl. File 4. Fig. 1. The mutation rates 

estimated on the three datasets without mitotic trees are consistent with average CNA events per 

division computed based on data shown in Fig. 1d (Suppl. File 4. Fig. 2).  

We used the function ABCSMC in the Julia package ApproxBayes 

(https://github.com/marcjwilliams1/ApproxBayes.jl) to run the ABC SMC algorithm. We set prior 

distributions of parameters to be:  𝜇𝜇1 ~ 𝑈𝑈𝑛𝑛𝑃𝑃𝑈𝑈(0, 1),  𝜇𝜇2 ~ 𝑈𝑈𝑛𝑛𝑃𝑃𝑈𝑈(0, 1),  𝑏𝑏 ~ 𝑈𝑈𝑛𝑛𝑃𝑃𝑈𝑈(0.2, 2), 

and 𝑃𝑃 ~ 𝑈𝑈𝑛𝑛𝑃𝑃𝑈𝑈(−1, 1). We took 500 samples to get the posterior distributions. We set target tolerances 

as below: 0.2 for dataset PDTO-9 #1, #4, and #7, 0.1 for dataset PDTO-9 #5 and 0.015 for dataset 

PDTO-9 #2, #3 and #6. Other important parameters in the algorithm were set to be default. The 

algorithm stopped when the target tolerance was reached.  

For model selection, we computed deviance information criteria (DIC) based on posterior predictive 

distributions of parameters46. The formula of DIC we used is:  

𝐷𝐷𝐷𝐷𝐷𝐷 = 2𝐷𝐷� − 𝐷𝐷(�̅�𝜃),  

where: 

𝐷𝐷(�̅�𝜃) =  −2 𝑙𝑙𝑃𝑃𝑙𝑙(1
𝑛𝑛

(∑ 𝐾𝐾(𝑃𝑃 −  𝑃𝑃𝑗𝑗∗))𝑛𝑛
𝑗𝑗=1 , 

𝐷𝐷� =  − 2
𝑚𝑚

 ∑  𝑙𝑙𝑃𝑃𝑙𝑙(1
𝑛𝑛

(∑ 𝐾𝐾(𝑃𝑃 −  𝑃𝑃𝑗𝑗∗))𝑛𝑛
𝑗𝑗=1
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Here, 𝑃𝑃∗ is the simulated summary statistics and �̅�𝜃 is the posterior mean of 𝜃𝜃. We computed DIC 100 

times for each dataset, with 𝑚𝑚 =  100 and 𝑛𝑛 =  100. 

For the power analysis on simulated data, we used the ABC rejection algorithm due to computational 

efficiency. We set the prior distributions of parameters to be: 𝜇𝜇1 ~ 𝑈𝑈𝑛𝑛𝑃𝑃𝑈𝑈(0, 0.5),  𝜇𝜇2 ~ 𝑈𝑈𝑛𝑛𝑃𝑃𝑈𝑈(0,

0.5),  𝑏𝑏 ~ 𝑈𝑈𝑛𝑛𝑃𝑃𝑈𝑈(0.3, 0.5), and 𝑃𝑃 ~ 𝑈𝑈𝑛𝑛𝑃𝑃𝑈𝑈(−1, 0). To get the posterior distributions, we took the 

parameter values of the top 1% of 100,000 simulations ordered by Euclidean distance to the true data 

under each model. We computed DICs one time for each dataset under both models (𝑚𝑚 =  100, 𝑛𝑛 =

 100).  

 

 
Suppl. File 4. Fig. 2. Violin plots showing the estimated CNA rates for PDTO-9 datasets. Grey dashed line: weighted 
mean of estimated rates. The violin plots (posterior distributions) and box plots were generated from n=500 
independent samples. The box shows the median (centre), 1st (lower hinge) and 3rd (upper hinge) quartiles of the 
data; the whiskers extend to 1.5× of the interquartile range (distance between the 1st and 3rd quartiles); data beyond 
the interquartile range are plotted individually.  
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Suppl. File 4. Fig. 3. The CNA rates estimated using ABC SMC are consistent with estimations based on Fig. 1d. 
The coloured dash line corresponds to average CNA event per division for each dataset. There are 4 CNA events 
in n=64 cells (excluding cells not sequenced, 63 divisions) in PDTO-9 #2. There are 5 CNA events and in n=62 cells 
in PDTO-9 #3. There are 6 CNA events in n=33 cells in PDTO-9 #6. The violin plots (posterior distributions) and box 
plots were generated from n=500 independent samples. The box shows the median (centre), 1st (lower hinge) and 
3rd (upper hinge) quartiles of the data; the whiskers extend to 1.5× of the interquartile range (distance between the 
1st and 3rd quartiles); data beyond the interquartile range are plotted individually. 
 

 

Suppl File 4. Table 1. The summary statistics of PTDO-9 datasets. 

Dataset 𝒔𝒔𝟏𝟏 𝒔𝒔𝟐𝟐 𝒔𝒔𝟑𝟑 𝒔𝒔𝟒𝟒 

PDTO-9 #1 0.14 0.43 19.65 1.11 

PDTO-9 #4 0.08 0.24 25.99 1.02 

PDTO-9 #5 0.17 0.67 14.57 - 

PDTO-9 #7 0.71 0.29 25.89 0.89 

PDTO-9 #2 0.06 0.11   

PDTO-9 #3 0.03 0.06   

PDTO-9 #6 0.06 0.39   
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Yule-tree modelling of the mitotic trees 
Due to the low number of cells, there was reduced power to detect a signal of selection in individual 

mitotic trees. Therefore, we decided to derive a likelihood-ratio test (LRT) on the joint trees to explore 

if there is evidence of a change of birth (cell division) rate after a mitotic error. The estimations with 

ABC on dataset PDTO-9 #1, #4, #5 and #7 suggest that the birth rates are similar across datasets. 

Therefore, we assume the birth rate is constant (𝑏𝑏0) under hypothesis 𝐻𝐻0. The alternative hypothesis 

𝐻𝐻1 is that the birth rate 𝑏𝑏0 changes to 𝑏𝑏1 after a mis-segregation event which may lead to fitness 

changes of descendent cells (Suppl. File 4. Fig. 3). We derived the likelihood of a tree based on the 

assumption of a pure birth process47. Under 𝐻𝐻0, the likelihood of tree 𝑇𝑇 with 𝑛𝑛 tips and branch lengths 

𝑙𝑙 = (𝑙𝑙1, 𝑙𝑙2, … 𝑙𝑙2𝑛𝑛−2)  given birth rate 𝑏𝑏0 and present time 𝑡𝑡 is given by 

 

𝐿𝐿0(𝑙𝑙,𝑛𝑛 | 𝑏𝑏0, 𝑡𝑡) = (𝑛𝑛 − 1)! 𝑏𝑏0𝑛𝑛−2𝑒𝑒−𝑏𝑏0∑𝑙𝑙,  

 

with the maximum likelihood estimate (MLE) of 𝑏𝑏0 being   

 

𝑀𝑀𝐿𝐿𝑀𝑀(𝑏𝑏0) =  𝑛𝑛−2
∑𝑙𝑙

. 

