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Pluripotente Stammzellen haben das Potential, in unterschiedliche Zelltypen zu differenzieren 

und können genutzt werden, um organähnliche Mikrostrukturen zu generieren. Somit können 

molekulare Unterschiede verschiedenster künstlich differenzierter Gewebe, etwa zwischen 

Mensch und Schimpanse, anhand von pluripotenten Ausgangszellen untersucht werden. Da die 

Genome unserer nächsten ausgestorbenen Verwandten Neandertaler und Denisovaner aus 

konservierter DNA in alten Knochen sequenziert wurden, könnten ebenso Unterschiede zwischen 

Mensch und diesen Spezies oder dem letzten gemeinsamen Vorfahren untersucht werden. Dies 

erfordert jedoch die Generierung neandertalisierter Stammzellen durch künstliche Integration von 

Neandertalerallelen in humane Stammzellen, etwa durch die CRISPR Genomeditierungstechnik. 

Durch CRISPR kann ein DNA-Doppelstrangbruch an einer gewünschten Stelle im Genom 

eingefügt werden. Die zelluläre Reparatur des Doppelstrangbruchs ermöglicht dann die 

Editierung des Genoms. Basierend auf einer DNA-Matrize, die die gewünschte Modifikation trägt, 

kann das Genom an dieser Stelle präzise editiert werden. Die Effizienz präziser Editierung ist 

jedoch sehr niedrig im Vergleich zu unpräziser Reparatur. Um möglichst effizient neandertalisierte 

Stammzellen generieren zu können, wurden im Zuge dieser Doktorarbeit Methoden entwickelt, 

welche die präzise Genomeditierungseffizienz drastisch steigern. Zum einen wurde aus mehreren 

niedermolekularen Substanzen, welche mit Proteinen der DNA-Reparaturen interagieren, ein 

optimierter Mix entwickelt. Weiterhin konnte durch eine Mutation in einem zentralen 

Reparaturprotein die Effizienz für die Editierung eines einzelnen Gens auf 87% erhöht werden. 

Diese hohe Effizienz ermöglicht erstmals die präzise homozygote Editierung von vier Genen auf 

einmal in ein und derselben Zelle. 
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SUMMARY 

BACKGROUND 

Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) are both pluripotent, i.e. 

they have the potential to differentiate into different cell types. While ESCs need to be initially 

extracted from the blastocycst, iPSCs can be generated from differentiated cells like fibroblast by 

expression of the four transcription factors Oct4, Sox2, Klf4, and c-Myc (Takahashi and 

Yamanaka, 2006; Robinton and Daley, 2012). It has been shown that human iPSCs (hiPCSs) can 

be differentiated into all three germ layers and specific cell types (Murry and Keller, 2008), 

including hematopoetic stem cells, cardiomyocytes, dopaminergic neurons, immature pancreatic 

cells, and new differentiation protocols are constantly developed. Also, hESCs and hiPSCs have 

been used to generate miniaturized simplified organs called organoids including but not limited to 

those resembling the brain, gut, kidney and pancreas (Kaushik et al., 2018). Consequently, hiPSCs 

are a valuable tool to model different cell types and hold great promise for personalized disease 

treatment as they can be used to convert patient derived hiPSCs into cell types the body has lost 

or is unable to produce due to disease. They are also useful for comparisons between species. For 

example, brain organoids have been used to identify developmental differences between humans 

and great apes (Mora-Bermudez et al., 2016). 

The genomes of the great apes and the genomes our closest extinct relatives, Neandertal and 

Denisovan, sequenced from DNA preserved in ancient bones allow us to infer what the genome of 

the last common ancestor of the modern human and those ancient humans looked like. The genetic 

changes acquired on the modern human lineage from this last common ancestor are what defines 

us as modern humans from a genomic perspective. With respect to the proteome, we differ by only 

96 amino acid changes in 87 proteins that became fixed among modern humans during the half 

million years since we share a common ancestor with Neandertals and Denisovans (Prüfer et al., 

2014). Genome editing techniques could be used to introduce such ancestral alleles and thus 

ancestralize hESCs or hiPSCs, which could then be differentiated into cell types or organoids of 

interest and thus allow investigation of molecular and cellular phenotypes of an extinct species. 

This could help elucidate what makes modern humans special by finding genetic causes or 

predispositions that in contrast to Neandertals allowed our species to successfully populate the 
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planet, live in complex societies, and constantly push for technical development. Unfortunately, 

state-of-the-art genome editing techniques are still not good enough to introduce many changes in 

the genome. Improvement of editing efficiencies is therefore a prerequisite to be able to study stem 

cells ancestralized for many alleles. It would obviously also be helpful in the study of any other 

biological phenomenon that relies on variants in multiple genes. 

In genome editing, nucleases are used to cut a cellular genomic target of interest. Cellular repair 

of the DNA double-strand break (DSB) can then result in the modification of the target. The most 

widely used targetable nucleases are Zinc Finger Nucleases (ZNFs), Transcription Activator-like 

Effector Nucleases (TALENs), and Clustered Regularly Interspaced Short Palindromic Repeats 

Nucleases (CRISPR) (LaFountaine et al., 2015). ZNFs have three to six zinc finger protein 

domains that each recognize a specific three base pair sequence to bind the sequence of interest. 

TALENs consist of a series of four different TALE domains that can bind to guanine, adenine, 

cytosine, or thymine, respectively. While zinc finger protein domains or TALE domains are 

needed to guide the nuclease to the genomic sequence of interest, both ZNFs and TALENs are 

fused to a FokI domain that cleaves DNA if a FokI dimer is present. Thus, two closely spaced 

ZNFs or TALENs on opposite DNA strands are needed to introduce a DSB. In CRISPR Cas9 

editing the Cas9 nuclease is directed to the genomic target by a guide RNA (gRNA) which carries 

a 20-nt sequence complementary to the sequence of interest. In contrast to ZNFs and TALENs, 

where proteins bind to DNA to guide the nuclease to the target sequence, CRISPR uses RNA to 

bind the target DNA. Consequently, CRISPR-Cas9 genome editing is preferable over ZNFs and 

TALENs, because no protein needs to be designed and RNA can be chemically synthesized in a 

cost effective way. 

CRISPR is derived from bacteria and archea where they provide a form of acquired immunity 

against viruses. Bacterial genomes carry sequences of viral DNA from previous viral infections 

called ‘spacers’ which are a located in the CRISPR locus where they are separated by short 

repetitive sequences (Jiang and Marraffini, 2015). The CRISPR locus is transcribed and processed 

into pre-CRISPR RNA (pre-crRNA). Another short RNA called the trans-activating CRISPR RNA 

(tracRNA) hybridizes to the repetitive sequences in the pre-crRNA. RNase III cleavage then 

separates the crRNA/tracRNA hybrids that each now form a gRNA. Cas nuclease binds to the 

gRNA forming an active ribonucleoprotein that can cut DNA that is complementary to the spacer 
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sequence of the gRNA, if a protospacer adjacent motif (PAM) is present. Various prokaryotes have 

evolved many different CRISPR systems that are classified in six types based on cas gene content, 

mechanism of crRNA biogenesis and gRNA structure, as well as targeting mechanism (Makarova 

et al., 2018). The CRISPR system from S. pyogenes is relatively simple as only the Cas9 protein 

and a gRNA is needed for targeting of sequences adjacent to a PAM of the sequence NGG 

(Sapranauskas et al., 2011). Also, other comparably simple CRISPR enzymes like Cas12a (Cpf1) 

that rely on a TTTN PAM have been described (Zetsche et al., 2015). Such simple CRISPR 

systems can be used as tools outside of their original prokaryotic context for editing of genomes 

of yeast, plants, and animals, including humans (Cong et al., 2013; Khatodia et al., 2016). 

Unfortunately, Cas9 might also cut off-target sequences when only few mismatches to its on-target 

sequence are present. While mismatches distant from the PAM are more prone to allow off-target 

cleavage, mismatches in the 8-10 nt ‘seed region’ next to the PAM almost always block Cas9 

cleavage (Hsu et al., 2013). The Cas9 nuclease has two nuclease domains called HNH and RuvC. 

Inactivating one of those (D10A for RuvC, H840A for HNH) generates Cas9 enzymes that can 

only cleave one strand of the double stranded DNA. A single such Cas9 nickase only cuts one 

strand, but two close cuts on opposing DNA strands by two different Cas9 nickases produce a 

staggered DSB. Since it is very unlikely to have two off-target cuts in close proximity, and repair 

of potential off-target DNA nicks is very efficient and error-free, Cas9 double nicking can by 

employed to drastically reduce off-target DSBs (Shen et al., 2014). 

DSBs are repaired by three competing pathways; Non-homologous End Joining (NHEJ), its 

backup pathway alternative NHEJ often referred to as Microhomology-mediated end joining 

(MMEJ), and homology directed repair (HDR) that uses the intact homologous sister chromatid as 

template (Nussenzweig and Nussenzweig, 2007; Williams and Schumacher, 2016). When a 

targeted DNA DSB is introduced by CRISPR-Cas9 repair of the DSB can edit the genome at this 

position. While NHEJ and MMEJ are error-prone and can introduce insertions or deletions 

(indels), HDR can be hijacked to precisely introduce a mutation of interest by providing a 

homologous exogenous DNA donor which carries the desired mutation. In NHEJ, the DSB is 

bound by Ku70/80 and DNA-dependent protein kinase catalytic subunit (DNA-PKcs). 

Subsequently, DNA-PKcs phosphorylates itself and downstream repair proteins that are recruited 

to the DSB, which is then sealed by DNA ligase 4 after processing of the DNA ends (Shrivastav 
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et al., 2008). If NHEJ is compromised, MMEJ can act as a backup repair pathway (Sfeir and 

Symington, 2015). A prerequisite for HDR is 5’ resection of the DNA ends by the MRN 

(MRE11/RAD50/NBS1) complex, CtIP, and exonuclease 1, generating 3’ overhangs on both sides 

of the DSB. The overhangs are then coated and stabilized by RPA. Stimulated by BRCA2, RPA-

coated single stranded DNA forms of a RAD51 nucleoprotein filament that can bind a homologous 

DNA template. Following DNA synthesis by a polymerase this finally results in precisely repaired 

DNA as a crossover or non-crossover product (Shrivastav et al., 2008). Thus, HDR is competing 

with NHEJ and MMEJ and precise genome editing efficiencies, especially in hPSCs, are therefore 

usually low, ranging from 0.5-15% (Gonzalez et al., 2014; Yu et al., 2015). Consequently, precise 

HDR-dependent editing of more than one target gene has not yet been reported in animal cells. To 

overcome this, researches have tried to inhibit NHEJ to increase HDR efficiency but increases 

were at best moderate and the efficacy of inhibition of proteins involved in NHEJ by small 

molecules was inconsistent in the published literature (Greco et al., 2016). 

 

THESIS AIMS 

I aimed to develop methods to increase HDR efficiency to enable robust and efficient precise 

genome editing of a gene of interest and possibly simultaneous precise editing of multiple genes. 

In particular, these methods should allow future work that will revert nucleotide substitutions in 

genes that are fixed or almost fixed among present-day humans but occur in the ancestral, ape-like 

states in the Neandertal and Denisovan genomes back to their ancestral states. Obviously, such 

methods would also substantially reduce time and labor in many other areas of research. 
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RESULTS 

Chapter 1 

To increase HDR efficiency in CRISPR Cas9 genome editing, we tested the effect of 12 small 

molecules which target proteins of repair pathways on the efficiency of genome editing using Cas9 

nuclease editing or Cas9D10A double nickase editing. The DNA-PKcs inhibitor NU7026 

increased HDR for both Cas9 and Cas9D10A. Further, we found ATM-kinase activator 

Trichostatin A, inhibitor of Neddylation of CtIP MLN4924, and RPA-p53 interaction inhibitor 

NSC15520 to be enhancers of HDR with Cas9D10A. We then combined these compounds in the 

‘CRISPY mix’, which is comprised of NU7026 (20µM), Trichostatin A (0.01µM), MLN4924 

(0.5µM), NSC 15520 (5µM). The CRISPY mix achieves a 2.8-7.2-fold increase in HDR with 

Cas9D10A and 2.3-4-fold with Cas12a (Cpf1). This allows introduction of an intended nucleotide 

substitution in almost 50% of chromosomes and the introduction of a gene fragment encoding for 

a BFP in 27% of cells, the highest HDR efficiency in hiPSCs reported at the time of the study. 

CRISPY mix-treated edited cells had a normal karyotype and cell survival was only mildly reduced 

to 75%. Interestingly, the CRISPY mix increases HDR efficiency with staggered cuts and 5’ 

overhangs (Cas9D10A and Cpf1) but not blunt cuts (Cas9), which suggests that these two types 

of cuts engage different repair pathways. While it is effective in three human and one chimpanzee 

stem cell lines tested, components of the CRISPY mix do not always increase HDR in HEK293, 

K562, CD4+ T cells, CD34+ progenitor cells, or primary human epidermal keratinocytes, 

suggesting that the repair pathways used are cell-type specific. Thus, a screen of small molecules 

is needed to optimize HDR in each cell type. A related patent has been filed (EP 17 165 784.4 | 

PCT/EP2018/059173, pending). 
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Chapter 2 

In the study presented in chapter 1, inhibition of DNA-PKcs by NU7026 increased HDR efficiency 

moderately in most tested cell types regardless of the CRISPR enzyme used. Others showed that 

a lysine to arginine mutation at position 3753 in the DNA-PKcs protein increases homologous 

recombination in Chinese hamster ovary cells to 2- to 3-fold above those achieved when DNA-

PKcs was completely absent (Shrivastav et al., 2008). We thus introduced the K3753R DNA-PKcs 

mutation (KR) in a hiPSC line carrying doxycycline inducible Cas9D10A and compared editing 

efficiency of 14 different genes in cells expressing wildtype or mutated DNA-PKcs. The KR 

mutation increased HDR for all targeted genes between 1.6- and 6.8-fold (average 3.3-fold) 

reaching up to 81% HDR. For a few genes the majority of genome editing events were deletions 

with microhomologies. We used Cas9 instead of Cas9D10A to introduce different break patterns 

and possibly different tendencies for MMEJ. When using Cas9, MMEJ decreased for all three 

genes and HDR could be drastically increased for two of them resulting in up to 87% HDR – the 

highest HDR efficiency described to date in animal cells. The HDR increase by KR mutation is 

independent of cell type (hiPSCs, HEK293, K562) and CRISPR enzyme used (Cas9D10A, Cas9, 

Cpf1). For simultaneous edits of three genes, a third of single cell-derived colonies carried the 

intended edits on all six chromosomes, and simultaneous editing of up to four genes (eight 

chromosomes) could be achieved in 6% of colonies. Cell survival decreased with number of genes 

targeted. The number of translocations per metaphase after bleomycin treatment, which introduces 

random DSBs, is not increased in KR cells (8% wildtype vs. 4% KR). Also, cells grown for three 

months with the KR mutation have a normal karyotype. We further determined the mutation rate 

of cells expressing DNA-PKcs wildtype or KR by whole genome sequencing of the DNA-PKcs 

wildtype ancestor cell line, the descendent cell line with the KR mutation, and triple edit clone of 

the KR line. The number of mutations fixed per passage in the genome is 21 in wildtype cells and 

7 in KR cells. Importantly, we thus show that genome stability is not compromised and is 

potentially even better in KR cells. 