 

Under 𝐻𝐻1, the likelihood of a tree 𝑇𝑇 with 𝑛𝑛 tips and branch lengths 𝑙𝑙 given birth rate 𝑏𝑏0,  𝑏𝑏1, and present 

time 𝑡𝑡 is 

 

𝐿𝐿1(𝑙𝑙,𝑛𝑛 | 𝑏𝑏0,𝑏𝑏1, 𝑡𝑡) =  𝐿𝐿1(𝑙𝑙0, 𝑙𝑙1,𝑛𝑛,𝑛𝑛0 | 𝑏𝑏0, 𝑏𝑏1, 𝑡𝑡) = (𝑛𝑛 − 1)! 𝑏𝑏0
𝑛𝑛0𝑏𝑏1

𝑛𝑛−𝑛𝑛0−2𝑒𝑒−𝑏𝑏0∑𝑙𝑙0−𝑏𝑏1∑𝑙𝑙1, 

 

where 𝑛𝑛0 represents the number of internal nodes (birth events, excluding root) before mis-

segregation, 𝑙𝑙0 represents the lengths of branches before mis-segregation, and 𝑙𝑙1 represents the 

lengths of branches after mis-segregation. Hence, under 𝐻𝐻1, 

 

𝑀𝑀𝐿𝐿𝑀𝑀(𝑏𝑏0) =  𝑛𝑛0
∑𝑙𝑙0

   

 

and  

 

𝑀𝑀𝐿𝐿𝑀𝑀(𝑏𝑏1) =  𝑛𝑛− 𝑛𝑛0−2
∑𝑙𝑙1

. 

 

The likelihood ratio is 

 

𝐿𝐿𝐿𝐿 =  −2𝑙𝑙𝑛𝑛(max (𝐿𝐿0)/max (𝐿𝐿1)), 

 

where max (𝐿𝐿0) is the maximised value of 𝐿𝐿0(𝑙𝑙,𝑛𝑛 | 𝑏𝑏0, 𝑡𝑡) and max (𝐿𝐿1) is the maximised value of 

𝐿𝐿1(𝑙𝑙,𝑛𝑛 | 𝑏𝑏0,𝑏𝑏1, 𝑡𝑡). Under 𝐻𝐻0, the 𝐿𝐿𝐿𝐿 asymptotically follows a chi-square distribution with one degree of 

freedom (df), which is also confirmed by our simulations with R library ape48 (Suppl. File 4. Fig. 4).   
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Suppl. File 4. Fig. 3 The illustration of 𝐻𝐻1 in likelihood-ratio test on a pure birth tree. The internal node in the tree 
represents a cell division event, which is denoted by “N” if it is normal and “E” otherwise. The green nodes represent 
alive cells at present. We assume the birth rate is 𝑏𝑏0 if there is no mis-segregation. Once a mis-segregation occurs, 
we assume the birth rate becomes 𝑏𝑏1, which affects all the decedent cells even if one subsequent division is normal. 

 

Because the PDTO-9 #1, #4, #5, and #7 have an average measurement time of about 5 days and the 

60 additional trees has an average measurement time of about 3 days, we applied LRT separately on 

these two sets of data (Suppl. File 4. Fig. 5). For the first batch of four trees, we excluded the eight 

basal branches whose time measurement tends to be shorter than a complete cell cycle. The results 

are shown in Suppl. File 4. Table 2. 

 

Suppl. File 4. Table 2. The results of likelihood-ratio test on real data sets. 

Data 
set 

𝑀𝑀𝐿𝐿𝑀𝑀(𝑏𝑏0) max(𝐿𝐿0) 
𝑀𝑀𝐿𝐿𝑀𝑀(𝑏𝑏0) 

(𝐻𝐻1) 

𝑀𝑀𝐿𝐿𝑀𝑀(𝑏𝑏1) 

(𝐻𝐻1) 
max(𝐿𝐿1) statistics p-value 

4 

trees 
0.430 42.991 0.627 0.356 45.376 4.770 0.029 

60 

trees 
0.496 -82.360 0.685 0.399 -71.998 20.725 5.3e-6 

 

We performed simulations to quantify the power of our approach in detecting birth rate changes of 

0.25 (𝑏𝑏0  =  0.65 and 𝑏𝑏1  =  0.4) on individual trees, 4 joint trees, and 60 joint trees (Suppl. File 4. Table 

3). We simulated trees under 𝐻𝐻1 with time 𝑡𝑡 being 3 and 5 respectively (Suppl. File 4. Fig. 6). For each 

parameter setting, we generated 100 datasets (a dataset included 𝑚𝑚 trees when 𝑚𝑚 joint trees were 

considered) and applied LRT on each dataset. Then we counted the proportion of correct cases when 
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𝐻𝐻0 is rejected (p-value < 0.05) and the estimated 𝑏𝑏1 is smaller than 𝑏𝑏0. We computed mean power as 

the mean proportion of correct cases across 10 replicates. As expected, the results suggest the power 

increases for trees with longer time and a larger number of joint trees. 

We also checked the distribution of branch lengths before and after mis-segregation in the simulated 

data under 𝐻𝐻1 (Suppl. File 4. Fig. 7). We simulated 4 joint trees until time 5 and 60 joint trees until time 

3 with 𝑏𝑏0  =  0.65 and 𝑏𝑏1  =  0.4. As can be clearly seen with these high statistics, the branch lengths 

are well described by the model fit. 

 
Suppl. File 4. Fig. 4. The distribution of likelihood-ratio test statistic under 𝐻𝐻0. We simulated 1000 random trees with 
𝑏𝑏0 = 0.5 and 𝑡𝑡 =  10. For each tree, we assume one subtree is normal and the other is after mis-segregation event. 
If either subtree has just two tips, we discarded this tree because there is not enough data to estimate birth rate. 
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Suppl. File 4. Fig. 5. Histogram of branch lengths in days (time between two consecutive cell divisions or time from 
the last division to the time when imaging stops) before and after mis-segregation in the real mitotic trees (Top 2 
panels: dataset PDTO-9 #1, #4, #5 and #7; Bottom 2 panels: 60 additional datasets). All the branches in the mitotic 
trees are included, except for eight basal branches in PDTO-9 #1, #4, #5 and #7. The estimated cell cycle duration 
time is the inverse of the maximum likelihood estimate of birth rate, which was computed based on joint likelihood 
of all the trees in consideration assuming a pure birth process. The blue dashed line shows the expected frequency 
of observed branch lengths based on estimated birth rate. 
 

 

 
Suppl. File 4. Fig. 6. The illustration of a simulated tree under 𝐻𝐻1 with 𝑏𝑏0  =  0.65, 𝑏𝑏1 =  0.4, and 𝑡𝑡 =  3. To get a 
tree with different birth rates, we simulated one subtree 𝑇𝑇0  with 𝑏𝑏0 and 𝑡𝑡, another subtree 𝑇𝑇1 with 𝑏𝑏1 and 𝑡𝑡, and a third 
subtree 𝑇𝑇2 with 𝑏𝑏0 and 2 tips. Then we merged them into a single tree by connecting the root of 𝑇𝑇0  and 𝑇𝑇1 to the two 
tips of 𝑇𝑇2. To avoid bias, the branches of 𝑇𝑇2 were excluded when doing likelihood-ratio test. 
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Suppl. File 4. Fig. 7.  Histogram of branch lengths before and after mis-segregation in trees simulated under 𝐻𝐻1 
with 𝑏𝑏0   =  0.65 and 𝑏𝑏1  =  0.4. We consider all the branches in the subtree simulated with 𝑏𝑏0 (𝑏𝑏1) as before (after) 
mis-segregation. The blue (red) dashed line shows the expected frequency of observed branch lengths based on 
estimated (real) birth rate. 
 