Finally, we show that a novel DNA-PKcs inhibitor M3814 enhances HDR to an extent similar to 

the KR mutation in hiPSCs and K562 cells, and thus allows transient almost absolute HDR of 

CRISPR-induced DSB. Two related patents have been filed (EP 17 203 591.7, EP 18 215 071.4 | 

PCT/EP2018/059173, pending). 
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CONCLUSIONS AND OUTLOOK 

I have achieved a drastic increase in precise genome editing efficiency by supplying the targeted 

cell with small molecules that enhance HDR and block competing repair pathways. I further 

accomplished the simultaneous precise editing of up to four genes when the key repair protein 

DNA-PKcs is mutated in the active site. In recent collaborations, I have used these methods to 

ancestralize 27 genes in stem cells. In most cases these were single gene edits. In future projects, 

successfully ancestralized hPSCs will be used for comparative analysis of human and ancestralized 

cells after differentiation into a variety of cell types and in organoids. Further exciting applications 

that could benefit from my methods are high-throughput genome-wide-association-screen 

validation of medically important alleles, disease modelling and drug screens, and simplified 

production of tailor-made animal models. In the future, I strive to develop methods to increase 

efficiencies of multiplexed precise genome editing even further to allow us to generate a hPSC 

line ancestralized for the whole proteome. 
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ZUSAMMENFASSUNG 

HINTERGRUND 

Embryonale Stammzellen (ESCs) und induzierte pluripotente Stammzellen (iPSCs) haben das 

Potenzial in verschiedene Zelltypen zu differenzieren. Während ESCs zunächst aus der 

Blastozyste extrahiert werden müssen, können iPSCs aus differenzierten Zellen wie Fibroblasten 

durch Expression der vier Transkriptionsfaktoren Oct4, Sox2, Klf4 und c-Myc erzeugt werden 

(Takahashi und Yamanaka, 2006; Robinton und Daley, 2012). Humane iPSCs (hiPCSs) können in 

alle drei Keimschichten, aber auch spezifische Zelltypen, einschließlich hämatopoetischer 

Stammzellen, Kardiomyozyten, dopaminerger Neuronen und unreifer Pankreaszellen, 

differenziert werden (Murry und Keller, 2008). Außerdem können aus hESCs und hiPSCs 

miniaturisierte vereinfachte Organe, sogenannte Organoide, die beispielsweise Gehirn, Darm, 

Niere oder Bauchspeicheldrüse ähneln, erzeugt werden (Kaushik et al., 2018). Auch können von 

Patienten stammende hiPSCs in Zelltypen umgewandelt werden, die aufgrund einer Krankheit 

abgestorben sind oder nicht mehr produziert werden können. Weiterhin können Stammzellen für 

Vergleichsstudien zwischen Arten genutzt werden. Beispielsweise wurden Gehirnorganoide 

verwendet, um Entwicklungsunterschiede zwischen Menschen und Menschenaffen zu 

identifizieren (Mora-Bermudez et al., 2016). 

Die Genome der Menschenaffen und die Genome unserer nächsten ausgestorbenen Verwandten, 

Neandertaler und Denisovaner, welche aus in alten Knochen konservierter DNA sequenziert 

wurden, lassen auf das Genom des letzten gemeinsamen Vorfahren des modernen Menschen und 

dieser Urmenschen schließen. Die genetischen Veränderungen, die sich seit diesem letzten 

gemeinsamen Vorfahren auf der Evolutionslinie des modernen Menschen angereichert haben, sind 

die genetische Grundlage der Eigenschaften des modernen Menschen. Dabei unterscheiden wir 

uns in Bezug auf das Proteom nur durch 96 Aminosäureveränderungen in 87 Proteinen, die 

während der halben Million Jahre, seit wir einen gemeinsamen Vorfahren mit Neandertalern und 

Denisovanern haben, beim modernen Menschen fixiert wurden (Prüfer et al., 2014). Solche 

anzestralen Allele könnten durch Genomeditierungstechniken in hESCs oder hiPSCs eingefügt 

werden. Diese anzestralisierten Stammzellen könnten dann in gewünschte Zelltypen oder 

Organoide differenziert werden und somit die Untersuchung molekularer und zellulärer 
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Phänotypen einer ausgestorbenen Spezies ermöglichen. Eventuell könnten so genetische Ursachen 

oder Veranlagungen gefunden werden, die es unserer Spezies im Gegensatz zu Neandertalern 

ermöglichten, den Planeten erfolgreich zu bevölkern, in komplexen Gesellschaften zu leben und 

ständig auf technische Entwicklung zu drängen. Vorhandene Methoden zur Genomeditierung sind 

immer noch nicht effizient genug, um mehrere Veränderungen im Genom einzufügen. Die 

Erhöhung der Editierungseffizienz ist daher eine Grundvoraussetzung, um Stammzellen 

untersuchen zu können, die für viele Allele anzestralisiert wurden. Auch andere biologische 

Phänomene, die auf Veränderungen in mehreren Genen beruhen, könnten mit Hilfe solcher 

verbesserter Methoden untersucht werden. 

Bei der Genomeditierung werden mit Hilfe von Nukleasen zielgerichtet gewünschte zelluläre 

Genomsequenzen geschnitten. Die zelluläre Reparatur des DNA-Doppelstrangbruchs (DSB) kann 

dann zur Modifikation der Zielsequenz führen. Die am häufigsten verwendeten zielgerichteten 

Nukleasen sind Zinkfinger-Nukleasen (ZNFs), Transkriptionsaktivator-ähnliche Effektor-

Nukleasen (TALENs) und Clustered Regularly Interspaced Short Palindromic Repeats Nukleasen 

(CRISPR) (LaFountaine et al., 2015). ZNFs haben drei bis sechs Zinkfingerproteindomänen, die 

jeweils eine spezifische Sequenz mit drei Basenpaaren erkennen, um die Zielsequenz zu binden. 

TALENs bestehen aus einer Reihe von vier verschiedenen TALE-Domänen, die an Guanin, 

Adenin, Cytosin bzw. Thymin binden können. Während Zinkfingerproteindomänen oder TALE-

Domänen benötigt werden, um die Nuklease zur Zielsequenz zu führen, werden sowohl ZNFs als 

auch TALENs an eine FokI-Domäne fusioniert, die nur DNA schneiden kann, wenn ein FokI-

Dimer vorhanden ist. Um einen DSB zu generieren, werden daher zwei eng beieinander liegende 

ZNFs oder TALENs auf gegenüberliegenden DNA-Strängen benötigt. Bei CRISPR-Cas9 wird die 

Cas9-Nuklease durch eine guide-RNA (gRNA), die eine zur Zielsequenz komplementäre 20-nt-

Sequenz trägt, zur genomischen Zielsequenz geführt. Bei ZNFs und TALENs wird die DNA-

Zielsequenz durch Proteininteraktion gebunden, während bei CRISPR die Interaktion durch RNA 

erfolgt. Folglich ist CRISPR-Cas9 den ZNFs und TALENs vorzuziehen, da kein Protein hergestellt 

werden muss und RNA auf kostengünstige Weise chemisch synthetisiert werden kann.  

CRISPR kommt ursprünglich aus Bakterien und Archaeen, in denen es eine Form der erworbenen 

Immunität gegen Viren darstellt. Bakteriengenome tragen Sequenzen viraler DNA aus früheren 

Virusinfektionen, die als "Spacer" bezeichnet werden und sich im CRISPR-Locus befinden, wo 
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sie durch kurze repetitive Sequenzen getrennt sind (Jiang und Marraffini, 2015). Der CRISPR-

Locus wird transkribiert und zu pre-CRISPR-RNA (pre-crRNA) weiterverarbeitet. Eine andere 

kurze RNA, die als transaktivierende CRISPR-RNA (tracRNA) bezeichnet wird, hybridisiert mit 

den repetitiven Sequenzen in der pre-crRNA. Nachfolgender Verdau durch RNase III trennt dann 

die crRNA/tracRNA-Hybride, die jeweils eine gRNA bilden. Die Cas-Nuklease bindet an die 

gRNA und bildet so ein aktives Ribonukleoprotein, das die zur Spacersequenz der gRNA 

komplementäre DNA schneiden kann. Zusätzlich muss die zu schneidende Sequenz an ein kurzes 

Protospacer-Nachbarmotiv (PAM) angrenzen. Unter den Prokaryoten gibt es viele verschiedene 

CRISPR-Systeme, die basierend auf den cas-Genen, dem Mechanismus der crRNA-Biogenese 

und der gRNA-Struktur sowie dem Targeting-Mechanismus in sechs Typen eingeteilt werden 

(Makarova et al., 2018). Das CRISPR-System von S. pyogenes ist relativ einfach aufgebaut, da 

nur das Cas9-Protein und eine gRNA zum Finden der Zielsequenz benötigt wird, die an eine PAM 

der Sequenz NGG angrenzt (Sapranauskas et al., 2011). Außerdem wurden andere vergleichsweise 

einfache CRISPR-Enzyme wie Cas12a (Cpf1) beschrieben, die eine TTTN-PAM benötigen 

(Zetsche et al., 2015). Solche einfachen CRISPR-Systeme können als Werkzeuge außerhalb ihres 

ursprünglichen prokaryotischen Kontexts zur Genomeditierung von Hefen, Pflanzen und Tieren, 

einschließlich Menschen, verwendet werden (Cong et al., 2013; Khatodia et al., 2016). 

Cas9 kann aber auch ungewünschte Sequenzen (Off-Target) schneiden, die der Zielsequenz sehr 

ähnlich sind. Sequenzen mit Basenfehlpaarungen distal zur PAM sind besonders anfällig für 

unerwünschtes Schneiden durch Cas9, während Fehlpaarungen in der Nähe der PAM einen 

falschen Schnitt meist verhindern (Hsu et al., 2013). Die Cas9-Nuklease hat zwei Nuklease-

Domänen, die als HNH und RuvC bezeichnet werden. Die Inaktivierung einer dieser Domänen 

(D10A für RuvC, H840A für HNH) erzeugt Cas9-Enzyme, die nur einen Strang der 

doppelsträngigen DNA schneiden können. Eine einzelne solche Cas9-Nickase schneidet nur einen 

Strang, aber zwei nahe liegende Schnitte auf gegenüberliegenden DNA-Strängen durch zwei 

verschiedene Cas9-Nickasen erzeugen einen DSB mit DNA-Überhängen. Da es sehr 

unwahrscheinlich ist, dass zwei Schnitte außerhalb der Zielsequenz in unmittelbarer Nähe 

auftreten und die Reparatur potenzieller DNA-Einzelsstrangschnitte außerhalb des Ziels sehr 

effizient und fehlerfrei ist, kann das doppelte Einzelstrangschneiden durch Cas9-Nickasen 

unerwünschte DSB außerhalb der Zielsequenz drastisch reduzieren (Shen et al ., 2014). 
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DSB werden von der Zelle durch drei konkurrierende Reparaturwege geschlossen; non-

homologous end joining (NHEJ), dessen Ersatz alternatives NHEJ, das häufig als microhomology-

mediated end joining (MMEJ) bezeichnet wird, und homology directed repair (HDR), bei der das 

intakte homologe Schwesterchromatid als Vorlage verwendet wird (Nussenzweig und 

Nussenzweig, 2007; Williams und Schumacher, 2016). Wenn ein gezielter DSB durch CRISPR-

Cas9 eingefügt wird, kann die Reparatur des DSB das Genom an dieser Position modifizieren. 

Während NHEJ und MMEJ fehleranfällig sind und Insertionen oder Deletionen (Indels) einfügen 

können, kann HDR ausgenutzt werden, um eine Zielmutation präzise einzufügen, indem ein 

homologer exogener DNA-Donor mit der gewünschten Mutation bereitgestellt wird. Bei NHEJ 

wird der DSB durch Ku70 80 und DNA-dependent protein kinase catalytic subunit (DNA-PKcs) 

gebunden. Anschließend phosphoryliert DNA-PKcs sich selbst und nachgeschaltete 

Reparaturproteine, die zum DSB rekrutiert werden, der dann durch DNA Ligase 4 geschlossen 

wird (Shrivastav et al., 2008). Wenn NHEJ blockiert ist, kann MMEJ als 

Ersatzreparaturmechanismus fungieren (Sfeir und Symington, 2015). Voraussetzung für HDR ist 

die 5'-Resektion der DNA-Enden durch den MRN-Komplex (MRE11/RAD50/NBS1), CtIP, und 

Exonuklease 1, wodurch auf beiden Seiten des DSB 3'-Überhänge entstehen. Die Überhänge 

werden dann durch RPA gebunden und stabilisiert. Durch BRCA2 stimuliert bildet die mit RPA 

beladene einzelsträngige DNA ein RAD51-Nukleoproteinfilament, das eine homologe DNA-

Matrize binden kann. Nach der DNA-Synthese durch eine Polymerase führt dies schließlich zu 

präzise reparierter DNA als Crossover- oder Nicht-Crossover-Produkt (Shrivastav et al., 2008). 

Durch die Konkurrenz von HDR mit NHEJ und MMEJ ist die präzise Genomeditierungseffizienz 

durch HDR normalerweise gering und liegt zwischen 0,5 und 15% in hPSCs (Gonzalez et al., 

2014; Yu et al., 2015). Folglich konnte nie mehr als ein Zielgen durch präzise HDR abhängige 

Genomeditierung in Tierzellen verändert werden. Um die HDR-Effizienz zu steigern, wurde z.B. 

versucht, NHEJ durch niedermolekulare Substanzen zu blockieren. Die HDR-Steigerung war 

jedoch nur mäßig und in verschiedenen Studien nicht klar reproduzierbar (Greco et al., 2016). 

 

 

 

 



12 
 

ZIELE DER DISSERTATION 

Ziel dieser Arbeit war es, Methoden zu entwickeln, um die HDR-Effizienz bei der 

Genomeditierung zu steigern. Dabei wollte ich die robuste und effiziente präzise Editierung eines 

Zielgens und möglicherweise das gleichzeitige präzise Editieren mehrerer Zielgene erreichen. 

Insbesondere sollen diese Methoden zukünftige Arbeiten ermöglichen, bei denen Mutationen, die 

beim heutigen Menschen fixiert oder fast fixiert sind, aber im menschenaffenähnlichen Zustand in 

Neandertaler- und Denisovaner-Genomen vorkommen, wieder anzestralisiert und dann auf 

zellulärer Ebene verglichen werden können. Effizientere Methoden zur präzisen CRISPR-

Genomeditierung würden auch in vielen anderen Forschungsbereichen von großem Nutzen sein. 

 

ERGEBNISSE 

Kapitel 1 

Um die HDR-Effizienz bei der CRISPR-Cas9 Genomeditierung zu erhöhen, haben wir die 

Wirkung von 12 niedermolekularen Substanzen, die mit Proteinen aus Reparaturwegen 

interagieren, auf die Genomeditierungseffizienz mit Hilfe der Cas9-Nuklease oder der Cas9D10A-

Doppel-Nickase getestet. Der DNA-PKcs-Inhibitor NU7026 steigerte die HDR sowohl für Cas9 

als auch für Cas9D10A. Weiter fanden wir, dass der ATM-Kinase-Aktivator Trichostatin A, 

Inhibitor der Neddylierung von CtIP MLN4924, und der RPA-p53-Interaktionsinhibitor 

NSC15520 die HDR mit Cas9D10A steigern. Wir haben diese Substanzen dann im „CRISPY-

Mix“ kombiniert, das aus NU7026 (20 µM), Trichostatin A (0,01 µM), MLN4924 (0,5 µM), NSC 

15520 (5 µM) besteht. Der CRISPY-Mix erzielt mit Cas9D10A einen 2,8- bis 7,2 -fachen Anstieg 

der HDR und mit Cas12a (Cpf1) einen 2,3- bis 4 -fachen Anstieg. Dies ermöglicht die Einführung 

einer gewünschten Nukleotidsubstitution in fast 50% der Chromosomen und die Einführung eines 

Genfragments, das für ein fluoreszierendes Protein kodiert, in 27% der Zellen. Dies war zum 

Zeitpunkt der Studienveröffentlichung die höchste beschriebene HDR-Effizienz in hiPSCs. Mit 

CRISPY-Mix behandelte editierte Zellen hatten einen normalen Karyotyp und das Zellüberleben 

war nur geringfügig auf 75% reduziert. Interessanterweise erhöht der CRISPY-Mix die HDR-

Effizienz bei DSB mit 5‘-DNA-Überhängen (Cas9D10A und Cpf1), jedoch nicht bei DSB ohne 
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Überhänge (Cas9). Dies deutet darauf hin, dass diese beiden Schnittarten unterschiedliche 

Reparaturwege aufweisen. Während der CRISPY-Mix in drei getesteten humanen und einer 

Schimpansen-Stammzelllinie wirksam ist, erhöhen dessen Komponenten nicht immer die HDR in 

HEK293-, K562-, CD4 + T-Zellen, CD34 + -Vorläuferzellen und primären humanen epidermalen 

Keratinozyten, was darauf hindeutet, dass die verwendeten Reparaturwege zelltypspezifisch sind. 

Um die HDR in einem gewünschten Zelltyp zu optimieren, ist daher ein dem Zelltyp 

entsprechendes Screening niedermolekularer Substanzen zu empfehlen. Im Zusammenhang mit 

dieser Studie wurde ein entsprechendes Patent angemeldet (EP 17 165 784.4 | PCT / EP2018 / 

059173, ausstehend). 

 

Kapitel 2 

In der in Kapitel 1 vorgestellten Studie erhöhte die Inhibition von DNA-PKcs durch NU7026 die 

HDR-Effizienz in den meisten getesteten Zelltypen unabhängig vom verwendeten CRISPR-

Enzym moderat. Andere Forscher zeigten, dass eine Mutation von Lysin zu Arginin an Position 

3753 im DNA-PKcs-Protein die homologe Rekombination in Ovarialzellen des chinesischen 

Hamsters auf das 2- bis 3-fache über jene Effizienz erhöht, die erreicht wurde, wenn DNA-PKcs 

vollständig fehlt (Shrivastav et al., 2008). Wir fügten daher die K3753R-DNA-PKcs-Mutation 

(KR) in eine hiPSC-Linie ein, die Doxycyclin-induzierbares Cas9D10A trägt und verglichen die 

Editiereffizienz von 14 verschiedenen Genen in Zellen, die Wildtyp- oder mutiertes DNA-PKcs 

exprimieren. Die KR-Mutation erhöhte die HDR für alle Zielgene 1,6- bis 6,8 -fach 

(durchschnittlich 3,3 -fach) und erreichte bis zu 81% HDR. Bei einigen Genen waren die meisten 

DSB-Reparaturereignisse Deletionen mit Mikrohomologien. Daher haben wir Cas9 anstelle von 

Cas9D10A verwendet, um unterschiedliche DNA-Bruchmuster und möglicherweise 

unterschiedliche Tendenzen für MMEJ einzuführen. Bei Verwendung von Cas9 verringerte sich 

MMEJ für alle drei Gene und HDR konnte für zwei von ihnen drastisch erhöht werden, was zu 

einer HDR von bis zu 87% führte - der höchsten HDR-Effizienz, die bisher in tierischen Zellen 

beschrieben wurde. Die HDR-Steigerung durch die KR-Mutation ist unabhängig vom Zelltyp 

(hiPSCs, HEK293, K562) und dem verwendeten CRISPR-Enzym (Cas9D10A, Cas9, Cpf1). Nach 

gleichzeitiger Editierung von drei Genen trug ein Drittel der von Einzelzellen abgeleiteten 

Zellkolonien die beabsichtigten Mutationen auf allen sechs Chromosomen. Bei 6% der 
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Zellkolonien konnten eine gleichzeitige Editierung von bis zu vier Genen (acht Chromosomen) 

erreicht werden. Das Zellüberleben nahm mit der Anzahl der gleichzeitig editierten Gene ab. Die 

Anzahl der chromosomalen Translokationen pro Metaphase nach Bleomycin-Behandlung, die 

zufällige DSBs einfügt, ist in KR-Zellen nicht erhöht (8% Wildtyp gegenüber 4% KR). Außerdem 

behalten Zellen einen normalen Karyotyp, nachdem sie drei Monate lang mutiertes DNA-PKcs 

exprimiert haben. Ferner haben wir die Mutationsrate von Zellen, die DNA-PKcs-Wildtyp oder 

KR exprimieren, durch Sequenzierung des vollständigen Genoms der DNA-PKcs-Wildtyp-

Vorläuferzelllinie, der daraus abgeleiteten Zelllinie mit der KR-Mutation und des 

Dreifacheditierungs-Klons der KR-Linie bestimmt. Die Anzahl der pro Passage im Genom 

fixierten Mutationen beträgt 21 in Wildtypzellen und 7 in KR-Zellen. Somit haben wir gezeigt, 

dass die Genomstabilität in KR-Zellen nicht beeinträchtigt und möglicherweise sogar verbessert 

ist. 

Schließlich zeigen wir, dass der neuartige DNA-PKcs-Inhibitor M3814 transient eine nahezu 

absolute HDR von CRISPR-induziertem DSB ermöglicht, da er HDR in einem ähnlichen Ausmaß 

wie die KR-Mutation in hiPSCs und K562-Zellen steigert. Im Zusammenhang mit dieser Studie 

wurden zwei entsprechende Patente angemeldet (EP 17 203 591.7, EP 18 215 071.4 | PCT / 

EP2018 / 059173, ausstehend). 
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SCHLUSSFOLGERUNGEN UND AUSBLICK 

Durch einen Mix aus niedermolekularen Substanzen, welche die HDR aktivieren und 

konkurrierende Reparaturwege in der Zelle blockieren, konnte ich die präzise 

Genomeditierungseffizienz drastisch steigern. Weiterhin konnte ich durch eine Mutation im 

aktiven Zentrum des Schlüsselreparaturproteins DNA-PKcs die gleichzeitige präzise Editierung 

von bis zu vier Zielgenen erreichen. Im Zuge dieser Arbeit und laufender Kooperationen habe ich 

mit Hilfe dieser Methoden 27 Gene in Stammzellen anzestralisiert. In den meisten Fällen handelte 

es sich um einzelne Genänderungen. In zukünftigen Projekten sollen erfolgreich anzestralisierte 

hPSCs zur vergleichenden Analyse von menschlichen und anzestralisierten Zellen nach 

Differenzierung in verschiedene Zelltypen und in Organoide verwendet werden. Weiterhin 

könnten die genomweite Assoziations-Screening-Validierung von medizinisch wichtigen Allelen, 

die Modellierung von Krankheiten und Wirkstoff-Screenings sowie die vereinfachte Erstellung 

maßgeschneiderter Tiermodelle von meinen Methoden profitieren. In Zukunft werde ich 

versuchen, die Effizienz der gleichzeitigen präzisen Genomeditierung noch weiter zu steigern, um 

beispielsweise eine für das gesamte Proteom anzestralisierte hPSC-Linie zu generieren. 
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A now frequently used method to edit mammalian genomes uses the nucleases CRISPR/ 
Cas9 and CRISPR/Cpfl or the nickase CRISPR/Cas9n to introduce double-strand breaks 
which are then repaired by homology-directed repair using DNA donor molecules carrying 
desired mutations. Using a mixture of small molecules, the "CRISPY" mix, we achieve a 2.8- 
to 7.2-fold increase in precise genome editing with Cas9n, resulting in the introduction of the 
intended nucleotide substitutions in almost 50% of chromosomes or of gene encoding a blue 
fluorescent protein in 27% of cells, to our knowledge the highest editing efficiency in human 
induced pluripotent stem cells described to date. Furthermore, the CRISPY mix improves 
precise genome editing with Cpfl 2.3- to 4.0-fold, allowing almost 20% of chromosomes to 
be edited. The components of the CRISPY mix do not always increase the editing efficiency in 
the immortalized or primary cell lines tested, suggesting that employed repair pathways are 
cell—type specific. 
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cells (iPSCs) have the potential to differentiate into many 
types of adult cells and have become an important tool, e.g., 

for disease modeling, drug development, and tissue repairl' . 
Stem cells are especially powerful in combination with the ability 
to precisely and efficiently edit DNA with the CRISPR technol- 
ogy. Often, multiple edits are required to test sets of variant alleles 
(e.g., epistatic interaction that may be associated with a certain 
disease), but this requires development of methods that increase 
the editing efficiency of stem cells. 

The bacterial nuclease CRISPR/Cas9 is now frequently used to 
accurately cut chromosomal DNA sequences in eukaryotic cells. 
The resulting DNA double-strand breaks (DSBs) are repaired by 
two competing pathways: non-homologous end joining (NHEI) 
and homology-directed repair (HDR) (Fig. 1). In NHEJ, the first 
proteins to bind the cut DNA ends are Ku70/Ku80, followed by 
DNA protein kinase catalytic subunit (DNA-PKcs)3. The kinase 
phosphorylates itself and other downstream effectors at the repair 
site, which results in joining of the DNA ends by DNA ligase 1V4. 
If this canonical NHEJ is repressed, the alternative NHEI pathway 
becomes actives, which, among other proteins, requires Werner 
syndrome ATP-dependent helicase. HDR is initiated when the 
MRN complex binds to the DSB3. In this case, DNA endonu- 
clease RBBP8 (CtIP) removes nucleotides at the 5’-ends. Further 
resection produces long 3’ single-stranded DNA (ssDNA) over- 
hangs on both sides of the DNA break“. These are coated and 
stabilized by the replication protein A (RPA) complex, followed 
by generation of a RADSl nucleoprotein filamenta. RAD52 
facilitates replacement of RPA bound to ssDNA with RADSI and 
promotes annealing to a homologous donor DNA6. Subsequent 
DNA synthesis results in precisely repaired DNA. In HDR, the 
protein kinase ataxia telangiectasia mutated (ATM) has a major 
role in that it phosphorylates at least 12 proteins involved in the 
pathway3. 

As NHEJ of Cas9-induced D535 is error prone and frequently 
introduces short insertions and deletions (indels) at  the cut site, it 

Embryonic stem cells (E805) and induced pluripotent stem 
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is useful for knocking out a targeted gene. In contrast, HDR 
allows precise repair of a DSB by using a homologous donor 
DNA. If the donor DNA provided in the experiment carries 
mutations, these will be introduced into the genome (precise 
genome editing). Repair with homologous ssDNA or double- 
stranded DNA (dsDNA) has been suggested to engage different 
pathways7. We will refer to targeted nucleotide substitutions 
using ssDNA donors (ssODNs) as “TNS” and targeted insertion 
of cassettes using dsDNA donors as knockins, respectively. In 
order to introduce a DSB, Cas9 requires the nucleotide sequence 
NGG (a “PAM” site) in the target DNA. Targeting of Cas9 is 
further determined by a guide RNA (gRNA) complementary to 
20 nucleotides adjacent to the PAM site. However, the Cas9 may 
also cut the genome at sites that carry sequence similarity to the 
gRNAs. One strategy to reduce such off-target cuts is to use a 
mutated CasQ that introduces single-stranded nicks instead of 
DSBs (Cas9n)9. Using two gRNAs to introduce two nicks on 
opposite DNA strands in close proximity to each other (double 
nicking) will result in a staggered DSB at the desired location, 
while reducing the risk of off-target DSBs, because two nicks close 
enough to cause a DSB are unlikely to occur elsewhere in the 
genome. Another strategy is to use Cpfllo, a nuclease that 
introduces staggered cuts near T—rich PAM sites and causes less 
off-target DSBs than Cas911’12. 

Efficiencies of TNS in human stem cells range from 15% down 
to as low as 0.5961334 making the isolation of edited homozygous 
clones challenging. Several studies have tried to increase precise 
genome-editing efficiency by promoting HDR or decreasing 
NHEI. Synchronization of cells to the S or G l  phase when 
homologous recombination occurs increases TNS efficiency in 
HEK cells (from 26% to 38%), human primary neonatal fibroblast 
(undetectable to 0.6%), and human ESCs (hESCs) (undetectable 
to 1.6%)”, and knock-in efficiency in hESCs (from 7% to 41% 
after sorting)”. Improved knock-in eficiency was also achieved 
in HEK cells by suppressing repair proteins like Ku70/80 and 
DNA lime IV with small interfering RNA (from 5% to 25%) or 

HDR 
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Fig. 1 Small molecules described or anticipated to target key proteins of NHEJ and HDR. Proteins are labeled with black text and inhibitors and enhancing 
small molecules are marked red and green, respectively. STL127705, NU7026, or SCR7 have been described t o  inhibit Ku70/80, DNA-PK, or DNA ligase 
IV, respectively. MLN4924, RS-l, Trichostatin A, or Resveratrol have been described to enhance CtIP, RADSl, or ATM, respectively. NSC 15520 has been 
described to block the association of RPA to p53 and RAD9. AlCAR is an inhibitor of RAD52 and 802 is an ihibitor of RADSl. For simplicity, some proteins 
and protein interactions are not depicted 
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Fig. 2 Effects of small molecules on targeted nucleotide substitution (TNS) efficiency in iCRISPR hiPSCs. Shown are TNS efficiencies in CALD1, KATNAi and 
SLITRK1 with Ca59n (a) and Cas9 (b) in 409-32 iCRISPR hiPSCs. TNS efficiency is given in relative units (RU) with the mean of controls set to 1 to account 
for varying efficiency in different loci. Shown are technical replicates of n independent experiments. Data from Fig. 3 and Supplementary Fig. 3 are included. 
Gray and black bars represent the mean of the control and the respective small molecule, respectively. Concentrations used were 20 pM NU7026, 0.01 "M 
Trichostatin A. 0.5 pM MLN4924, luM NSC 19630. 5 uM NSC 15520. 20 uM AICAR, IpM RS—I. luM Resveratrol, 1 uM SCR7, SuM L755507, SpM 
STL127685, and ZOuM 302. Mean absolute percentages of TNS and indels 

by coexpression of adenovirus type 5 proteins 4ElBSSK and 
FAorf6, which mediate degradation of DNA ligase IV among 
other targets (from 5% to 36%)”. 

Several small molecules have been used to increase precise 
genome editing in various cell lines”'26 (Supplementary 
Table 1). In summary, inhibitors of DNA-PK (NU7026 and 
NU7441) tend to increase precise genome-editing efficiency in 
different cell lines, while the effects of SCR7, L755507, and RS-l 
are not consistent between cell lines. In this study, we sys- 
tematically screen several small molecules and find a small— 
molecule mix that additively increases TNS and gene fragment 
insertion efficiency in pluripotent stem cells, when a D53 with 
5’-overhangs is introduced with Cas9n double nicking or Cpfl 
and a donor DNA is provided as ssODN. We also find that 
small molecules can have non-identical and even opposite 
effects on precise genome-editing efficiencies in different cell 
types, possibly explaining the inconsistencies reported in the 
literature. 

Results 
Individual small-molecule eflects on editing efficiency. Here we 
test the above as well as other small molecules with respect to 

NATURE COMMUNICATIONS I (2018)9:2164 

of all technical replicates are shown in Supplementary Table 4 

their eflficiency to induce TNS in human iPSCs (hiPSCs). We 
identified additional molecules interacting with repair proteins 
listed in the REPAIRtoire database27 by literature and database 
(ChEMBLzs) search. The additional molecules we test, which 
have been described to either block NHEIIalternative NHEI or to 
activate or increase the abundance of proteins involved in HDRI 
damage-dependent signaling (Fig. 1 and Supplementary Table 2), 
are as follows: NU7026, Trichostatin A, MLN4924, NSC 19630, 
NSC 15520, AICAR, Resveratrol, STL12768S, and B02. 

We tested these molecules in hiPSC lines that we generated 
that carry doxycycline—inducible Cas9 (iCRISPR—Cas9) and 0159 
nickase with the DIOA mutation (iCRISPR—Cas9n) integrated in 
their genomes”. After the delivery of gRNA (duplex of 
chemically synthesized cNA and tracNA) and ssODN. cells 
were treated with small molecules for 24 h, expanded, their DNA 
was collected, targeted loci sequenced, and editing efficiency 
quantified (Supplementary Fig. 1 and Supplementary Fig. 2). 

We tested the effect of different concentrations of each 
molecule on TNS in the three genes CALD1, KATNAI, and 
SLITRKI in 409B2 iCRISPR-Cas9n hiPSCs. For further experi- 
ments we used the concentration that gave the highest frequency 
of TNS, or if two or more concentrations gave a similarly high 
frequency we chose the lowest concentration (Supplementary 

lDOI: 10.1038/541467-018-04609-7 |www.nature.com/naturecomnmnications 
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Fig. 3 Impact of small-molecule combinations on targeted nucleotide substitution (TNS) efficiency in iPSCs and hESCs. Shown are TNS efficiencies in 
CALDi, KATNAi, and SLITRKi with Cas9n and C359, and in HPRT and DNMT1 with Cpfl. Small molecules have an additive effect on TNS efficiency with 
CasQn (I) but not with Cas9 (II) in the 409-32 iCRlSPR hiPSC lines. TNS of HPRTand DNMT1 in 409-82 hiPSCs with recombinant Cpfl was increased using 
the CRISPY mix as well (c). Using the CRISPY mix. TNS efficiency was also increased in 5002 A1 hiPSCs and H9 hESCs with plasmid-delivered Cas9n-2A- 
GFP (GFP-FACS enriched). and in chimpanzee SandraA ciPSCs with recombinant Cpfi ((1). Shown are TNS. TNS + indels. and indels with green. gray, or 
blue bars, respectively. Error bars show the SD of three technical replicates for a, b, and c, and two technical replicates for d. Concentrations used were 20 
pM of NU7026, 0.01 pM of Trichostatin A, 0.5 1.1M MLN4924, 1pM NSC 19630, 5 11M NSC 15520, 20 pM AICAR, and 1pM RS~1. CRISPY mix indicates a 
small-molecule mix of NU7026, Trichostatin A, MLN4924, and NSC 15520. Statistical significances of TNS efficiency changes was determined using a two- 
way ANOVA and Tukey's multiple comparison pooled across the three genes CALDi, KA TM“, and SLITRKi. Genes and treatments were treated as random 
and fixed effect, respectively. P-values are adjusted for multiple comparison (“P5 0.01, "*Ps 0.001). Overall, there was a clear treatment effect (F(12. 
24) = 32.954, P ..<_ 0.001) 

Fig. 3). Dependent on the targeted gene, we found that NU7026 
increased TNS 1.5- to 25-fold in Cas9n cells (Fig. 2a and 
Supplementary Table 4) and 1.2- to 1.6-fold in Cas9 cells (Fig. 2b 
and Supplementary Table 4). Trichostatin A increased TNS 1.5- 
to 2.2-fold in Cas9n cells, whereas no increase was seen in Cas9 
cells. MLN4924 increased TNS 1.1- to 1.3-fold in CasQn cells, 
whereas it slightly reduced TNS in CasQ cells. NSC 15520 
increased TNS of CALDI 1.4-fold and 13-fold in Cas9n and Ca59 
cells, respectively, but had no effect on TNS of KATNAI and 
SLITRKI. NSC 19630, AICAR, RS-l, Resveratrol, SCR7, 1.755507, 
and STL127685 showed no clear effect on TNS frequency in the 
three genes in Cas9n cells and had no effect or decreased TNS in 
Cas9 cells. 302 reduced TNS in all three genes in both cell lines 
(Fig. 2). 