 

 

Suppl. File 4. Table 3. The power in detecting birth rate changes of 0.25 (𝑏𝑏0  =  0.65 and 𝑏𝑏1  =  0.4) 

on simulated individual trees and joint trees of different sizes. 

#joint trees time mean power 

1 3 0.095 

1 5 0.312 

4 3 0.429 

4 5 0.899 

60 3 1.000 

60 5 1.000 
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For the purpose of modelling the birth rates, we assumed pure birth and ignored death rate. We 

explored how the exclusion of death rate affected our results. In the four-tree dataset, there are two 

dead cells, one in PDTO-9 #1 and one in PDTO-9 #7. In the 60-tree dataset, 18 of them have apoptotic 

events (1 with 3 dead cells, 4 with 2 dead cells and 13 with 1 dead cells). To get a simple estimate of 

the death rate, we simulated tree datasets of different sizes (4 and 60) with fixed birth rate 0.5 and a 

series of death rates (0.05, 0.04, 0.03, 0.02, and 0.01). To imitate real data, the four-tree datasets 

were simulated with 𝑡𝑡 =  5 and the 60-tree datasets were simulated with 𝑡𝑡 =  3. We then counted the 

number of trees with apoptotic events in each simulated dataset. We ran 100 replicates and computed 

the mean number of trees with apoptotic events. For the simulated four-tree datasets, there are on 

average 2 trees with apoptotic events when the death rate is 0.02. For the simulated 60-tree datasets, 

there are on average 20 trees with apoptotic events when the death rate is 0.03. Therefore, the death 

rate is about one order of magnitude lower than the birth rate. When death rate is not considered in 

the model, the birth rate may be slightly overestimated as the branches with dead cells are typically 

shorter. We applied LRT on 42 of 60 real trees without apoptotic events (p-value 5.24203𝑒𝑒 − 05), the 

estimations of birth rates (𝑏𝑏0  =  0.69, 𝑏𝑏1  =  0.40) under 𝐻𝐻1 are similar to those estimated when all the 

60 trees were considered (𝑏𝑏0  =  0.68, 𝑏𝑏1  =  0.40), suggesting that the assumption of pure birth does 

not affect the results or conclusions.  
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Abstract 

Collectively, all individual cells within primary tumors or metastases represent a body of genetic 

diversity from which therapy resistant subclones may emerge. While some insights into genomic 

evolution during tumor progression can be gathered from single-cell sequencing of bulk tumor cell 

populations, these studies generally compute a phylogenic hierarchy of the most dominant surviving 

subclones but cannot reveal the precise evolutionary path by which each subclone evolved. Accurate 

reconstruction of evolutionary trajectories of tumor subclones, including their less successful 

intermediates, requires sequencing of a virtually all the cells of a population. Recently, we 

accomplished whole population single-cell sequencing of up to 100 cells via manual picking, but this 

protocol offers limited potential to scale toward larger cell populations. Here, we explore the potential 

of microfluidic 'VyCAP microsieves' to scale whole-population single-cell sequencing to a few 

thousand cells. We found that nuclear morphology of non-fixated cells captured on the microsieve 

was better preserved using microsieves with pore sizes of 2µm instead of the standard 5 µm. At a 

population size of <100 cells, we were able to obtain single-cell whole-genome amplified DNA from 

up to 39% of cells using the VyCAP microsieve, which is well below the >90% capture rate of manual 

picking. Further iterations of protocol development are required in order to scale whole population 

sequencing toward >1000 cells. In particular, the reliability of cell punching, i.e., isolation from the 

microsieve, and coupling the cell isolation process to high-throughput single-cell sequencing 

methodologies represent significant challenges to overcome.  
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Introduction 
 

Aneuploidy, defined as a cell having an abnormal number of chromosomes or sub-chromosomal 

fragments, is among the most common features of human cancers1 and plays an active role in 

promoting malignant phenotypes2,3. Aneuploid genomes of malignancies represent the end product 

of evolution, which acts as a multifaceted force to select for fitness. Consequently, it is challenging to 

resolve evolutionary pathways to aneuploidy, since relatively unfit intermediaries are highly 

underrepresented in the final cell population and may even have ceased to exist. Some insights can 

be gathered from single cell sequencing of bulk tumor cell populations and a computational 

reconstruction of phylogeny4,5. However, by sampling a limited number of cells from tumors that may 

contain billions of cells, these studies generally compute a phylogenic hierarchy composed mainly of 

the most dominant (fit) subclones and do not have enough resolution to reveal how these subclones 

emerged, diverged and evolved over time.  

To faithfully reconstruct the evolutionary trajectory of a tumor, including its wide diversity of subclones, 

it necessary to sample each individual karyotype of virtually the entire tumor cell population. Recently, 

we demonstrated single-cell genome analyses of complete cell populations up to 100 clonal cells from 

individual tumor organoids6. While manual picking of individual tumor cells allows a near complete 

sampling of the entire cell population, the resource intensive procedure prohibited scaling beyond 

population sizes of 100 cells. To study the course of tumor genome evolution over longer time scales 

and cell generations, it is essential to develop automated and scalable single-cell isolation procedures 

that are compatible with DNA sequencing methods. And, unlike most methods currently used in the 

field, the device must operate without a substantial loss of individual cells.  

The VyCAP microsieve is a microfluidic device that distributes single-cells from a cell suspension into 

separate cups on a grid. The sieve consists of 6400 microwells closed off by a thin silicon nitride 

membrane containing a small pore (2 or 5 µm). The cell suspension is filtered through the sieve at 

minimum under pressure (~10 mbar). Physical obstruction of a pore by a cell redirects the flow through 

neighboring pores. This prevents multiple cells from entering the same microwell, leading to optimal 

separation of all single cells into individual microwells on the chip. Individual cells that are captured 

can be analyzed by fluorescent imaging and subsequently recovered for whole-genome sequencing 

by semi-automated “punching” of the silicon nitride membrane using a needle (Fig. 1). By enabling 

robust single cell capture and isolation for prospective genomic analyses, VyCAP microsieve 

technology may offer a potential solution to scale single-cell genome analyses of complete cell 

populations up to few thousands of cells7. 
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Fig. 1 | Single cell separation and isolation using the VyCAP microsieve 
Schematic showing the process of single cell segregation on the VyCAP microsieve. The cell suspension is sucked 
through the sieve grid by applying a low (~10 mbar) under pressure. When a cell blocks a pore, flow through the 
sieve is redirected through neighboring pores leading to single cell segregation (I-IV). Individual cells can be retrieved 
from the sieve grid by punching out the silicon nitride membrane using a needle. The stills show nuclear fluorescent 
signal, indicating a cell blocking the filter pore, and the before and after shots of a successful punch. 