Additive effect of small molecules. To test whether combina- 
tions of these compounds enhance TNS, we combined com- 
pounds that individually increased TNS for at least one gene in 
Cas9n cells and never decreased TNS. Those are NU7026, 

NATURE COMMUNICATIONS I (2018)9:2164 

Trichostatin A, MLN4924, NSC 19630, NSC 15520, AICAR, and 
RS—l. The results are shown in Fig. 3a, b. Treatment with NU7026 
or Trichostatin A resulted in 2.3- or 1.8-fold higher TNS in Cas9n 
cells (Tukey’s pair-wise post-hoe comparisons: p < 0.001) (Fig. 3a) 
and combinations of NU7026 and Trichostatin A resulted in 1.3 
to 1.6 times higher TNS than with either compound alone (p< 
0.001). Addition of MLN4924 to the mix of NU7026 and Tri- 
chostatin A lead to an additional 13-fold increase in TNS (p< 
0.01). Further addition of NSC 15520 slightly increased the mean 
TNS in Cas9n cells, without reaching statistical significance. 
Addition of NSC 19630, AICAR, and RS—l had no measurable 
effect on TNS. We conclude that the mix of small molecules that 
increases the frequency of TNS with Cas9n the most (although we 
admittedly could not test all combinatorial possibilities) is a 
combination of NU7026 (20 uM), Trichostatin A (0.01 M), 
MLN4924 (0.5 M), and NSC 15520 (5 M). This “CRISPY" 
nickase mix results in an increase of TNS of 2.8-fold (from 11% to 
31%) for CALDI, 3.6-fold (from 12.8% to 45.8%) for KATNAI, 
and 67-fold (from 4.7% to 31.6%) for SLITRKI in the iCRlSPR 
409-132 iPSC line (NSC 19630 has no effect on TNS efficiency). 
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Fig. 4 Impact of the CRISPY mix on gene fragment insertion efficiency in iCRISPR hiPSCs. Shown is the insertion efficiency of a gene fragment coding for a 
blue fluorescent protein (BFP) in the heterozygous AAVSl iCRISPR locus using a single-stranded DNA donor in 409-B2 iCRISPR-Cas9n hiPSCs. The design 
of the mtagBFP23o ssODN donor and the iCRISPR system is shown in a. We inserted a 871 nt (including 50 nt homology arms) sequence coding for a 2A- 
self cleaving peptide in front of a blue fluorescent protein (BFP), directly after the N-terminal nuclear localization signal sequence (NLS) of the Cas9n in the 
heterozygous AAVSl iCRISPR locusl3. If the sequence is inserted, doxycycline will lead to expression of nucleus-imported BFP. Representative images of 
the mock, NU7026, and CRISPY mix treatment, after 7 days of BFP expression are shown in b as phase contrast (PC), propidium iodide nuclei staining (PI), 
mtagBFPZ expression (BFP), and merge of PI and BFP. Two images (x 50 magnification, white size bar 200 pm) from each of three technical replicates for 
the respective treatments were used to quantify the percentage of cells with BFP insertion using Image] (c) 

When we used Cas9, which introduces blunt—ended DSBs, no 
significant effect was seen when adding other small molecules in 
addition to NU7026 (Fig. 3b). In contrast, the CRISPY mix 
together with Cpfl ribonucleoprotein, which produces staggered 
DNA cuts, introduced by electroporation in 409-B2 hiPSCs, 
increased TNS 29-fold for HPRT and 4.0-fold for DNMTI 
(Fig. 3c). Addition of only NU7026 increased TNS 2.1-fold for 
HPRT and 2.4-fold for DNM T1. To test whether the CRISPY mix 
increases TNS in other pluripotent stem cell lines, we edited the 
gene KATNAI in SC102A1 hiPSCs and H9 hESCs using Cas9n 
plasmid electroporation and HPRT in chimpanzee iPSCs using 
Cpfl ribonucleoprotein. TNS increased 25-fold, 23-fold, and 2.3- 
fold, respectively, and the increase was bigger than when using 
NU7026 alone (Fig. 3d). 

Next, we tested the toxicity of each small-molecule and 
molecule combinations including the CRISPY mix on iCRISPR 
409-132 hiPSCs using a resazurin assay”. After KATNAI editing 
with Cas9n double nicking and CRISPY mix treatment for 24h 
cells showed a viability of 75% compared with no small-molecule 
treatment, with no additive toxic effect of its components 
(Supplementary Fig. 4A). Importantly, when we simulated five 
rounds of editing, each round consisting of passaging cells with 
the lipofection reagent and CRISPY mix followed with 3 days of 
recovery, the cells had a healthy karyotype with no numerical or 
large-scale chromosomal aberrations as shown by trypsin- 
induced Giemsa staining (Supplementary Fig. 4B). 
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Furthermore, we tested whether the CRISPY mix can 
also increase efficiency of insertion of a gene fragment. We 
inserted a 871nt (including 50 nt homology arms) sequence 
encoding a 2A-self clea ' g peptide in front of an enhanced blue 
fluorescent protein (BFP)3 in the AAVSl iCRISPR locus (Fig. 4a 
and Supplementary Table 3). If the sequence is inserted, 
doxycycline will lead to expression of nucleus-imported BFP. 
Nuclei positive for BFP increased 7.1-fold (26.6%) compared 
with the no-CRISPY control (3.7%), whereas NU7026 alone lead 
to an increase of 1.6-fold (6%) (Fig. 4b, c) showing that the 
CRISPY mix increases efficiency of insertion of a gene fragment 
in hiPSCs. 

Non-identical small-molecule effects in different cell types. 
Finally, we tested whether the CRISPY mix or other combinations 
of its comprising small molecules increase the efficiency of TNS 
in non-pluripotent cells. We edited the HPRT gene with Cpfl in 
two immortalized cell lines (HEK293, K562) and primary cells 
(CD4+ T cells, CD34+ progenitor cells, and primary human 
epidermal keratinocytes (HEKa)). TNS percentages are shown in 
Supplementary Fig. 5 and corresponding cell viabilities after 
small—molecule treatments are shown in Supplementary Fig. 6. 
Whereas MLN4924 decreases TNS efficiency in all of those cell 
lines, other CRISPY components have effects that can differ in 
different cell lines. NU7026 is the only single small molecule that 
clearly increases TNS in HEK293 (10-fold), K562 cells (49—fold), 
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CD4+ T (10-fold), and CD34+ progenitor cells (1.7-fold). 
However, it decreases TNS in HEKa cells (SJ-fold) (Supple- 
mentary Fig. 5). The TNS increase was even higher when the 
CRISPY mix without MLN4924 was used (6.6-fold and 2.6-fold) 
in primary CD4+ T cells and CD34+ progenitor cells, respectively 
(Supplementary Fig. SB). Admittedly, the achieved TNS effi- 
ciencies for CD34+ progenitor cells were very low (increase of 
0.24% to 0.63%) and for the other cells lines around 5% with 
small-molecule treatment, which suggest that the targeted HPRT 
locus is difficult to edit with the donor we used. The treatment 
with this mix decreased the cell viability to 59 and 65% compared 
with the electroporation control for CD4+ T cells and CD34+ 
progenitor cells, respectively (Supplementary Fig. 6B). 

Discussion 
Previously, it has been shown that types of cuts introduced by 
distinct CRISPR enzymes engage different repair pathways, 
because 5’-overhanging ends yielded higher levels of HDR than 
3’—overhangs or blunt ends7. This is in line with our observation 
that Trichostatin A and MLN4924 increase TNS with 5'-over- 
hang-inducing Cas9n and Cpfl but have no TNS increasing effect 
with blunt end-inducing Cas9. 

In pluripotent stem cells, NU7026, Trichostatin A, MLN4924, 
and NSC 15520 (CRISPY mix components) increase TNS with 
Cas9n and Cpfl when applied either singly or together (Figs 2a 
and 3a, c and d). NU7026 inhibits DNA—PK (Fig. 1), a major 
complex in NHEI pathway3, and has been previously shown to 
increase knock—in efficiency in hiPSCsZS. Trichostatin A activates 
an ATM-dependent DNA-damage signaling pathway”. 
MLN4924 inhibits the NeddB—activating enzyme and has been 
shown to inhibit the neddylation of CtIP, which leads to an 
increase of the extent of DNA end resection at strand breaks, 
thereby promoting HDR32 by leaving ssDNA stabilized by RPA 
that can undergo recombination. NSC 15520 prevents the asso- 
ciation of RPA with p53 and RAD933‘34, possibly increasing the 
abundance of RPA available, which could favor HDR. Although 
RADSl is obviously important for classical homologous recom— 
bination with dsDNA3, it is possible that RADSZ, rather than 
RADSl, could be responsible for HDR with ssDNA donors, as 
RAD52 is needed for annealing of ssDNAG. Our observation that 
inhibition of RADSZ by AICAR has no effect on TNS efficiency, 
while inhibition of RADSl by B02 halved it, suggests that RAD51 
and not RADSZ is important for precise editing with ssODN of 
both blunt and 5’-staggered ends in hiPSCs. This is in contrast to 
Bothmer et al.7 who described that knockdown of RADSI has no 
effect on precise editing with ssODN in U208 cells. RS-l, SCR7, 
and L755507 for which there are conflicting reports on their 
capacity to increase precise genome editing (Supplementary 
Table 1) showed no measurable effect in our hands on TNS 
neither in the Cas9 or the Cas9n hiPSCs. 

Although the CRISPY mix increases TNS more than any 
individual component it comprised in all four pluripotent stem 
cell lines tested (three human and one chimpanzee) (Fig. 3a, c, 
and d), this is not the case for other cell lines tested (Supple- 
mentary Fig. 5). In fact, our results (Fig. 3. and Supplementary 
Fig. 5) show that small molecules and their combinations can 
have opposite effects on TNS in different cell lines. This could be 
due to that cell lines rely on different repair proteins or repair 
pathways. 

In line with this interpretation are studies that show that hESCs 
and iPSCs possess ve high DNA repair capacity that decreases 
after differentiation35’ 6. CtIP expression and proteins levels, and 
consequently the relative length of resection of DSBs are 
increased in iPSCs”, thereby promoting HDR initiation. CtIP 
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levels can be further artificially increased by inhibiting its ned- 
dylation through MLN4924. Our results show that treatment with 
MLN4924 alone or in a small-molecule mix increases HDR effi- 
ciencies when using Cas9n double nicking or Cpfl in ESCs and 
iPSCs (Figs 2a, 3a, c, d), whereas it decreases HDR efficiencies in 
the immortalized and primary cell lines tested (Supplementary 
Fig 5). Iirneno et al.32 showed that cell protein neddylation not 
only affects the choice between NHEI and HDR, but also controls 
the balance between different HDR subpathways, as MLN4924 
treatment reduced the gene conversion efficiency, whereas it 
increased single-strand annealing efficiency”. It is tempting to 
speculate that pluripotent stem cells, but not the tested non- 
pluripotent cells, can efficiently utilize an HDR subpathway that 
is characterized by CtIP-dependent hyper-resection when con- 
fronted with a staggered CRISPR-enzyme-induced DSB and 
supplied with ssODN. Cell-type—specific reliance on different 
repair pathways may also explain some of the inconsistencies 
between studies (Supplementary Table 1), tag, the DNA ligase IV 
inhibitor SCR7 and RAD51 enhancer RS-l increase precise 
genome editing in some cell types but not in others. Thus, it may 
be necessary to screen small molecules for their effects on 
CRISPR editing in each cell type of interest. 

In summary, we show that CRISPY mix of small molecules 
increases TNS in all four pluripotent stem cell lines we tested, 
after a DSB with 5’-overhangs was introduced with a Cas9n or 
Cpfl and a donor DNA was provided as ssODN. We also show 
that none of the tested small molecules clearly increased TNS in 
all cell types, which supports the idea of cell-type-specific 
mechanisms of DNA repair. This suggests that for increasing 
precise editing efficiency in a cell type of interest the corre— 
sponding small-molecule screen needs to be carried out. 

Methods 
Cell culture. Stern cell lines cultured for this project included human 409-32 hiPSC 
(female, Riken BioResource Center) and SC102A1 hiPSC (male, BioCat GmbH), 
chimpanzee SandraA ciPSC (female, Mora-Bermuda et alas), as well as H9 hESC 
(female, WiCell Research lnstitute, Ethics permit AZ 3.04.02l0118). Stem cell lines 
were grown on Matrigel Matrix (Corning, 35248) and mTeSRl (Stem Cell Tech- 
nologies, 05851) with mTeSRl supplement (Stem Cell Technologies, 05852) was 
used as culture media. Non-pluripotent cell types and their respective media used 
were as follows: HEK293 (ECACC, 35120602) with Dulbecoo’s modified Eagle’s 
medium/F- 12 (Gibco, 31330-038) supplemented with 10% fetal bovine serum 
(FBS) (SIGMA, F2442) and 1% NEAA (SIGMA1 M7145); K562 (ECACC, 
89121407) with lscove’s modified Duibecco’s media (ThermoFisher, 12440053) 
supplemented with 10% FBS; CD4+ T (HemaCare, P130401) with RPM] 1640 
(ThermoFisher, 11875-093) supplemented with 10% FBS and activated with 
Dynabeads Human T-Activator (CDJICDZS) (ThermoFisher, 111310); CD34+ 
progenitor (HemaCare, M34C—l) with StemSpan SFEM (Stem Cell, 09600) sup- 
plemented with StemSpan CCI lO  (Stem Cell, 02697); and HEKa (Gibco, COOSSC) 
with Medium 154 (ThermoFisher, M154500) and Human Keratinocyte Growth 
Supplement ('I‘hermoFisher, $0015). Cells were grown at 37 0C in a humidified 
incubator gassed with 5% 002. Media was replaced every day for stem cells and 
every second day for non-pluripotent cell lines. Cell cultures were maintained 
4—6 days until ~ 80% confluency and subcultured at a 1:6 to 1:10 dilution. Adherent 
cells were dissociated using EDTA (VWR, 437012 C). The media was supple- 
mented with 10 M Rho-associated protein kinase (ROCK) inhibitor Y-27632 
(Calbiochem, 688000) after cell splitting for one day in order to increase cell 
survival. 

Generation and validation of iCRISPII cell lines. 409-132 hiPSCs were used to 
create an iCRISPR-Cas9 line as described by Gonzalez et a1.” (GMO permit AZ 
54-8452/26). In brief, the iCRISPR system was introduced using two transcription 
activator-like effector nucleases targeting the AAVSl locus and two donors that are 
- r ‘L' for ‘ , , " ‘ ‘ '“ Cas9 ‘ namely Puro-Cas9 donor 
and AAVSl»Neo-M2rtTA. Each inserted cassette has a either a puromycin or a 
geneticin resistance gene, in order to  select for colonies, which have inserted both 
iCRISPR cassettes For the production of iCRISPR-Cas9n line Puro-Cas9 donor 
was subjected to site—directed mutagenesis with the Q5 mulagenesis kit to intro- 
duce the D10A mutation (New England Biolabs, E05545). Primers were ordered 
fi’om IDT (Coralville, USA) and are shown in Supplementary Table 3. Expression 
of the pluripotency markers SOXZ, OCT-4, TRAl-60, and SSEA4 in iCRlSPR lines 
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was validated using the PSC 4—Marker immunocytochemistry kit (Molecular 
Probes, A24881) (Supplementary Fig. 7). Quantitative PCR was used to confirm 
doxycycline-inducible C359 or Cas9n expression and digital PCR was used to 
exclude off-target integration of the iCRISPR cassettes (Supplementary Fig. 8). 

Small ' ' C ' “  ""‘  small ‘ ' usedinthisstudywere 
NU7026 (SIGMA, T8552), Trichostatin A (SIGMA, T8552), MLN4924 (11q 
BioScience. A1l260), NSC 19630 (Calbiochem, 681647). NSC 15520 (ChemBridge, 
6048069), AICAR (SIGMA, A9978), 125—1 (Calbiochem, 553510), Resveratrol 
(Sdleckchem, 51396), SCR7 (XcessBio, M60082-Zs), L755507 (TOCRIS, 2197), B02 
(SIGMA. SML0364), and STL127685 (Vitae-M). STl.127685 is a 4-fluorophenyl 
analog of the non-commercially available 511127705. Stocks of 15 mM (or 10 mM 
for NU7026) were made using dimethylsulfoxide (DMSO) (Thermo Scientific, 
1312345). Solubility is  a limiting factor for NU7026 concentration. Suitable working 
solutions for different concentrations were made so that addition of each small 
molecule accounts for a final concentration of 0.08% (or 0.2% for NU7026) DMSO 
in the media. Addition of all small molecules would lead to a final concentration of 
0.7% DMSO. 

Design of gRNAs and 5500115. We chose to introduce one desired mutation in 
three genes CALD1,KATNA1, and SLI'IRKI back to the state of the last common 
ancestor of human and Neanderthal”. gRNA pairs for editing with the Cas9n 
nickase were selected to cut efficiently at a short distance from the desired mutation 
and from the respective partnering gRNA. The efliciency was estimated with the 
nNA scorer 1.0 tool as a percentile rank score. Donor ssODNs for nicltase 
editing were designed to have the desired mutation and Cas9-blocking mutations 
to prevent re-cutting of the locus and had 50 nt homology arms upstream and 
downstream of each nick (Supplementary Fig. 2). gRNA of the nickase gRNA pair 
that cuts closer to the desired mutation was used for Cas9 nuclease editing together 
with a 90 nt ssODN centered at the desired mutation and containing a CasQ- 
blocking mutation (Supplementary Fig 2). ssODNs for editing of HPRT and 
DNMTI using Cpfl were designed to contain a blocking mutauon near the PAM 
site and an additional mutation near the cut. gRNAs (cNA and tracR) and 
ssODN were ordered from IDT (Coralville, USA). ssODNs and cNA targets are 
shown in Supplementary Table 3. 

of " ' ‘” Cells were ‘ ‘with media ‘ ' c,2 pg] 
ml doxycycline (Clontech, 631311) 2 days prior to lipofection Lipofection (reverse 
transfection) was done using the alt- CRISPR manufacturer' 5 protocol (IDT) with a 
final concentration of 7.5 nM of each gRNA and lOnM of the respective ssODN 
donor. In brief. 0.75 pl RNAiMAX (Invitrogen. 13778075) and the respective oli« 
gonucleotides were separately diluted in 25 pl OP’I'I-MEM (Gibco, 1985-062) each 
and incubated at room temperature for 5 min. Both dilutions were mixed to yield 
50 pl of OPTl-MEM including RNAiMAX, gRNAs and ssODNs. The lipofection 
mix was incubated for 20—30 min at room temperature. During incubation cells 
were dissociated using EDTA for 5min and counted using the Countess Auto- 
mated Cell Counter (Invitrogen). The lipofection mix. 100 pl containing 25,000 
dissociated cells in mTeSRl supplemented with Y—27632, 2 pglml doxycycline and 
the respective small molecule(s) to be tested were thoroughly mixed and put in 1 
well of a 96-well plate covered with Matrigel Matrix (Corning, 3524B). Media was 
exchanged to regular mTeSRl media after 24 h. 

Illt ' ' ' The m ‘ ‘ A. s Cpfl protein and 
electroporation enhancer wras ordered from IDT (Comlville, USA) and nucleo- 
fection was done using the manufacturer's protocol, except for the following 
alterations Nucleofection was done using the 3-16 program (or U- 14 for CD34‘I’ 
progenitor cells) of the Nucleofector 2b Device (Lonza) in cuvettes for 100 pl 
Human Stem Cell nucleofection buffer (Lonza, VVPH-5022). or Human T Cell 
nucleofection buffer for CD4+ T cells (Lonza. VPA—lOOZ), and Human CD34 
Cell nucleofection buffer for CD34+ progenitor cells (Lonza, V'PA—1003), con- 
mining 1 million cells of the respective lines. 78 pmol electroporation enhancer, 
0 3nmol gRNA, 200 pmol ssODN donor (600 pmol for CD4 T cells), and 252 
pmol Cpfl. Cells were counted using the Countess Automated Cell Counter 
(Invitrogen). 

“mm-associated cell sorting. Introduction of 2 pg plasmid DNA 
(pSpCasQnuiB) 2A- GFP (PX461) was a gilt from Feng Zhang Addgene 48140“) 
into cells not expressing Cas9 inducably was done using the B- 16 program of the 
Nucleofector 2b Device (Lonza) in cuvet’tes for 100 pl Human Stem Cell nucleo~ 
fection budsr (Lonza, WPH-SOZZ) containing 1 million of either SC102A1 hiPSC 
or H9 hESC. Cells were counted using the Countess Automated Cell Counter 
(Invitrogen). Twenty- -four hours after ‘ ' Inn cells were‘I ' 
Aocutase (SIGMA. A6964), filtered to obtain a single-cell solution. and subjectedg to 
fluorescence-associated cell sorting (FACS) for green fluorescent protein (GFP)- 
expressing cells. During sorting with the BD FACSAria 1]] (Beam-Dickinson) cells 
were kept at 4"C in mTeSRl supplemented with Y-27632. 4811 after sorting cells 
were subjected to lipofection with gRNAs, ssODNs. and treatment with small 
molecules. 
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III-11h- llbrary preparation ald sequanhg. Three days after lipofection cells 
were dissociated using Accutase (SIGMA, A6964), pelleted, and resuspended in 15 
pl Quicklixtract (Epicentre, QEO905T). Incubation at 65 "C for 10 min, 68 °C for 5 
min, and finally 98 DC for 5 min was performed to yield ssDNA as a PCR template. 
Primers for each targeted loci containing adapters for Illumina sequencing were 
ordered from IDT (Coralville, USA) (see Supplementary Table 3). PCR was done in 
a T100 Thermal Cycler (Bio»Rad) using the KAPAZG Robust PCR Kit (Peqlab, 07- 
KK5532-03) with supplied buffer B and 3 pl of cell extract in a total volume of 25 
pl. The thermal cycling profile of the PCR was: 95 °C 3 min; 34 x (95" 15 s, 65 “C 15 
s. 72 "C 15 s); 72 "C 60 5. P5 and P7 Illumina adapters with samplevspecific indices 
were added in a second PCR reaction“ using Phusion HF MasterMix (Thermo 
Scientific, F-531L) and 0.3 pl of the first PCR product. The thermal cycling profile 
of the PCR was: 98°C 305; 2 5 x ( 9 8 ° 1 0 3 , 5 8 ° C  10$, 72 'C 20$); 72°C 5min. 
Amplifimfions were verified by size separating agarose gel electrophoresis using EX 
gels ([nvitrogen, (34010-11). The indexed amplicons were purified using Solid 
Phase Reversible Immobilization (SPRI) beads“. Double- indexed libraries were 
sequenced on a MiSeq (lllumina) giving paired end sequences of 2 x 150 bp. After 
base calling using Bustard (lllumina), adapters were trimmed using led-10m“. 

CRISPR“ analysis. CRISl’resso45 was used to analyze sequencing data from 
CRISPR genome-editing experiments for percentage of wild type, TNS, indels, and 
mix of TNS and indels. Parameters used for analysis were “-w 20,” 
“—min_identity_score 70,’ and “—ignore_substitutions" (analysis was restricted to 
amplicons with a minimum of 70% similarity to the wild type sequence and to a 
window of 20 bp from each gRNA; substitutions mre ignored1 as sequencing errors 
would be falsly characterized as NHE) events). 

Statistical analysls. Signifimnces of changes in This efliciencies were determined 
using a two-way analysis of variance and Tukefs multiple comparison pooled 
across the three genes CALDI, KATNAI, and SLITRKL Genes and treatments were 
treated as random and fixed effect, respectively. Hence. we tested the effect of 
treatment against its interaction with gene“. Analysis included three technical 
replicates for each gene. We checked for whether the assumptions of normally 
distributed and homogeneous residuals were fulfilled by visual inspection of a QQ— 
plot"7 and residuals plotted against fitted values“. These indicated residuals to be 
roughly symmetrically distributed but with elongated tails (i.e. too large positive 
and negative residuals) and no obvious deviations from the homogeneity 
assumption. P—values are adjusted for multiple comparison. Statistical analysis was 
done using R. 

Realmrln only. 409-132 iCRISPR—Cas911 hiPSCs were either seeded with or 
without editing reagents (RNAiMax. gRNA. and ssODN donor for KAINAI 
editing) as described in “Lipofeclion of oligonucleotides” (251100 cells per 96 wells). 
Non-pluripotent cell lines were either seeded without editing reagents or electro- 
porated with editing reagents as decribed in “Ribonucleoprotein electroporafion” 
(50,000 cells per 96 wells). The media was supplemented with small molecules or 
combinafions of small molecules. and each condition was carried out in duplicate. 
Alter 24 h, media was aspirated and 100 pl fresh media together with 10 pl resa- 
zurin solution (Cell Signaling ll884) was added. Resazurin is converted into 
fluorescent resorfln by cellular dehydrogenases and resulting fluorescence (exha- 
tion: 530—570 nm, emission: 590-620 nm) is considered as a linear marker for cell 
viability”. Cells were incubated with resazurin at 37°C. The redox reaction was 
measured every hour by absorhance readings using a Typhoon 9410 imager 
(Amershamn Biosciences). After 5 h  (12h for CD34 +progenitor cells) the 
absorbance scan showed a good contrast without being saturated. and was used to 
quantify the absorbence using Image] and the “RudPlate” plugin. Duplicate wells 
with media and rcsazurin, but without cells, were used a blank. 

Microscopy and image analysis. 409-132 iCRJSPR-Cas9n hiPSCs were electro- 
porated with gRNAs and the EFF single-stranded oligo (Fig. 4a. 330 ng) in two 
technical replicates for either mock, NU7026, and CRISPY mix treatment. Media 
was supplemented with 2 pg/ml doxycycline (Clontech, 631311) for 7 days, to 
allow expression of nuclear imported BFP in precisely edited cells. Then. cells were 
fixed with 4% formaldehyde in Dulbecco's phosphate-buflered saline (DPBS) 
(ThermoFisher. A24881) for 15 min, perrneahlized with 1% saponin in DPBS 
(ThermoFisher. A2488” supplemented with 100 pg/ml RNAseA (ThennoFisher, 
EN0531) and 40 pg/ml propidium iodide (ThermoFisher. P3566) for 45 min at 
37 “C, and washed three times with DPBS. Nucleic acid intercalating propidium 
iodide was used to counterstain nuclei. A fluorescent microscope Axio Observer Z 
(Zeiss) was used to squire two images ( x  50 magnification), from each of three 

" for the respective treatments, consisting of the following: phase 
contrast HcRed channel (BP 580—604 nm. BS 615 um, BP 625—725 run, 10.000 
ms), and 4' ,6— diamidino— 2— —phenylindole channel (BP 335— 383 nm, BS 395 11m, 111’ 
420—470 nm. 20.000 ms). Images were blinded and EFF-positive nuclei were 
counted using the Adobe Photoshop CSS counting tool. Propidiurn iodide-positive 
nuclei were quantified using Image] by dividing the area of nuclei (default 
threshold) with the mean area of a single nuclei 

| DOI: 10.1038/541467-018—04609-7 | www.nature.com/naturecommunications 
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W113. Microscopic analysis of the karyotype was done afier trypsin— 
induced Giernsa staining. The analysis ms carried out according to international 
quality guidelines (ISC‘N 2016: An International System for Human Cytogenetic 
Nomenclature”) by the 'Sichsischer Inlmbator fiir klinische Translation” (Leipzig, 
Germany). 

Data milahiily. Data available on request from the authors. 
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Supplementary Fig. 1: Genome editing and analysis flowchart. 409-82 iCRISPR hiPSCs are treated with 
2ug/ml doxycycline for 2 days to induce CasQ or Cas9n expression. Reverse transfection with RNAiMAX, gRNA 
(7.5nM each), ssODN donor (10nM) and the small molecules to be evaluated is carried out in a 96 well plate for 1 
day. Cells are then expanded for 3 days with regular media change. After harvest follows DNA extraction. PCR 
amplification of targeted loci, lllumina sequencing and CRISPResso1 sequence analysis for amount of indels and 
targeted nucleotide substitutions (TNS). 
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Supplementary Fig. 2: Design of gRNAs and ssODN for targeted nucleotide substitution (TNS) of human 

CALD1. KATNA1 and SLITRK1. Shown are the respective loci of CALD1, KATNA1 and SLITRK1 together with 

the gRNAs and their efficiency score (sc) (nNA scorer 1.02) used for DSB generation. The PAM site is grey. the 
target sequence is blue and the base to be changed is red. The point of nick by CasQn or DSB by Case is indicated 
by an arrow. Whereas both guides are used for editing with Cas9n, CALD1 g1, KATNA1 92 and SLITRK1 92 are 
used for editing with CasQ. The respective ssODN for editing with both Cas9 variants are also shown. Desired 
mutation is marked green and additional mutations are orange. ,Block’ indicates a CasQ-blocking mutation to 
prevent re-cutting oft the locus. All CasQn donors have 50nt homology arms after the nicks while all Cas9 donors 
are 90nt in total with the desired mutation centered in the middle. The full sequences are shown in Supplementary 

Table 3. 
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Supplementary Fig. 3: First screen for solvent effect and influence of different small molecule 
concentrations on genome editing in iCRISPR hiPSCs. Shown are genome editing efficiencies in CALD1, 
KATNA1 and SLITRK1 in 409-32 iCRlSPR-CasQn hiPSCs. Targeted Nucleotide Substitutions (TNS) are green and 
indels are blue. Each symbol represents a technical replicate. The respective means are shown as a black line. 
Each skull indicates cell death of up to around 20% determined by phase contrast light microscopy. All cells died 
with 1uM and 0.1 uM Trichostatin A. Concentrations chosen for fuither experiments are marked with turquoise. 
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Supplementary Fig. 4: Toxicity of the CRISPY mix and its components. A resazurin assay from 409-32- 

iCRISPR-Cas9n cells after 24h incubation with the small molecules and combinations from Fig. 2 and 3, with 