 

 

Results 

Microsieve pore size influences cell morphology during capture of live single cells.  
The VyCAP microsieve was initially developed to support the isolation of circulating tumor cells from 

peripheral blood mononuclear cell (PBMC) enriched blood samples. Since fixation of these cell 

suspensions increases cell stiffness, the first iteration of the VyCAP sieve was designed with a pore 

size of 5 µm to maximize filter flowthrough at minimal risk of cell loss. However, obtaining high quality 

sequence information from fixated cells is complicated. Since non-fixated cells are less stiff, a pore 

size of 5 µm may not be suitable for the capture of non-fixated cells on the sieve grid.  
To investigate if a smaller pore size is better suited for the capture of non-fixated cells, we filtered 

single cells from a patient-derived tumor organoid line (PDTO) through sieves with 2 or 5 µm pore 

diameter at the lowest possible underpressure of ~10mbar. We then scored whether nuclear 

morphology of captured cells, visualized via fluorecent chromatin-label H2B-Dendra2, was maintained 

or distorted (Fig. 2). When using sieves with 5 µm pores, only 4% of cells (4/105) maintained a good 

nuclear morphology, whereas 21% of cells (37/175) had regular nuclear morphology when using 

sieves with 2 µm pores (data compiled from all VyCAP experiments). These data suggest that the 

nuclear morphology of non-fixated cells is overall challenging to preserve by micropore filtration, but 

is better preserved by sieves with smaller 2 µm pores. In particular, the observed distortions are in 

line with cell nuclei being sucked into the pore, indicative that cell loss (cells sucked through the pore) 

is a significant risk when using larger pore sizes to capture non-fixated cells. In addition, distorted  
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Fig. 2 | Nuclear morphology after single cell segregation on the VyCAP microsieve 
Representative snapshots of nuclei blocking the pore of individual cups on the filter grid. Nuclei that maintain their 
natural morphology are round and show an even distribution of H2B-Dendra2 signal throughout the nucleus. 
Distorted nuclei generally show an increased H2B-Dendra2 signal at the filter pore as a consequence of being 
partially sucked into the pore. Scalebars are 10µm. 

 

 

nuclear morphology complicates accurate detection and identification of cells, increasing the chance 

to miss cells or to mislabel cups that contain multiple cells (doublets). Importantly, while the flow 

through of 2µm sieves is reduced, the overall filtration dynamics remained of sufficient quality to allow 

flow-directed separation of single cells across the sieve grid.  

 

 

Cell retention and punch efficiency of sieves with 2 µm pores.   
To investigate if microsieves with 2 µm pores are suitable for the capture and isolation of entire cell 

populations for prospective single-cell genome sequencing, we repeatedly applied exactly 50 cells 

from a fluorescent H2B-Dendra2 labelled organoid line to sieves, comparable to the absolute number 

of cells that were manually isolated from individual organoids in Chapter 3. We then first quantified 

the fraction of cells recovered on the filter grid, followed by punching of single cells to quantify the 

fraction of cells that may successfully be recovered from the sieve grid (Fig. 3). First, the fraction of 

cells being captured on the sieve as single-cells in individual cups was consistently high (92%). Cell 

loss during filtration can most likely be attributed to cells that stick to the grid in-between cups or along 

the sides of the sieve, as repeatable wash steps during filtration significantly increased overall capture 

rate (data not shown). Second, the fraction of captured single cells that were successfully “punched 

out” was on average 60% but unfortunately highly variable, ranging from 100% to 0% successful  
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Fig. 3 | Capture efficiency and single cell recovery of VyCAP sieves with 2µm pore size 
a) Schematic showing the manual application of precisely 50 single cells derived from a PDTO line expressing H2B-
Dendra2. b) On sieve recovery of 50 single cells (n=3), and punch efficiency (n=5) of cells applied to sieves with 
2µm pore size. Error bars indicate standard error of the mean.  
 

 

punches across experiments. Successful punches represent a clean break of the silicon nitride 

membrane (Fig. 1), whereas unsuccessful punches result in denting or sharding of the membrane, 

often with the pore still visible after the punch. When taking both the on-sieve capture rate and the 

punch efficiency into account, on average 55% of cells from a cell suspension that is applied to the 

sieve may be recovered for prospective genomic analysis, with a high end of 94% overall recovery. 

 

Whole-genome sequencing of microsieve captured cells from clonal tumor organoids. To 

generate single-cell genome sequencing data from an entire cell population, we dissociated a clonal 

organoid (~68 cells) from a tumor organoid line expressing fluorescent H2B-Dendra and captured 

single cells using the VyCAP microsieve. 52 single cells (76%) were recovered on the sieve grid and 

punched into the lids of PCR tubes containing mineral oil to minimize travel distance from the grid to 

the container. Successfully punched cells were then subjected to whole-genome amplification (Repli-

G). Prior to submitting the cells for single-cell whole-genome sequencing, we selected cells that were 

successfully whole-genome amplified by performing a multiplex PCR on 9 genomic loci7. 36 cells 

(53% of the entire cell population) showed at least 1 product in the multiplex PCR and were sent for 

whole genome sequencing (samples that failed to generate at least 1 multiplex PCR produced never 

resulted in quality sequencing data (data not shown)). Sequencing data of sufficient quality were 

obtained from 20 single cells, representing 29% of the entire clonal cell population of the original tumor 

organoid (Fig. 4). Although the fraction of sequenced cells is too low to reconstruct the exact origin of 

most de novo copy-number alterations (CNAs) generated within this cellular lineage, we clearly 

detected two cells carrying three reciprocal CNAs at Chr. 1p, Chr. 14 and Chr. 15 (Fig. 4, I & II).  
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Fig. 4 | Whole population sequencing of a clonal tumor organoid using the VyCAP microsieve 
a) Schematic showing the dissociation of a clonal tumor organoid and the manual application of the cell suspension 
to the VyCAP sieve grid. b) Karyotype heatmap of 20 single-cells (29%) with quality sequencing data and a reference 
core karyotype of the parental PDTO line. The highlighted copy-number alterations indicate reciprocal gains and 
losses between two cells (I and II). 
 

 

Missegregation of multiple chromosomes within one cell division is consistent with our recent findings, 

and underscores that karyotype alterations of varying complexity can be generated in a single cell 

division6.  

Accurately reconstructing the precise evolutionary trajectories of novel karyotypes relies heavily on 

imaging data of the true mitotic tree, which can be superimposed with the single cell sequencing data. 

When combined, the mitotic tree will act as a structural constraint to which the reconstructed 

phylogenic tree of karyotype alterations can be matched. True evolutionary trajectories may include 

cells that went into apoptosis and lineages for which no genomic information could be obtained, as 

such the mitotic tree represents the precise structure and number of cell generations that separate 

diverging subclones. The combination of these two information layers was the basis for the 

development of 3D Live-Seq6, where we reconstructed karyotype diversification over 4 consecutive 

cell generations to reveal the patterns and tempo by which a tumor genome changes over time. If 3D 

Live-Seq can be coupled to a scalable single-cell sequencing platform that allows a near complete 

capture of the entire cell populations, karyotype diversification can be reconstructed across 

substantially more cell generations. As a proof-of-principle, we recorded unperturbed growth of an 

H2B-Dendra2 labelled tumor organoid that counted 33 cells in size over 67 hours and isolated cells 

for single-cell sequencing using the VyCAP microsieve. We derived all 33 individual lineage trees 

from the imaging data leading to a final organoid size of 72 cells (Fig. 5a). We obtained quality 

sequencing data from 28 single cells, representing 39% of the total cell population (28/72, Fig. 5b). 