(orange) and without RNAiMax, gRNA and ssODNs (pink), is shown in (A). Resazun’n is converted into fluorescent 
resorfin by cellular dehydrogenases and resulting fluorescence (Exitation: 530-570nm, Emission: 590-620nm) is 
considered as a marker for cell viabilitya. Resorfin absorption (6101:30nm) of normally passaged cells without small 
molecule treatment and RNAiMax, gRNAs, and ssODN is set to 100% cell viability. The CRISPY mix is highlighted 
with black borders and is slightly toxic with no additive toxic effect of its components. Error bars show the standard 
deviation of two technical replicates. Karyotype analysis after five rounds of passaging the cells together with the 
CRISPY mix and mock treatment is shown in (B). At least 20 metaphases of the bulk and five clones of each 
conditions were analysed using trypsin-induced Giemsa staining. No numerical or large scale chromosomal 
aberrations, except for a small subset of metaphases from two single clones corresponding to CRISPY mix (3 of 25 
metaphases polyploid) and mock treatment (4 of 25 metaphases polyploid), were identified. 
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Supplementary Fig. 5: Impact of the CRISPY mix and small molecule combinations on Targeted Nucleotide 
Substitution (TNS) efficiency in non-pluripotent cell types. Shown are TNS efficiencies in HPRT with 
electroporated Cpf1 ribonucleoprotein and ssODN. All possible combinations for the CRISPY mix components are 
shown for HEK293 and K562 cells (A). While NU7026 increases TNS efficiency, TSA and NSC15520 have no clear 
effect, and MLN4924 has a clear disruptive effect in immortalized cell lines. MLN4924 has a disruptive effect on 
TNS efficiency in primary cells as well (B). The CRISPY mix without MLN4924 has a higher effect on TNS efficiency 
than NU7026 alone in CD4“ T and CD34“ progenitor cells. In primary Human Epidermal Keratinocytes (HEKa) also 
NU7026 and NSC15520 have a disruptive effect on TNS efficiency. Shown are TNS, TNS + indels, and indels with 
green, grey or blue bars, respectively. Error bars show the standard deviation of two independent experiments for 
HEK293 and K562 cells, three independent experiments for CD4+ T cells, two technical replicates for each of four 
independent experiments for CD34“ progenitor cells, and two technical replicates for each of two independent 
experiments for primary HEKa cells. 
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Supplementary Fig. 6: Impact of the CRISPY mix and small molecule combinations on cell viability in non- 
pluripotent cell types. Results of resazurin assays for cell viability after 24h incubation with the small molecules 
and combinations from Supplementary Fig. 5 are shown for HEK293, and K562 cells (A) and CD4+ T, CD34+ 
progenitor, and primary HEKa cells (B). Resazurin is converted into fluorescent resorfin by cellular dehydrogenases 
and resulting fluorescence (Exitalion: 530-570nm, Emission: 590-620nm) is considered as a marker for cell 
viability3. Resorfin absorption (6101:30nm) of normally passaged cells without small molecule treatment is set to 
100% cell viability. Shown are viability after small molecule treatment following normal passaging (pink) and editing 
of HPRT using electroporated Cpf1 ribonucleoprotein and ssODN (orange), respectively. Error bars show the 
standard deviation of three independent experiments. 
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Supplementary Fig. 7: Expression of pluripotency markers in 409-32 iCRISPR cell lines. Representative 

images of the phase contrast (PC), nuclei stain DAPI (blue), and pluripotency markers SSEA4 (green), OCT4 (red), 
SOX2 (yellow) and TRA—1-60 (turquoise) are shown. Images were equally adjusted for brightness using Adobe 
Photoshop C85 with regard to the negative control. Magnification 10x. size bar 100 uM. 
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Supplementary Fig. 8: Confirmation of inducible Cas9ICas9n expression and absent off-target integration. 
Cas9 or CasQn expression can be induced by doxycycline in 409-32 iCRlSPR cell lines (A) as shown by qPCR. 
Cells were treated without doxycyline or with 2ug/ml doxycycline for two days. The Cas9 mRNA level is inferred 
from qPCR of cDNA as relative fluorescence units (RFU). Values were normalized to GAPDH levels. Error bars 
show the standard deviation of two technical replicates each. The iCRlSPR cassettes are heterozygously introduced 
in the AAVS1 locus and off-target integration of the iCRlSPR cassettes or the plasmid backbone is absent (B) as 
shown by ddPCR. Presented values of the copy number ratio (Fam-insertlHex-genomic control) are means of three 
technical replicates. PCR primer and dye probe sequences are shown in Supplementary Table 3. 

Supplementary Table 1: Inconsistencies between studies using small molecules to increase CRISPR 

Precise Genome Editing (PGE). PGE percentages with an asterisk have been estimated from figures. Non 
significant precise genome editing changes are labelled with ns. 

Targeted Small Concentration PGEincreaee PGEincreaee 
protein molecule [FM] Cell type LocuelGene Donor [95] [fold] Reference 

1 A549 TSG101 dsODN n.a. (gel) 1.8 Maruyama et al. 2015‘ 

1 MelJuSo TSG101 dsODN n.a. (gel) 19.1 Maruyama et al. 2015‘ 

1000 mouse embryos Kell ssODN 28.6 to 58.3 2 Maruyama et al. 2015‘ 

1000 mouse embryos nc ssODN 5 to 22.7 4.5 Maruyama et al. 2015‘ 

1 HEK293A LMNA dsODN 10 to 11.5" 1.2 Finder et al. 20155 

nase IV SCRT 1 HEKZQSITRL AAVS1 dsODN 5 to 25 5 Chu et al. 2015‘ 

50 mouse embryos Tex15 ssODN 5.8 to 56.2 10 Singh et al. 20151 

80 rabbit embryos RLL dsODN he Song et al. 2015B 

1 hPSCs GFP dsODN ns Yang et al. 20159 

200 human pre-B Rhe pGG49 dsODN ns (NHEJ decrease) Greco et al. 2016” 

1 hiPSCs CTNNB1 dsODN m Zhang et al. 201711 

1 hiPSCs PRDM14 dsODN ns Zhang at al. 201711 

NU1026 30 HEK293 GFP dsODN 3 to 7.6 2.5 Suzuki et al. 201612 

DNA-PK 2 MEFs TP53 ssODN 3 to 10* 10 Robert et al. 2015‘“ 
NU7441 

2 HEK293/TRL GFP dsODN 1.9 to 3.8 2 Robert et al. 201513 
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2 hIPSCs CTNNB1 dsODN 13 to 16’ 1.2 Zhang et al. 201711 

2 hiPSCs PRDM14 dsODN no Zhang et al. 201711 

7,5 rabbit embryos RLL dsODN 4.4 to 26.1 5.9 Song et al. 2l'J15B 

7,5 rabbit embryos CFTR dsODN 12.5 to 30 2.4 Song et al. 2015‘ 

10 HEK293A LMNA dsODN 3.5 to 21* 6 Pinder at al. 20155 

RAD51 R34 10 U208 LMNA dsODN 1.9 to 2.4‘ 1.3 Pinder et al. 20155 

1 PFF APP ssODN no Wang et al. 2016“ 

10 hiPSCs CTNNB1 dsODN ns Zhang et at. 201711 

10 hiPSCs PRDM14 dsODN ns Zhang et al. 2017‘1 

5 mouse ESCs Nanog dsODN 17.7 to 33.3 2 Yu et al. 2015‘5 

5 hiPSCs SOD1 ssODN 0.35 to 3.13 9 Yu et al. 201515 

“ 1 : : e  L755507 5 HeLa ACTA2 dsODN 1 lo 2" 2 Yu el al. 201515 

receptor ? 5 HEK293A LMNA dsODN m Pinder et al. 20155 
5 hiPSCs CTNNB1 dsODN ns Zhang et al. 201711 

5 hiPSCs PRDM14 dsODN m Zhang et al. 201711 

Supplementary Table 2: Overview of the small molecules evaluated in this study. Literature references with 
an asterisk indicate the small molecule as a CRISPR—Cas effector. Abbreviations: alternative NHEJ (Alt-NHEJ), 
damage dependent signaling (DDS). 

Protein 
Pathway Protein function Small molecule Small molecule function Reference 

targeted 

First proteins to bind to DNA 4-lluorophenyl analog of a Weterings et al. 
Ku70l80 STL127685 

ends Ku70l80 inhibitor 2016“ 

Complex of Ku70/80 and 

DNA—PKcs, DNA-PKce . 
NHEJ . Suzuki et al. 

DNA-PK phosphorylates Itself and Mu1oze DNA-PK Inhibitor 2016*" 
downstream effectors at the 

repair site 

. I . I Maruyama et al. 
Ligaee IV End-prooessmg ligation SCR7 naee IV inhibitor 2°15“ 

Alt-NHEJ . . I I . I . Aggarwal et al. 
WRN helrcaee DNA unwrndlng NSC 19630 WRN helicaee Inhibitor 

(NHEJ) 201111 

. NAE inhibitor, Inhibts Jimeno et at. 
6 t  DNA end resectlon MLN4924 . 

neddylatlon of Ct 2015" 

HDR Coating and stabilization of Inhibits binding of RPA to p53 Glanzer et al. 
RPA NSC15520 

ssDNA and RAD9 201 1 ‘9, 2013‘" 

. I I . Sullivan et al. 
RADGZ ssDNA annealing AICAR RADSZ Inhibltor 

201621 
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R8-1 RAD51 enhancer Song et al. 2016*“ 

Strand invasion with the donor 
M051 

DNA . ~ . Huang et al. 
802 RAD51 inhibitor 

201122 

Dlreot stimulatory effects on 
Ravoratrol _ Lee et al. 2014n 

punfied ATM 

Pho ho labs man DNA 
DDS ATM sp ry , y 

repair protems Histone deaoetlyase inhibitor, 
Trichoshtin A induces phosphorylation of Lee 2007“ 

Ser1981 in ATM 

a-adroner I1: Involved in activation of 3-adrene ic race or 
7 3 g L755507 B _ rg m Yu et al. 2015*“ 

receptor adenylate cyclase agonist 

Supplementary Table 3: Oligonucleotides used in this study. gRNA (cNA target) and single stranded DNA 
donors (ssODNs) for editing of CALD1. KATNA1, SLITRK1, HPRT, DNMT1, and AAVS1(BFP) as well as primers 

for analysis and 05 site-directed-mutagenesis of the CasQ iCRISPR donor plasmid are shown. Mutations are in 
bold letters and ancestral mutations are underlined as well. 

CALD1 t1 TGGAGACTATTGCTGCTTGA 
CALD1 t2 GCAGTATACCAGTGCAATTG 
KATNA1 l1 AAATGATGACCCTTCCAAAA 

gRNAs KATNA1 t2 CAACACCTAAAATAAGGGTA 
SLITRK1 i1 GCTAACAGTTTACCCTGCCC 
SLITRK1 i1 ACCCGTCGCTATCGCTGCTG 
HPRTt1 GGTTAAAGATGGTTAAATGAT 
DNMT1 t1 CTGATGGTCCATGTCTGTTAC 

iCRISPR BFP insertion t1 TGTCGGCTGCTGGGACTCCG 

iCRISPR BFP insertion t2 TACAGCATCGGCCTGGCTAT 
GTATACTGCTCCAGTCTGCTGTCAATCTTGGAGACTAQTGCTGCTTGATGGGTCGATTTGA 

CALM CasQ CACCACTGCTAAAAAAGTAAACACATACA 
TTATATGTATGTGTTTACTTTTTTAGCAGTGGTGTCAAATCGACCCATCAAGCTGCAQTAG 

CALD1 Cas9n TCTCCAAGATTGACAGCAGACTGGAGCAGTATACCAGTGC‘I'ATTGAGGTGAGAATTGTCCT 
CAGCGTTATGGTCCTGCTGAACAGAAATAGA 
GAAGGGTCATCATTTTCAGAAGQACCTCCAACACCTAAAATAAGGGAAAGGGGAGAGTGAA 

KATNA1 Gags AAAGATATTAAGTTGGATTATACCAAATG 
CTCATCTATATCCCAGGGAAAATTAGTAGCTGCCAGAACCATAACCATTTTAGAAGGGTCA 

KATNA1 CasQn TCAT'I‘TTCAGAGGSGCCTCCAACACCTAAAATAACGGTAAGGGGAGAGTGAAAAAGATATT 
ssODNs AAGTTGGATTATACCAAATGAAGCT 

TGTTAGCTAAGGGTTTGTTCCTGGQGCTACCCGTCGCTATCGCTGCGGTGGGTCTGATTTT 

sum“ CasQ GATCTGCCAGT‘I‘GCCTGGGATCTTTGTAC 
TCATCTTTAAACCCGACCCTGGGATGTGGTCGCAGCTGCAGCCCCCAGGACAGGGTAAACT 

SUTRK1 CasQn GTTAGCTAAGGGTTTGTTCCTGGSACTGCCCGTCGCTATCGCTGCGGTGGGTCTGATTTTG 

ATCTGCCAGTTGCCTGGGATCTTTGTACCTCCG 

GCCATTTCACATAAAACTCTTTTAGGTTATAGATGGTTAAATGAATGACAAAAAAAGTAAT 
HPRT Cpfl TCACTTACAGTCTGGCTTATATCCAACAC 
DNMT1 op“ TTAACATCAGTACGTTAATGTTTCCTGATCGTCCATGTCTGTTAGTCGCCTGTCAAGTGGC 

GTGACACCGGGCGTGTTCCCCAGAGTGAC 
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AAAGACGATGACGATAAGATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCC 

CAGCAGCCGTGAGCMGGGCGAGGAGCTGATCMGGAGAACATGCACATGAAGCTGTACAT 

GGAGGGCACCGTGGACAACCACCACTTCAAGTGCACCAGCGAGGGCGAGGGCMGCCCTAC 

GAGGGCACCCAGACCATGCGCATCMW I. bu J. 

ACATCCTGGCCACCAGCT'.l.'CCTGTACGGCAGCAAGACCTTCATCAACCACACCCAGGGCAT 

CCCCGACTTCTTCMGCAGAGCTTCCCCGAGGGCTTCACCTGGGAGCGCGTGACCACCTAC 

GAGGACGGCGGCGTGCTGACCGCCACCCAGGACACCAGCCTGCAGGACGGCTGCCTGATCT 

ACAACGTGAAGATCCGCGGCGTGAACTTCACCAGTAATGGGCCTGTGATGCAGMGMGAC 

bbLl—LLL LWLL 1 J. LULL J. 1 LG 

Primers 

mtagBFP-iCRISPR-CasQn '1‘CTGGGCTGGGAGGGATTCACCGAGACCCTCTATCCGGCTGATGGTGGGCTCGAGGGTCGC 

AACGATATGGCTTTGAAACTCGTCGGAGGAAGTCACCTCATCGCAAACGCTAAAACAACCT 

ATAGGTCTAAGAAGCCCGCCMGAACTTGAAAATGCCAGGGGTCTACTATGTAGATTACCG 

CTTGGAACGAATTAAAGAGGCTAATAATGAGACTTACGTAGAACAACACGAGGTAGCAGTC 

GCTCGATATTGCGACTTGCCGAGTAAGCTCGGACATAAGCTGAACGGCAGTGGAGAAGGTC 

GGGGATCACTCCTGACGTGTGGAGATGTTGAAGAGAACCCCGGCCCCGACAAGAAGTACAG 

CAT CGGCCTGGCCATCGGCAC CAACTCTGTGGGCTGGGCCGTGATCACCGACGAGTACAAG 

GTGCCCA 

CALD1 fomard ACAC'I‘CTTTCCCTACACGACGCTCTTCCGATCTGCTAATCAGCTAGCATATGTATGAGAA 

CALD1 reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTGGACTTGATTATTGTCCTAAGTG 

KA W A  1 forward ACACTCTTTCCCTACACGACG CTCTTCCGATCTCCTGACGGCAAAGGAATATAG 

KA TNA 1 reverse GTGACTGGAGTT CAGACGTGTGCTCTTCCGATCTACTGTGC'I'I‘CCTTGTATTGTTGT 

SLITRK1 forward ACACTCTTTCCCTACACGACG CTCTTCCGATCTGGGCTTCAAATCAGCCAAG 

SLITRK1 reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTCAAGACAAATGGGCAAG 

HPRT fonuard ACACTCTTTCCCTACACGACG CTCTTCCGATCTGGTGAAAAGGACCCCACGAA 

HPRT reverse GTGAL. 1 WAGTT CAGALL: 1 o1 m. 1 L. 1 1 LUaAl L. 1 J. boCAAATGTGCCTCTCTACAAAT 

DNMT1 forward ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGAACGTTCCCT'I‘AGCACTCTG 

DNMT1 reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTTAGCAGCTTCCTCCTCC 

05 D1OA fonNard TGGTGCCGATAGCCAGGCCGATG 

Q5 D1OA reverse ACTCTGTGGGCTGGGC CG 

qPCR 0259 forward CCGAAGAGGTCGTGAAGAAG 

qPCR CasQ reverse GCCTTATCCAGTTCGCTCAG 

qPCR GAPDH fonrvard GGAGCCAAACGGGTCATCATCTC 

qPCR GAPDH reverse GAGGGGCCATCCACAGTCTTCT 

ddPCR control forward AATCTACTCCCAGGAGCAG 

ddPCR control reverse GTCTGTTTGAGGTTGCTAGTG 

ddPCR control probe [HEX] TCAGGGCAGAGCCATCTATTGCT [BHQl] 

ddPCR Cas9 insert fonNard CTGAACGCCAAGCTGA‘I‘TAC 

ddPCR Cas9 insert reverse TTTCCACCAGCTGTCTCTT 

ddPCR Cass insert probe [6 FAM] TTCGACAATCTGACCAAGGCCGAG [BHQl] 

ddPCR Puro backb forward GGGTTACATCGAACTGGATCT C 

ddPCR Pure backb reverse CGGCGTCAATACGGGATAAT 

ddPCR Puro backb probe [6 FAM] TAAAGTTCTGCTATGTGGCGCGGT [BI-IQ 1 ] 

ddPCR M2rtTA insert fomard GCATAGAATCGGTGGTAGGT 

ddPCR M2rlTA insert reverse TACACTGGGCTGCGTATT 

ddPCR M2rtTA insert probe [6 FAM] TTGCTACTTGATGCTCCTGTTCCTC C [BHQl] 

ddPCR Neo backb forward GCGCCTTATCCGGTAACTAT 

ddPCR Neo backb reverse ACATACCTCGCTCTGCTAATC 

ddPCR Neo backb probe [6 FAM] AAGACACGACTTATCGCCACTGGC [BHQl] 
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Supplementary Table 4: Effects of small molecules on Targeted Nucleotide Substitution (TNS) efficiency in 

CALD1, KATNA1 and SLITRK1 with Cassn and Cas9. Shown are the cleavage enzyme, small molecules, loci, 
the mean absolute percentages of TNS and indels of all technical replicates from n independent experiments, and 

the mean fold change of TNS when using the respective small molecule compared to the control (as also shown in 

Fig. 2). Concentrations used were 200M NU7026, 0.01 [M Trichostatin A, 0.50M MLN4924, 1pM NSC 19630, 5pM 

NSC 15520, 20pM AICAR, 1pM RS-1, 1pM Resveratrol, 1pM SCR7, 5pM L755507, 5pM STL127685 and 20pM 

B02. 

Control Small molecule 
Indel TNS Indel TNS mean fold 

Cleavage enzyme Small molecule Locus [%] [Va] ['71:] [%] n change of TNS 
CALD1 40,7 8,1 34,6 11,7 4 1,5 

NU7026 KATNA1 63,5 8,5 49,7 18,7 4 2,6 
SLITRK1 81,7 5,2 68,7 11,9 3 2,5 
CALD1 34,2 6.8 31.7 10,1 5 1,5 

Trichostatin A KATNA1 63,5 8,5 53,4 17,6 4 2,2 
SLITRK1 81,7 5,2 77,3 8,7 3 1,8 
CALD1 34,0 6,8 32,4 7,7 5 1,2 

MNL4924 KATNA1 63,5 8,5 63,5 8,5 4 1,1 
SLITRK1 81,7 5,2 76,2 6,6 3 1,3 
CALD1 47,6 9,1 47,6 9,4 3 1,1 

NSC 19630 KATNA1 63,5 8,5 60,2 8,7 4 1,0 
SLITRK1 81,7 5,2 79,4 5,5 3 1,0 
CALD1 34,2 6,8 36,7 7,5 5 1,4 

NSC 15520 KATNA1 63,5 8,5 62,9 8,1 4 1,0 
SLITRK1 81,7 5,2 82,2 4,8 3 1,0 
CALD1 34,2 6,8 36,8 6,9 5 1,1 

AICAR KATNA1 63,5 8,5 63,4 8,0 4 1,1 
iCRISPR Cas9n SLITRK1 81,7 5,2 81,0 5,2 3 1,0 

CALD1 47,6 9,2 48,6 8,5 3 1,1 
RS—1 KATNA1 63,5 8,5 62,0 8,0 4 1,2 

SLITRK1 81,7 5,2 79,0 5,3 3 1,0 
CALD1 35,8 7,1 37,3 7,1 3 1,1 

Resveratrol KATNA1 62,2 7,0 63,6 8,0 3 1,0 
SLITRK1 75,8 6,4 76,0 6,2 2 1,1 
CALD1 35,8 7,1 35,6 7,4 3 1,1 

SCR7 KATNA1 57,9 6,3 59,1 6,3 2 1,0 
SLITRK1 80,0 5,5 77,2 5,9 2 1,0 
CALD1 28,8 5,8 29,3 5,5 4 1,0 

L755507 KATNA1 57,9 6,3 55,2 5,6 2 1,0 
SLITRK1 80,0 5,5 80,4 4,6 2 0,9 
CALD1 43,6 8,4 42,0 7,4 2 0,9 

STL127685 KATNA1 62,2 7,0 59,8 6,4 3 1,1 
SLITRK1 80,0 5,5 78,8 4,9 2 0,9 
CALD1 32,1 10,7 29,3 6,5 1 0,6 

B02 KATNA1 35,4 8,3 37,7 3,9 1 0,5 
SLITRK1 70,6 7,7 71,1 4,6 1 0,6 
CALD1 31,2 15,9 18,2 25,5 2 1,5 

NU7026 KATNA1 30,5 3,2 18,6 5,2 2 1,6 
SLITRK1 18,7 4,9 8,3 6,2 2 1,2 
CALD1 31,2 13,1 26,3 12,3 2 0,8 

Trichostatin A KATNA1 30,5 3,2 27,8 3,4 2 1,0 
SLITRK1 18,7 4,9 15,5 5,0 2 1,0 
CALD1 31,2 13,1 25,5 10,5 2 0,7 

MNL4924 KATNA1 30,5 3,2 32,8 2,7 2 0,8 
SLITRK1 18,7 4,9 18,5 4,1 2 0,8 
CALD1 45,8 21.2 44,8 21,2 1 1,0 

. NSC 19630 KATNA1 30,5 3,2 31,0 2,8 2 0,9 
'CR'SPR C859 SLITRK1 18,7 4,9 18,0 5,0 2 ,0 

CALD1 31,2 13,1 31,2 15,7 2 1,3 
NSC 15520 KATNA1 30,5 3,2 31,7 3,3 2 1,1 

SLITRK1 18,7 4,9 18,9 5,4 2 1,1 
CALD1 31,2 13,1 31,8 13,7 2 1,1 

AICAR KATNA1 30,5 3,2 29,6 2,9 2 0,9 
SLITRK1 18,7 4,9 18,6 5,1 2 ,0 
CALD1 45,8 21,2 43,9 22,2 1 1,0 

RS-1 KATNA1 30,5 3,2 30,1 2,5 2 0,8 
SLITRK1 18,7 4,9 17,5 4,4 2 0,9 

Resveratrol CALD1 31,2 13,1 31,6 13,3 2 1,1 
KATNA1 30,5 3,2 24,7 2,7 2 0,8 
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SLITRK1 18,7 4,9 17,9 4,3 2 0,9 
CALD1 31,2 13,1 31,2 12,5 2 0,9 

SCR7 KATNA1 30,5 3,2 29,8 2,8 2 0,8 
SLITRK1 18,7 4,9 18,7 4,7 2 0,9 
CALD1 31,2 13,1 31,4 11,6 2 0,9 

L755507 KATNA1 30,5 3,2 30,4 3,4 2 0,9 
SLITRK1 18,7 4,9 18,2 3,9 2 0,7 
CALD1 31,2 13,1 30,3 12,8 2 1,0 

STL127685 KATNA1 30,5 3,2 29,6 2,7 2 0,8 
SLITRK1 18,7 4,9 18,8 4,9 2 1,0 
CALD1 45,8 21,2 41,5 13,1 1 0,6 

B02 KATNA1 30,5 3,2 31,1 2,0 2 0,5 
SLITRK1 18,7 4,9 16,5 2,2 2 0,4 
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ABSTRACT 
When double-strand breaks are introduced In a 
genome by CRISPR they are repaired either by non- 
homologous end joining (NHEJ), which often results 
in insertions or deletions (indels), or by homology- 
directed repair (HDR), which allows precise nu- 
cleotide substitutions to be introduced if a donor 
oligonucleotide is provided. Because NHEJ is more 
efficient than HDR, the frequency with which precise 
genome editing can be achieved is so low that simul- 
taneous editing of more than one gene has hitherto 
not been possible. Here, we introduced a mutation 
in the human PRKDC gene that eliminates the ki- 
nase activity of the DNA-dependent protein kinase 
catalytic subunit (DNA-PKcs). This results in an in- 
crease in HDR irrespective of cell type and CRISPR 
enzyme used, sometimes allowing 87% of chromo- 
somes in a population of cells to be precisely edited. 
It also allows for precise editing of up to four genes 
simultaneously (8 chromosomes) in the same cell. 
Transient inhibition of DNA-PKcs by the kinase in- 
hibitor M3814 is similarly able to enhance precise 
genome editing. 

INTRODUCTION 
When CRISPR nucleases and guide RNAs (gRNAs) are 
used to introduce double-stranded breaks (DSBs) in a 
genome, the two DNA ends are covered by DNA-dependent 
protein kinase (DNA-PK) complexes, which consist of 
Ku70/ 80 and DNA-PKcs (1). DNA-PKcs then undergoes 
conformational changes induced in part by autophospho- 
rylation (2,3) as well as by other kinases (4,5) at >60 phos- 
phorylation sites (6—8). This allows it to recruit NHEJ re- 
pair proteins and inhibit HDR proteins, for example ataxia 
telangiectasia mutated kinase (ATM), by phosphorylation 
(6,9,10). DNA ends can also be bound by the MRN (Mrel l ,  
RadSO and Nbsl) complex, which results in 5’-3’ resec- 
tion of DNA ends and HDR or microhomology-mediated 

end joining (MMEJ), also referred to as alternative NHEJ 
(11,12). In the case of HDR, end resection is followed 
by RADS l -nuc1eoprotein filament generation, annealing of 
homologous DNA, and DNA synthesis (1,13). In case of 
MMEJ repair, identical sequences of 1—16 nucleotide in the 
single-stranded ends align to each other, followed by re- 
moval of unaligned parts of the single-stranded ends, gap 
filling DNA synthesis and ligation, resulting in a deletion at 
the DSB site (12). 

Because NHEJ introduce indels that can lead to 
frameshift mutations it is often used to inactivate genes. 
In contrast, HDR normally uses a sister chromatid to re- 
pair the chromosome carrying a DNA break. If exogenous 
‘donor’ DNA carrying desired mutations is provided, it is 
possible to perform precise genome editing (PGE), i.e. intro- 
duce desired nucleotide substitutions at specific positions in 
a genome. Typically, NHEJ is more efficient than HDR and 
has been used to knock out multiple target genes in cells, 
for example five genes in mouse embryonic stem cells (14) 
and 62 copies of one endogenous retrovirus in a porcine cell 
line (15). In contrast, although several studies have tried to 
inhibit NHEJ or enhance HDR in order to increase the ef- 
ficiencies of PGE (16—20), simultaneous PGE of more than 
one desired target in animal cells has not been reported, al- 
though methods for co-selection of one desired edit by si- 
multaneous introduction of a selectable modification at a 
different locus have been developed (21,22). However, this 
allows only a single desired target to be edited together with 
the selectable marker. 

Because simultaneous knockouts of several genes by 
NHEJ is possible, DNA cleavage by the CRISPR enzymes 
is not rate limiting for genome editing. Rather, it seems 
that the higher efiiciency of NHEJ relative to HDR limits 
the ability to introduce precise edits. In 2008, it was shown 
that a lysine to arginine mutation at position 3753 near the 
ATP binding site in the DNA-PKcs protein (KR) abolishes 
its kinase activity (13,23) in Chinese hamster ovary cells 
and that this increases homologous recombination to levels 
2- to 3-fold above those seen when DNA-PKcs was com- 
pletely knocked down (23). Inactive but structurally intact 
DNA-PKcs may increase homologous recombination be- 
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cause phosphorylation of downstream NHEJ proteins as 
well as phosphorylation-induced inhibition of ATM kinase 
activity (9) is blocked, while ATM levels needed for effi- 
cient HDR are maintained (23). In contrast, in the absence 
of DNA-PKcs protein, levels of ATM and thus HDR are 
reduced (13,24). Knock down of the DNA-PKcs protein 
by siRNA (25), or in DNA-PKcs (-/-) cell line (26), could 
only moderately increase homologous recombination effi- 
ciencies 

METHODS 

Cell culture 

We recently created an iCRISPR-Cas9n line from human 
induced pluripotent stem cells (hiPSCs) (17) (409-B2, fe- 
male, Riken BioResource Center) as described by Gonzalez 
et al. (17,27) (GMO permit AZ 54-8452/26). For this study, 
we further used HEK293 cells (ECACC, 85120602) with 
Dulbecco’s modified Eagle’s medium/F-12 (Gibco, 31330- 
038) supplemented with 10% fetal bovine serum (FBS) 
(SIGMA, F2442) and 1% NEAA (SIGMA, M7145); as well 
as K562 cells (ECACC, 89121407) with Iscove's modified 
Dulbecco’s media (ThermoFisher, 1244005 3) supplemented 
with 10% FBS. 409-B2 hiPSCs were grown on Matrigel 
Matrix (Corning, 35248) in mTeSRl medium (StemCell 
Technologies, 05851) with supplement (StemCell Technolo- 
gies, 05852) that was replaced daily. Medium for HEK293 
and K562 was replaced every second day. At  ~80% conflu- 
ency, adherent cells were dissociated using EDTA (VWR, 
437012C) and split 1:6 to 1:10 in medium supplemented 
with 10 MM Rho-associated protein kinase (ROCK) in- 
hibitor Y-27632 (Calbiochem, 688000) for 1 day after re- 
plating. K562 cells were split 1:6 to 1:10 dilution after 
1 week. All cells were grown at 37°C in a humidified incu- 
bator with 5% C02. 

Lipofection of oligonucleotides 

409—B2 iCRISPR-Cas9n hiPSCs were incubated in medium 
containing 2 ug/ml doxycycline (Clontech, 631311) three 
to 4 days prior to lipofection. Lipofection was done us- 
ing the alt-CRISPR protocol (IDT) at a final concentra- 
tion of 7.5 nM of each gRNA (cNA/tracR duplex) and 
10 n M  of the DNA donors. In brief, 0.75 u] RNAiMAX 
(Invitrogen, 13778075) and the respective oligonucleotides 
were separately diluted in 25 ul OPTI-MEM (Gibco, 1985- 
062) and incubated at room temperature for 5 min. Both 
dilutions were mixed to yield 50 "J of OPTI-MEM includ- 
ing RNAiMAX, gRNAs and single stranded DNA donors 
(ssODNs). The lipofection mix was incubated for 20—30 min 
at room temperature. Cells were dissociated using EDTA 
for 5min and counted using the Countess Automated Cell 
Counter (Invitrogen). The lipofection mix, 100 it] contain- 
ing 25 000 dissociated cells in mTeSRl supplemented with 
Y-27632, and 2 ug/ml doxycycline were put in one well of 
a 96-well covered with Matrigel Matrix (Corning, 35248). 
Media was exchanged to regular mTeSRl media after 24 h. 
KATNAI, SLITRKI, and CALDI were edited using lipo- 
fection (Figure 1A and B). We also attempted multiplexed 
editing of three genes simultaneously using lipofection, but 
achieved 3—10% HDR for a gene at best. 

Oligonucleotide and ribonucleoprotein electroporation 

The recombinant Streptococcus pyogenes Cas9 protein, Aci- 
daminococcus sp. BV3L6 Cpfl protein and respective elec- 
troporation enhancer were from IDT (Coralville, USA) and 
electroporation was done using the manufacturer’s proto- 
col, except for the following alterations. Nucleofection was 
done using the B-16 program of the Nucleofector 2b De- 
vice (Lonza) in cuvettes for 100 u] Human Stem Cell nu- 
cleofection buffer (Lonza, VVPH-5022), containing 1 mil- 
lion cells, 78pmol electroporation enhancer, 160 pmol of 
each gRNA (cNA/tracR duplex for Cas9 and cNA 
for Cpf 1), 200 pmol of each single stranded DNA donor 
(ssODN), and 252 pmol Cas9 or Cpfl.  Cells were counted 
using the Countess Automated Cell Counter (Invitrogen). 
For multiplexing, only gRNAs and ssODNs were electro- 
porated, since a Cas9n expressing iCRISPR-Cas9n hiPSC 
line was used. 409-BZ iCRISPR-Cas9n hiPSCs were incu- 
bated in medium containing 2 ug/ml doxycycline (Clon- 
tech, 631311) three to  four days prior to editing. For multi- 
plexed precise genome editing, this medium was exchanged 
to StemFlex with supplement (Gibco, A3349401), CloneR 
(StemCell Technologies, 05888), and doxycycline one day 
before electroporation. 90% of the electroporated cells were 
plated for bulk genotype analysis and for hiPSCs 10 percent 
were plated in a separate 6well to give rise to colonies de- 
rived from a single cell (clones) for which the media was sup- 
plemented with ROCK inhibitor Y-27632 for 2 days post- 
electroporation. After at least 7 days colonies were picked 
for following propagation and DNA isolation. Single cell 
colonies of HEK293 and K562 cells were acquired by sort- 
ing single cells in wells of a 96-well plate using a single-cell 
printer (Cytena). 