Although there are many de novo CNAs among the sequenced cells, we identified only a single clear  
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Fig. 5 | 3D Live-Seq using VyCAP microsieves for whole-population sequencing 
a) Top panel: representative stills of the growing PDTO tumor structure with nuclei in a false color depth code. All 
individual mitotic trees are highlighted below including a description of mitotic errors at each branch, indicating 
anaphase bridges (AB) and lagging chromatin (LC). Apoptotic events (skull) and cells that were still in division at the 
moment of harvesting (D) are indicated. b) Karyotype heatmap of 28 whole-genome sequenced single cells, 
representing 39% of the total cell population. A reciprocal CNA of Chr.1p is indicated (I).  
 

 

reciprocal CNA at Chr.1p (Fig. 5b, I), which is a recurring de novo CNA in this particular tumor 

organoid line6. The fraction of sequenced single cells is too low to accurately map karyotype 

diversification onto the captured mitotic trees, underscoring the key criteria that sequence information 

of (nearly) all cells is required to successfully reconstruct karyotype diversification across cell 

generations. 
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Collectively, these datasets highlight that 3D Live-Seq, currently limited to manual cell picking, can in 

principle be coupled to a scalable whole population sequencing platform that utilizes the VyCAP 

micosieve for single-cell capture and isolation. However, accurate reconstruction of karyotype 

diversification depends strongly on the fraction of cells from which sequence information is retrieved. 

Currently, the highest overall yield achieved using VyCAP microsieves (39%) is well below the 

required yield to support accurate mapping of karyotype evolution across cell generations, highlighting 

the need for further protocol improvements. 

 

Discussion 
In this chapter we explored the potential to scale whole-population sequencing using VyCAP 

microsieve technology. A population of a few thousand cells represents the largest population that 

can currently be sequenced cost effectively, and is thus the largest population currently amenable to 

whole-population sequencing. This “intermediate” sized population is both beyond the scope of 

manual picking and too small for FACS based isolation of single cells as it is accompanied with 

significant numbers of lost cells per attempt. Thus, analyses of all single cells from such an 

intermediate sized population requires a novel single-cell isolation and sequencing pipeline. 

We benchmarked the VyCAP microsieve for whole-population single-cell sequencing of clonal cell 

populations against the yield of manual single-cell picking6. At population sizes <100 cells, the highest 

overall yield of the VyCAP microsieve (39%) was substantially below manual picking of cells (>90%). 

In particular, the punching efficiency was highly variable between sieves and requires further protocol 

improvements to increase robustness. In addition, a significant fraction of punched cells, classified as 

successful based on a visual 'clean break' of the silicon nitride bottom, did not generate products in 

the multiplex PCR, indicating that whole-genome amplification failed (29%). Since genome 

amplification itself is reliable and robust procedure in our hands when combined with manual picked 

cells, it is most likely that the transfer (flight) of punched cells from the sieve into the lysis reagent is 

inaccurate. Indeed, needle-assisted 'punching' of cells is a rather brute procedure that results in a 

poorly controlled flight trajectory of the silicon nitride membrane. Minimizing the distance between the 

sieve and the containers, as well as increasing the volume of reagents with mineral oil should increase 

the probability of the cell making contact with the reagents. Efficient transfer of single cells from the 

sieve into the sequencing reagents is critical to the overall success of sequencing entire cell 

populations and represents a major challenge that needs to be overcome, in particular when scaling 

toward 384 well plates. 

While the VyCAP microsieve is not yet a reliable platform to scale 3D Live-Seq, the currently achieved 

yield of ~40% may allow the generation of valuable single-cell sequencing datasets if similar yields 

can be obtained when applied to populations of few thousand cells. In order to scale effectively, the 

VyCAP microsieve must be coupled to a low-cost and robust sequencing methodology that operates 

using 384 well plates. A sequencing protocol that is near 100% effective on primary material is 

currently established for 96-well plates (~€20/cell) and under development for 384 well plates 

(~€10/cell) and ensures that the capture of genomic diversity from a large cell fraction in micro-

metastases or mature tumor organoids may be possible. 
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Materials & methods 

 

Organoid culture 
The patient-derived tumor organoid line with identifier P9T (PDTO-9) was obtained from a previously 

published colorectal cancer biobank8. PDTO-9 was maintained at 37°C with 5% CO2 atmosphere 

seeded in RGF Basement Membrane Extract (BME), Type 2 (Cultrex). Culture media consisted of 

advanced DMEM/F12 (Gibco) supplemented with penicillin-streptomycin (Lonza, 10U ml−1), 

GlutaMAX (Gibco, 1x), HEPES buffer (Gibco, 10mM), Noggin-conditioned medium (10%), R-

spondin1-conditioned medium (10%), B-27 (Gibco, 1x), nicotinamide (Sigma-Aldrich, 10mM), N-

acetylcysteine (Sigma-Aldrich, 1.25mM), SB202190 (Gentaur, 10μM), A83-01 (Tocris, 500nM) and 

recombinant human EGF (PeproTech, 50ng ml−1). PDTO-9 cultures were passaged weekly and 

maintained below passage 10. Briefly, PDTOs were dissociated using trypsin-EDTA (Sigma-Aldrich) 

and seeded in BME in a pre-warmed 24-well plate. ROCK inhibitor Y-27632 (Gentaur, 10μM) was 

added to culture medium upon plating for 2 days. 
 
Live organoid imaging 
To support live-cell microscopy of organoids, PDTO-9 organoid cultures were passaged 5-7 days prior 

to imaging. PDTOs were harvested 24h before imaging and resuspended in an ice-cold mix of culture 

media containing 50% v/v BME. The organoid suspension was then seeded in an ice-cold glass 

bottom WillCo-dish (WillCo Wells B.V.) coated with a thin film of BME. Organoids were allowed to 

settle on ice before BME polymerization at 37°C and addition of culture media. Outgrowth was 

captured overnight on a spinning disk confocal system (Nikon, 15min frame rate, z-step 1.4µm). 

Imaging data were analyzed with Fiji (ImageJ). 

 

VyCAP filtration 
VyCAP microsieves were placed in 96% filtered ethanol and a vacuum was applied until all cups on 

the grid were wetted. Sieves were then transferred to filtered PBS until filtration. Prior to filtration of a 

cell suspension, the sieves were placed into the filtration unit and 200ul filtered PBS was added to the 

grid. Flow was initiated by shortly applying >100mbar underpressure before reducing the pressure to 

10mbar. The cell suspension was transferred to the filter grid in a total volume of 200ul filtered PBS. 

An additional 200ul filtered PBS was added as a washing step after most of the cell suspension 

passed through the sieve. After filtration the bottom of the sieve grid was washed with MQ to remove 

salts, and dried. 

 

Single-cell sequencing 

Cells captured on the VyCAP sieve grid were punched into the lids of PCR tubes containing 30ul 

mineral oil. Single cell lysis and whole-genome amplification (WGA) was performed using the Repli-

G single cell kit (Qiagen) according to manufacturer’s instructions. A positive control (multiple 

organoids or HEK293T cells) and negative control (3µl of H2O) was included during each WGA 
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reaction. Amplified DNA was purified by phenol:chloroform:isoamyl alcohol (25:24:1) treatment, 

followed by precipitation with ethanol. To assess the quality of amplified DNA, a multiplex PCR was 

used to simultaneously amplify 9 loci across the human genome in each single cell: SCYL1, PPP5C, 

JMJD6, ACTR10, ROCK2, SCAP, SCAMP3, SCARB2, XPOT7. DNA libraries of each single cell, with 

≥2 amplified products in the multiplex PCR, were constructed with the TruSeq Nano DNA library 

preparation kit (Illumina). The concentration of all libraries was quantified using a Qubit (dsDNA HS 

Assay kit). Library fragment size profiling was performed using the Agilent Tapestation system using 

Agilent High Sensitivity D1000 ScreenTapes (Agilent Technologies) and subsequently all libraries with 

unique indices were pooled equimolar. 

 
Genomic analysis 
Sequence reads were aligned to the human genome reference (hg19/GRCh37) using Burrows-

Wheeler Aligner mapping tool (BWA-MEM; v0.7.15). Duplicated sequence reads were marked by 

Sambamba (v0.6.5) and realigned using Genome Analysis Toolkit IndelRealigner (GATK; v3.8), and 

sequence read quality scores were recalibrated with GATK BaseRecalibrator. The copy number 

status of each single cell was analyzed using Ginkgo9. Briefly, the created BAM files were converted 

to BED format files using BEDtools (v2.25.0). Then, the aligned reads were binned into 1-Mb variable-

length intervals across the genome, normalized and corrected for GC biases, and segmented in 

regions with an equal copy number status. Thereafter, a final integer copy number profile was 

assigned to each single-cell. Single cells that exhibited low-quality sequencing data, defined as high 

variation between copy-number ratios of segmented regions, were excluded.  
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Colorectal carcinogenesis 
Colorectal carcinogenesis occurs through a step-wise accumulation of driver mutations, which confer 

common malignant traits1. This process may take years or decades, as specific mutations in cancer 

associated genes such as TP53, APC, and KRAS have to accumulate in the same cell lineage, where 

the tempo depends primarily on the DNA mutation rate and stochasticity of hitting the right genes. In 

addition to (mainly) point mutations in specific genes, aneuploidy is among the most common features 

of human cancers2. Aneuploidy is defined as a cell having an abnormal number of chromosomes or 

sub-chromosomal fragments. Given that gains and losses of chromosomes have a major impact on 

the biology of cells, we can infer that aneuploidy is not a mere passenger of carcinogenesis, but 

actively promotes malignant fitness. Moreover, the recurrent aneuploidy patterns that are found in 

different cancer types (or cancer karyotypes, i.e., the specific collection of chromosomes in that 

cancer) provide additional support for this notion. For instance, colon cancers frequently show 

chromosome 7 gains3,4. Consequently, the development of colon cancer likely involves the 

accumulation of specific driver mutations in combination with a matching aneuploid karyotype in order 

to obtain sufficient malignant fitness to complete malignant transformation.  

Genetic analyses and computational modelling of colorectal cancers suggests that, 

following initial carcinogenesis, colorectal tumor outgrowth follows a single expansion originating from 

the cellular lineage that successfully completed malignant transformation from adenoma to cancer, 

commonly referred to as the Big Bang model5. This model predicts that driver mutations accumulated 

during carcinogenesis will be public mutations, i.e., present in all cells of the cancer. Likewise, the 

karyotype of the cell lineage that seeded the cancer will largely be maintained in the aggregate, 

referred to as the core tumor karyotype. However, since colorectal cancers show perpetual 

chromosomal instability6, colorectal tumors are characterized by a high degree of intratumoral 

karyotype heterogeneity. Given that a high degree of malignant fitness potential is realized during 

malignant transformation from adenoma to cancer, i.e., prior to the big bang, novel mutations and 

karyotype alterations that further increase malignant fitness are likely rare and comparatively 

tempered in their effect, and are not predicted to result in a clonal sweep7,8. In addition, cancers in the 

human body are space constrained, which further reduces the potential for genetic sweeps9. Instead, 

the Big Bang model predicts that the pervasiveness of private (non-public) mutations and karyotype 

alterations in the final tumor mass is predominantly determined by the timing of the mutation, such 

that mutations that occur early after malignant transformation are more pervasive, whereas novel 

mutations that occur late are only present in a localized lineage of cells. 

How aneuploidy develops during early carcinogenesis is difficult to determine since the mass of cells 

that undergo malignant transformation and ultimately seed the primary cancer is generally 

undetectable and as such cannot be studied directly. Therefore, an understanding of how aneuploidy 

emerges during carcinogenesis may require indirect experimentation and computational modelling.  

In this chapter we summarize our thoughts on the nature of aneuploid tumor genomes and the 

dynamics of aneuploidy during carcinogenesis and progressive disease. In addition, we suggest 

experimental avenues that may help clarify our understanding of the sense and nonsense of 

aneuploidy during carcinogenesis.   
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The aneuploid fitness landscape of non-malignant cells.  

Fitness is a measure of sustained reproducibility, which can be viewed from the perspective of 

individual cells as well as the organism as a whole. Evolution of multicellular organisms selects for 

fitness of the organism, rather than for the fitness of the individual cells that an organism consists of. 

As such, instead of maximizing fitness of each individual cell lineage, multicellular fitness metrics are 

more centered around tissue homeostasis. Given that individual cells within a multicellular organism 

are limited in their fitness in order to maintain tissue homeostasis, e.g., the Hayflick limit, individual 

cell lineages have a high unrealized fitness potential from a more (selfish), cell intrinsic perspective. 

Carcinogenesis represents the realization of this cell intrinsic fitness potential, and has been referred 

to as “evolution within a lifetime”10.  

When considering the nature of aneuploidy during carcinogenesis and disease progression, it is 

helpful to first consider whether aneuploidy is, in principle, a universal fitness lever, even for non-

malignant cells, or whether aneuploidy provides fitness solely in the context of cancer. In normal 

human cells, there are mechanisms in place that enforce a diploid genome, whereas in cancer these 

are frequently suppressed and enable a state of chromosomal instability (CIN)6. Imagine a population 

of (otherwise normal) human cells that are in CIN and are allowed to expand indefinitely, out of context 

of the organism as a whole. Karyotype evolution would evolve in the context of cell-intrinsic fitness, 

and would follow one of three models. 

 

 
Figure 1. Theoretical karyotype fitness landscape models. Any elevation in the landscape represents a unique 
karyotype that is viable in principle. In essence, a karyotype fitness landscape encompasses all possible evolutionary 
pathways. For instance, under model a, any de novo karyotype alteration is an evolutionary dead end. 
 

Under model A, cells that generate de novo karyotype alterations will propagate but are ultimately 

outcompeted by cells that stochastically maintain a diploid karyotype. Under this model, the karyotype 

fitness landscape consists of a single fitness peak representing the diploid karyotype, with slopes that 

represent the decline in fitness of deviating (aneuploid) karyotypes (Figure 1a).  

The same principal fitness peak of the diploid karyotype is present in the fitness landscape 

of model B, but here there are additional, higher, fitness peaks in the landscape that represent 

combinations of multiple chromosome gains and losses (Figure 1b). Cells that develop these 

particular aneuploid karyotypes would ultimately outcompete cells with diploid karyotypes. However, 

there exists no clear deterministic path by which a gradual accumulation of individual chromosome 

gains and losses would transition these cells toward these higher fitness peaks. Therefore, cells under 

model B follow a punctuated karyotype evolution, whereby multiple karyotype changes must 

accumulate at once or in quick succession in order to reach these higher fitness peaks, as 

intermediate karyotypes with reduced fitness are selected against.  



152 
 

The fitness landscape under model C is a rugged landscape with many peaks and 

crevasses (Figure 1c). The principal fitness peak of the diploid karyotype still exists but there are many 

ridges in the landscape along which cells can gradually evolve (climb) to higher fitness peaks. Under 

this model there is no need for punctuated evolution, instead there are many singular chromosome 

gains and/or losses that are compatible with a high or higher level of fitness, allowing karyotype 

evolution to advance gradually toward peak fitness. 

 
Karyotype evolution during carcinogenesis.  

The karyotype fitness landscape that guides karyotype evolution of non-malignant cells has major 

implications for our understanding of karyotype evolution during carcinogenesis. If model A applies to 

non-malignant cells, this suggests that the driver mutations that accumulate during carcinogenesis 

require aneuploidy to maximize their fitness, and that during carcinogenesis the karyotype fitness 

landscape shifts from model A to model B or C. This is not easy to reconcile given that developing a 

CIN phenotype during carcinogenesis (as a consequence of driver mutations) is not the reason why 

malignancies are aneuploid per se, although it is a prerequisite. Indeed, if aneuploid karyotypes were 

universally less fit, a population of cells with significant rates of CIN of would maintain a 'pseudo-

stable' diploid karyotype over time (model A), as most deviations from diploidy are evolutionary dead 

ends that are outcompeted by the maximally fit diploid cells.  

  One explanation for the prevalence of aneuploidy in cancer is that it represents the easiest 

path toward balancing cell intrinsic homeostasis in context of the totality of the acquired driver 

mutations. However, when following this interpretation, one would expect cells that achieve cell 

intrinsic homeostasis through epigenetic changes and/or by developing more extensive (balancing) 

genetic mutations via hypermutator phenotypes to have a fitness advantage over aneuploid cells. In 

this case, we should expect to find diploid malignancies with some frequency. However, aneuploidy, 

even among patients with hypermutator phenotypes, is nearly universal11. It is conceivable that cell 

intrinsic homeostasis in context of malignant driver mutations requires changes in gene expression 

that are too extensive to be achieved without some measure of aneuploidy. 

The development of aneuploidy during carcinogenesis is much easier to reconcile if non-

malignant cells are already governed by karyotype fitness landscapes that resemble model B or C. 

Aneuploidy, then, is simply a dormant fitness lever that human cells naturally gravitate to in an 

environment that selects for cell intrinsic fitness. During carcinogenesis, this fitness potential is 

unlocked by driver mutations that enable and tolerate karyotype diversification. Importantly, the 

precise distribution of peaks within the karyotype fitness landscape, each representing a particular 

aneuploidy pattern, is likely shaped by the genetic idiosyncrasies of the patient's tumor, being its 

unique palette of somatic and germline mutations, and may explain why aneuploidies, albeit with 

recurring features, are generally unique per patient. 

Massive single cell genome analyses of patient tumors and computational models have 

uncovered signatures of punctuated evolution, evidenced by the large variations observed between 

different clones12,13. However, definitive proof that tumor cells can alter their genome accordingly is 

not known, as historic genetic intermediates that drove clonal diversification cannot be assessed in 

patient tumors. 
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When karyotype evolution during carcinogenesis is guided by model B, tumor evolution 

may be driven by events that generate punctuated, dramatic karyotype alterations that enable a vast 

exploration of the karyotype fitness landscape.  When reasonable fitness is obtained after a dramatic 

alteration of the tumor genome, continued modifications by gradual mechanisms may then further 

optimize these karyotypes toward peak fitness. This is represented by the slope of fitness peaks in 

the landscape. If karyotype evolution during carcinogenesis is solely governed by model C there less 

of a requirement for punctuated karyotype diversification mechanisms, but they may still influence 

karyotype evolution.  

In chapter 3 we show that advanced colorectal cancers generate karyotype diversity both 

gradually, via chromatin errors during mitosis, and in punctuated fashion e.g., via multipolar spindle 

defects. Although we have not shown direct evidence that tumor karyotypes evolve via punctuated 

genome alterations, we did provide solid proof that tumors perpetually generate cells with dramatically 

altered genomes, which are the prerequisite for punctuated leaps in evolution to occur. Given that 

only a small number of adenomas successfully complete malignant transformation to carcinoma, the 

evolution of a malignant karyotype through punctuated karyotype shuffles may be a defining step. 
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Future research #1: Assessing the karyotype fitness landscape of non-malignant cells.  
An important open question in cancer research is whether driver mutations in colorectal cancer require 

aneuploid karyotypes to realize their full malignant fitness potential, or whether aneuploid karyotypes 

confer higher fitness regardless of the underlying driver mutations. Studying the karyotype fitness 

landscape that guides karyotype evolution in non-malignant cells is an important step in answering 

this question. In practical terms, one may be able to introduce a state of CIN in normal human cells 

that is decoupled from malignancy. Subsequently, genome evolution of cells in the population may be 

independently monitored at regular intervals in order to map the karyotype fitness landscape. It is 

essential to start off with a cell lineage that has a normal diploid karyotype, such as normal human 

colon organoids, to allow unconstrained karyotype diversification and to monitor the exploration of the 

karyotype fitness landscape via the acquisition of de novo mutations. 

In chapter 2, we describe a means to generate bi-allelic or allele specific genetic modifications using 

in-trans paired nicking. This system potentially allows one to generate a normal human colon organoid 

line with conditional CIN. For instance, one could engineer a floxed TP53 allele that upon modification 

by a Cre recombinase shifts a modified exon into the reading frame that carries a gain of function 

mutation. In addition, the other allele would maintain a wild-type TP53 sequence. 
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Future research #2: Karyotype evolution during disease progression.  
We can assume that karyotypes of malignancies at progressive disease stages represent a (local) 

optimum in the fitness landscape as there has been ample time for karyotype evolution to progress. 

In chapter 3, we show that both gradual and punctuated karyotype diversification is ongoing at this 

stage. Taken together, this would suggest that the presence of a CIN phenotype reduces the fitness 

of the malignant cell population as a whole, as CIN continuously generates cells with de novo 

karyotypes that deviate from the fitness optimum. This interpretation is in line with our data, where 

cells with de novo karyotype alterations had a reduced fitness in the aggregate. However, many of 

these cells were still able form new tumor organoids, suggesting that minor deviations from the tumor 

core karyotype often maintain similar degrees of fitness, in agreement with the predictions of the Big 

Bang model where late-stage tumors evolve via neutral patterns. By contrast, cells with large 

deviations from the core tumor karyotype, e.g., resulting from multipolar spindle defects, had a 

strongly reduced fitness as they almost never produced proliferative progeny. Collectively, these data 

are more in line with model B, where the fitness landscape is populated by a number of isolated fitness 

peaks where large genomic deviations are accompanied with near complete loss of fitness. Tumor 

karyotypes during progressive disease may indeed be centered around a local fitness optimum in the 

landscape, with small deviations located to the slopes, fit enough to survive and contribute to tumor 

expansion, whereas punctuated karyotype shuffles are mostly unfit. Despite the general presence of 

CIN in advanced colorectal cancers, a recent study by Cross et al. showed that most cancers indeed 

maintain the same core karyotype even after metastasis and treatment, supporting the notion that 

natural selection stabilizes around a proven fit tumor core karyotype. 

As defined in chapter 4, scaling whole-population single cell sequencing is crucial to map the 

mechanisms and selection pressures that shape karyotype evolution in mature colorectal carcinoma 

over the medium term. Given that confocal imaging is limited to a <1000 cell structure size due to lens 

working distances, the capture of a true mitotic tree may not be feasible. Instead, the engineering of 

a genetic barcode that generates genetic diversity with cell cycle resolution may allow a high-

resolution reconstruction of phylogenetic relationships between cells. Current genetic barcodes based 

on CRISPR-Cas9 technology do not generate genetic diversity with cell cycle resolution, and are 

prone to erase prior barcode states, which further constrains the resolution at which cell relationships 

can be resolved. Generating a genetic barcode that evolves at cell cycle resolution and that does not 

erase prior barcode states may be possible by the insertion of a random nucleotide duplet at a 

constant rate using prime editing14. 
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Summary in Dutch / Samenvatting 

De ontwikkeling van kanker is een process dat bij iedereen op dit moment aan de gang is en al in de 

baarmoeder begint. Of je als mens uiteindelijk de diagnose kanker krijgt is vooral een kwestie van tijd, 

en of je niet eerst ergens anders aan overlijdt. 

Kanker is niet één ziekte, maar een enorme verzameling aan ziektes die allemaal hetzelfde fenotype 

(gedrag van cellen) laten zien. De radicale groei van “kwaadaardige” cellen is één van de twee uiterste 

fenotypes van cellen die niet langer luisteren naar de signalen van hun omgeving, het andere uiterste 

zijn niet delende cellen die als het ware dooretteren en al lang hun taak niet meer goed vervullen 

(senescent cells). Er zijn ongelofelijk veel combinaties van genetische, epigenetische en 

omgevingsinvloeden die ervoor kunnen zorgen dat cellen radicaal gaan delen en de eigenschappen 

van kanker vertonen. Daarom is niet alleen elk type kanker anders, maar elke individuele patiënt heeft 

zijn eigen unieke ziekte. De gestandaardiseerde behandelingen die worden gegeven aan patiënten 

met vergelijkbare soorten kanker zijn verre van optimaal en laten zien dat we kanker nog lang niet 

goed genoeg begrijpen. De ontwikkeling van gepersonaliseerde behandelingsopties voor kanker 

(personalized medicine) is een van de belangrijkste doelen van de moderne geneeskunde. 

Fundamenteel onderzoek speelt hierin een belangrijke rol, door onze algemene kennis van kanker te 

vergroten. 

Dit proefschrift laat een aantal technologische ontwikkelingen zien die gericht zijn op het onderzoeken 

van fundamentele kankerbiologie met behulp van mini-orgaantjes, zogenaamde organoïden. We 

kunnen organoïden kweken van zowel gezond als tumorweefsel. Omdat organoïden in een gel 

uitgroeien tot een driedimensionale structuur, komt de weefselsamenstelling, celdichtheid en 

celdeling dynamiek goed overeen met weefsel in het lichaam. Daarnaast kunnen we de uitgroei van 

organoïden microscopisch vastleggen, waardoor (tumor) organoïden geweldige modelsystemen zijn 

voor fundamenteel kankeronderzoek. 

Steeds vaker gebruiken we voor fundamenteel kankeronderzoek organoïden die op genetisch niveau 

zijn aangepast. Hoofdstuk 1 bevat een een uitgebreide literatuurstudie waarin we genetische 

modificatie met behulp van homologie bespreken. Dit is een methode waarbij we cellen er als het 

ware in luizen om een bepaalde genetische modificatie in het genoom aan te brengen door een 

synthetisch stukje DNA aan te bieden dat erg veel lijkt op het stuk DNA dat we willen veranderen. Met 

deze methode kunnen we bijvoorbeeld de DNA-sequentie van een groen fluorescerend eiwit aan de 

DNA-sequentie van een menselijk eiwit in het genoom vastplakken. Het gevolg is dan dat er 

menselijke eiwitten ontstaan waar een groen fluorescerend eiwit aan vast zit (knock-in), zodat we dit 

eiwit met behulp van microscopie kunnen volgen. In Hoofdstuk 1 vatten we de literatuur en onze 

persoonlijke ervaringen samen in een reeks richtlijnen voor onderzoekers die hun eigen genetisch 

gemodificeerde cellijnen of organoïden willen maken. 
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Het dubbel-strengs knippen van DNA met behulp van het beroemde CRISPR-Cas9 systeem is de 

gangbare manier om genetische modificaties in menselijke cellen te maken, maar kan nadelige 

gevolgen hebben omdat cellen de DNA-breuken niet altijd correct repareren. In hoofdstuk 2 laten we 

zien dat fluorescente genetische modificaties efficiënt en zonder een dubbelstrengs DNA knip kunnen 

worden gegenereerd in menselijke organoïden. We gebruiken hiervoor een gemuteerd CRISPR-Cas9 

enzym dat slechts een van de twee DNA strengen knipt. Dit heeft als voordeel dat er genetisch 

gemodificeerde organoïden kunnen worden gegenereerd zonder fouten in het DNA die zijn ontstaan 

door een incorrecte reparatie van dubbelstrengs DNA-breuken. 

In hoofdstuk 3 presenteren we onze 3D Live-Seq techniek. Door eerst de uitgroei van een tumor 

organoïde te filmen en vervolgens het karyotype (het aantal en de structuur van chromosomen) van 

elke enkele cel te bepalen, kunnen we afleiden hoe nieuwe chromosoom veranderingen binnen 

tumoren ontstaan en worden doorgegeven aan de volgende cel generatie. We passen 3D Live-Seq 

toe om twee van de meest fundamentele aspecten van kankerbiologie te onderzoeken: 1) hoeveel 

genetische diversiteit er wordt gegenereerd door tumoren, en 2) de mechanismen waardoor deze 

genetische diversiteit wordt gegenereerd. We laten zien dat colorectale kanker continu nieuwe 

chromosoom veranderingen ontwikkeld via een geleidelijk process, waarbij enkele chromosomen of 

stukken ervan in de verkeerde cel terecht komen, of via een abrupt process waarbij enorm veel 

chromosoom veranderingen in een keer ontstaan. 

Tumorcellen met nieuwe chromosoom veranderingen zouden kunnen bijdragen aan het ontstaan van 

therapieresistente tumoren waaraan patiënten uiteindelijk vaak aan sterven. Het is daarom uiterst 

belangrijk dat we de dynamiek van chromosoom veranderingen in kanker goed begrijpen. Onze 3D 

Live-Seq techniek heeft geleid tot een aantal waardevolle inzichten maar is gelimiteerd in de grootte 

van de tumor organoïdes die we kunnen analyseren, gezien elke individuele cel met de hand moet 

worden geïsoleerd. In hoofdstuk 4 onderzoeken we of de VyCAP-microzeef technologie een geschikt 

hulpmiddel is om de DNA-bepaling elke individuele cel uit een populatie op te schalen tot een 

populatie van een paar duizend cellen. Het protocol heeft potentie, maar vereist verdere optimalisatie 

om voldoende effectief te zijn. 

Tot slot, vatten we in hoofdstuk 5 onze gedachten samen met betrekking tot karyotype-evolutie tijdens 

de ontwikkeling van kanker en in latere stadia. We bespreken potentiële karyotype-fitness 

landschappen en hoe geleidelijke en abrupte karyotype veranderingen kunnen bijdragen aan het 

ontstaan van nieuwe tumor karyotypes in de loop der tijd. 
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