Illumina library preparation and sequencing 

At least 3 days after transfection cells were dissociated us- 
ing Accutase (SIGMA, A6964), pelleted, and resuspended 
in 15 ul QuickExtract (Epicentre, QE0905T). Incubation at 
65°C for 10 min, 68°C for 5 min and finally 98°C for 5 min 
was performed to yield single stranded DNA as a PCR tem- 
plate. Primers for each targeted loci containing adapters for 
Illumina sequencing were from IDT (Coralville, USA) (see 
Supplementary Table 81). PCR was done in a T100 Ther- 
mal Cycler (Bio-Rad) using the KAPAZG Robust PCR Kit 
(SIGMA, KK5024) with supplied buffer B and 3 pl of cell 
extract in a total volume of 25 ul. The thermal cycling pro- 
file of the PCR was: 95°C 3 min; 34x (95°C 15 s, 65°C 15 s, 
72°C 15 s); 72°C 60 s. P5 and P7 Illumina adapters with 
sample specific indices were added in a second PCR reac- 
tion (28) using Phusion HF MasterMix (Thermo Scientific, 
F-531L) and 0.3 ul of the first PCR product. The thermal 
cycling profile of the PCR was: 98°C 30 s; 25x (98°C 10 s, 
58°C, 10 s, 72°C 20 s); 72°C 5 min. Amplifications were 
verified by size separating agarose gel electrophoresis using 
2% EX gels (Invitrogen, G4010—1 l) .  The indexed amplicons 
were purified using Solid Phase Reversible Immobilization 
(SPRI) beads in a 1:1 ratio of beads to PCR solution (29). 
Double-indexed libraries were sequenced on a MiSeq (Il- 
lumina) giving paired-end sequences of 2 x 150 bp (+7 bp 
index). After base calling using Bustard (Illumina) adapters 
were trimmed using leeHom (30). 
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blue), both constituting a DNA-PK complex. Autophosphorylation of DNA-PKcs leads to recruitment and activation of downstream NHEJ proteins. If 
DNA-PKcs is catalytically inactivated (e.g. by the K3753R mutation), the NHEJ pathway is blocked and only MMEJ can compete with HDR. 

Amplicon sequence analysis 

Bam—files were demultiplexed and converted into fastq 
files using SAMtools (31). CRISPResso (32) was used to 
analyse fastq files for percentage of wildtype, any tar- 
geted nucleotide substitution (HDR), indels (called as non- 
homologous end joining NHEJ), and mix of both. Analysis 
was restricted to amplicons with a minimum of 70% similar— 
ity to the wildtype sequence and to a window of 20 bp from 
each gRNA. Sequence homology for an  HDR occurrence 
was set to 95%. Unexpected substitutions were ignored as 
putative sequencing errors. Since CRISPResso cannot dis- 
tinguish reads with indels from NHEJ or microhomology- 
mediated end joining (MMEJ), we wrote a python script 
to call MMEJ events. Sequencing data from colonies de- 
rived from single cell seeding (Figure 2D) was analyzed us- 
ing SAMtools and colonies were regarded as clones if the 
clear majority of reads consisted of a single sequence (ho- 
mozygous) or of two sequences of similar read counts (het- 
erozygous) and blocking mutations, ancient mutations, as 

well as indels for each chromosome of the cells of a clone 
were noted (Supplementary Tables SZ—SS). 

Whole genome sequencing 
The 409-32 iCRISPR-Cas9n hiPSCs WT line, KR clone 
and KR-KSC line were expanded and two million cells of 
the respective lines were harvested and DNA was isolated. 
DNA was sonicated three times with a Bioruptor (Dio- 
genode), with the output selector switched to (H)igh to 
yield fragments of ~0.15 to 0.8 kb. Shearing was checked 
by agarose gel electrophoresis using EX gels (Invitrogen, 
G4010—l 1) and a Typhoon 9410 imager (Amersham, Bio- 
sciences). Fragment ends were made blunt for 30 min at 
room temperature with the Quick Blunting Kit (New En- 
gand Biolabs, E1201L), purified with SPRI beads (28), 
adapter—ligated for 30 min at room temperature with the 
Quick Ligation Kit (New England Biolabs, M2200L), puri- 
fied with SPRI beads, double indexed by PCR-amplification 
and purified with SPRI beads. Double-indexed libraries 
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were sequenced on a HiSeq (Illumina) 2 x 75 bp (+7 bp 
index) (Figure 3C and Supplementary Figure 33). 

Mapping and genotyping 

Reads were mapped to the human reference (hgl9) 
using Burrows—Wheeler Aligner (BWA) (33) default pa- 
rameters. Genotyping was carried out using Genome 
Analysis Toolkit (GATK) (34) (version 3.3-0-g37228af). 
We indel realigned the BWA mapped bam files using 
GATK IndelRealigner with default parameters The 
variant calling was carried out on the realigned barn files 
by GATK HaplotypeCaller (java -jar GenomeAnaly— 
sisTK.jar -T HaplotypeCaller -R humanmeferencefa -L 
chromosomemumber —out output.vcf —I realignedbam 
—emitRefConfidence BP_RESOLUTION —allSitePLs 
—output_mode EMIT_ALL_CONFIDENT_SITES). 

Genomic coverage calculation 

Coverage along the chromosomes was calculated with 
for l windows, using unique genomic regions 
(nncodeDu keMapabilityUniqueness3 5bp= 1) and 
excluding blacklisted regions (nncodeDacMapability— 
ConsensusExcludable, nncodeDukeMapabilityRegion- 
sExcludable) (35). 

Genotype variant filtering 

The variants called by GATK were filtered by removing 
positions that overlap repeats annotated by the UCSC 
genome browser and that might lead to ambiguous align- 
ments (map35_100"/o filter from reference (36)). Genomic 
positions with 30—50-fold coverage in all three lines were 
used for downstream analysis. We required the absolute dif- 
ference between the maximum and minimum alternate a1- 
lele frequency of a genotype in all three clones to be at least 
30%. Finally, we inspected each genotype differences be- 
tween lines using the Integrated Genome Viewer (IGV) (37) 
and excluded obvious genotyping artefacts 

Resazurin assay 

409B2-iCRISPR hiPSCs expressing DNA-PKcs wildtype 
(WT), catalytically inactive DNA-PKcs (K3753R), or K562 
cells were plated (50 000/ 100 000 cells per well in a 24-well 
plate). HiPSCs were grown for two days before treatment 
with different Bleomycin (Sigma, B8416) concentrations for 
1 h. Afterwards cells were washed three times. After recov- 
ery for 72 h,  100 pl fresh media together with 10 pt] resazurin 
solution (Cell Signaling, 11884) was added. Resazurin is 
converted into fluorescent resorfin by cellular dehydroge- 
nases and fluorescence (exitation: 530—570 nm, emission: 
590—620 nm) reflects the amount of living cells (38). Cells 
were incubated with resazurin at 37°C for 5 h before flu— 
orescence readings using a Typhoon 9410 imager (Amer- 
shamn Biosciences) and quantification using ImageJ and 
the ‘ReadPlate’ plugin. Wells with media and resazurin, but 
without cells, were used a blank. 

Nucleic Acids Research, 2019, Vol. 47, N0. 19 c116 

Karyotyping 
Karyotyping by trypsin induced Giemsa staining (GTG) 
or spectral karyotyping (SKY) were carried out accord- 
ing to international quality guidelines (ISCN 2016: An In- 
ternational System for Human Cytogenetic Nomenclature 
(39)) by the ‘Sachsischer Inkubator fiir klinische Transla- 
tion’ (Leipzig, Germany). 

Cellular clone genotype and target gene copy number analysis 

409-B2 hiPSCs were edited in the FRMD7 gene using 
Cas9 ribonucleoprotein and DNA donor electroporation 
and cells were treated with or without 2 p.M M3814 for 
3 days After recovery for three days cells were sorted us- 
ing a single-cell printer (Cytena) with hydrophobic car- 
tridges to establish cellular clones DNA extracts were 
used for target amplification with PCR from which Illu- 
mina libraries were made and sequenced. Amplicon se— 
quence analysis was carried out as described above. To de- 
termine FRMD7 copy number, a TaqMan assay was done 
(ThermoFisher, 4400294, reporter target sequence: FAM— 
TTGCAGTGGGCTCTACATAGC-NFQ; human RNAse 
P copy number reference, ThermoFisher, 4403328; TaqMan 
genotyping master mix, ThermoFisher, 4371355). Quanti- 
tative PCR was carried out in a Stratagene MX3005P (Agi— 
lent Technologies). Long range PCR (~3 kb) of the FRMD7 
locus was done in a T100 Thermal Cycler (Bio-Rad) using 
the KAPAZG Robust PCR Kit (SIGMA, KK5024) with 
buffer B and 3 u l  of DNA extract in a total volume of 25 pl. 
The thermal cycling profile of the PCR was: 95°C 3 min; 
30x (95° 15 s, 65°C 15 s, 72°C 60 s); 72°C 60 s Primers are 
stated in Supplementary Table 31. 

Statistical analysis 

Bar graphs in figures were plotted and SEM error bars were 
calculated using GraphPad Prism 6 software. The number 
of replicates is stated in the respective figure legends. 

RESULTS 
Catalytically inactive DNA-PKcs promotes homology- 
directed repair across cell types and CRISPR enzymes 

To achieve high efficiency of targeted D885 and reduce 
off-target DSBs we previously generated a human induced 
pluripotent stem cell (hiPSC) line carrying a doxycycline- 
inducible Cas9 with the D10A mutation (iCRISPR-Cas9n) 
causing it to generate nicks rather than double-stranded 
cuts in DNA targets (17). In  this line, we now intro- 
duced the K3753R mutation in the PRKDC gene that en- 
codes DNA-PKcs protein. We compared the efficiency with 
which nucleotide substitutions can be introduced in DNA- 
PKcs K3753R (KR) and DNA-PKcs wildtype (WT) cells. 
To do this, we designed gRNAs (40) and single-stranded 
oligodeoxynucleotide donors (ssODNs) to revert 14 substi- 
tutions that are fixed or almost fixed among present-day hu- 
mans but occur in the ancestral, ape-like states in the Ne- 
andertal and Denisovan genomes (36) back to the ances- 
tral states When necessary, the ssODNs carried additional 
silent non—coding mutations to prevent repeated cutting of 
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Figure 3. Genome stability of DNA-PKcs K37 53R cells (A) Schematic illustration of the cell lines used. A 409BZ-iCRISPR iPSC line (gray) was edited 
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the DNA once the targeted substitutions have been intro- 
duced (Supplementary Table 81). 

Following induction of expression of Cas9n by doxycy- 
cline, cells were transfected gRNAs and ssODNs and cul- 
tured for three days. DNA was isolated, PCR amplicons 
of the targeted regions were sequenced and HDR scored as 
the presence of the ssODN-derived mutations in the target 
genes, which could have been introduced by classical ho- 
mologous recombination or single-strand template repair. 
When editing each gene independently, HDR frequencies 
in the WT cells varied between 4% and 40% among the 
14 genes (average 18%). In the KR cells, frequencies varied 
between 15% and 81% (average 51%) (Figure 1A and B). 
Across the genes, HDR is increased between l.6-fold and 
6.8-fold (average 33-fold) in KR cells (Figure 1C). 

When deletions occurred at sites where the sequence on 
one end of the deletion was identical to the undeleted se— 
quence on the other end and was at least two nucleotides 
long we classified this as MMEJ while other indels were con- 
sidered to be the result of NHEJ. When compared to DNA- 
PKcs WT cells, NHEJ and MMEJ decreased in KR cells 

from an average of 31% to 4% (85-fold) and 29% to 17% 
(1.7—fold), respectively (Figure 1A and B). The average ra- 
tio of HDR to the sum of NHEJ and MMEJ was 0.3 in WT 
cells and 6.5 in KR cells (Figure 1C). For all genes tested, 
MMEJ is increased relatively to NHEJ in KR cells, regard- 
less of the length of microhomology involved (Figure 1D). 
Thus, in KR cells, NHEJ is inhibited, resulting in a drastic 
increase of HDR, as schematically illustrated in Figlre 113. 

For the three genes with the lowest HDR frequencies in 
KR cells, MMEJ is the predominant editing event. To in- 
crease HDR i n  those genes, we tried to use Cas9 instead 
of Cas9n to induce chromosomal breaks. This increased 
HDR for two genes from 35% and 20% to 73% and 87%, 
respectively, while the MMEJ decreased for all three genes 
(Supplementary Figure SlA). Thus, for some targets where 
MMEJ predominates, PGE can be ‘rescued’ by using a dif- 
ferent CRISPR enzyme, which uses different cleavage sites 
and therefore possibly results in different tendencies for 
MMEJ (Supplementary Figure SIB). 

To test if the increase in HDR seen in the hiPSCs was 
dependent on the cell type or enzyme used, we introduced 
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the DNA-PKcs KR mutation in human embryonic kid- 
ney cells (HEK293) and human immortalized myelogenous 
leukemia cells (K562). When gRNAs and ssODNs (selected 
from Figure 1 and a previous study (17)) are transfected to- 
gether with Cas9 nickase, Cas9 or Cpfl protein HDR in- 
creased in all cell lines regardless of the enzyme used (Sup- 
plementary Figure SIC), and regardless of if the enzyme 
was transfected or endogenously produced by the cell (F ig- 
ure 1A, B and Supplementary Figure SlA—C). 

Simultaneous precise genome editing of multiple genes in the 
same cell 

We next electroporated gRNAs and the corresponding 
donor DNAs (selected from Figure 1) for all pairwise com- 
binations of four different genes into KR cells after induc- 
tion of Cas9n expression. The HDR frequency of double 
edits were similar or  slightly lower than single edits of the 
corresponding genes, regardless if both genes were located 
on different chromosomes, on  different chromosome arms, 
or on the same chromosome arm (Figure 2A). We next tried 
to simultaneously edit three, four and five genes. For three 
different combinations of three genes, the HDR efficiency 
was on average one third lower than for the single edits lead- 
ing to average editing frequencies of 40% per targeted site 
(Figure 2B). For four or five genes, average HDR frequen- 
cies decreased to 13% and 8%, respectively (Figure 2C). Ad- 
ditionally, cell survival decreased from 30—68% for two edits 
to 11% for five edits (Figure 2E). 

We isolated single cell-derived colonies (SCCs) from the 
pools of edited cells. For triple edits, approximately a third 
of SCCs carried the edited nucleotide in a homozygous form 
at all genes targeted (six chromosomes) while this was the 
case for 6% of SCCs for quadruple edits (eight chromo- 
somes) (Figure 2D, Supplementary Tables SZ—SS). Notably, 
the percentage of cellular clones homozygous for all four in- 
tended amino acid-changin g substitutions (6%) is lOOO-fold 
higher than would be expected by chance if edits of the dif- 
ferent genes would be independent of each other (0.006%), 
suggesting that cells that are ‘editing competent’ will tend 
to be efficiently edited at multiple sites. 

Genome stability of cells expressing catalytically inactive 
DNA-PKcs is not compromised 

One concern is that inactivation of the catalytic activ- 
ity of DNA-PKcs may lead to  genomic instability be- 
cause spontaneously occurring DSBs cannot be repaired 
by NHEJ. We therefore analyzed the karyotypes of hiP- 
SCs that had expressed DNA-PKcs KR for three months 
by trypsin—Giemsa banding (GTG) and spectral karyotyp- 
ing (SKY), which is able to detect smaller translocations. 
All 25 metaphases analyzed by GTG and 49 out of 50 an— 
alyzed by SKY had normal karyotypes (Figure 3B). Fur- 
thermore, we treated cells expressing either DNA-PKcs WT 
or KR with the DSB-inducing drug bleomycin to mimic 
the effect of the accumulation of DSBs over long times. As 
expected, bleomycin reduced cell survival. This effect was 
twice as strong in DNA-PKcs KR expressing cells as in WT 
cells (Supplementary Figure 82A). After bleomycin treat- 
ment, 4 out of 50 metaphases analyzed in DNA-PKcs WT 
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cells contained unbalanced translocations with gain or loss 
of chromosomal fragments, while 2 out of 50 metaphases 
in DNA-PKcs KR cells contained balanced translocations 
(Supplementary Figure SZB—E). In conclusion, we observe 
no increase in aneuploidy or chromosomal rearrangements 
in KR cells compared to WT cells. 

To asses other types of genetic instability we sequenced 
the genomes of three cellular clones: DNA-PKcs WT, its 
descendent KR clone, and KR’s descendent triple-edited 
KR-KSC clone (KATNAI-SLITRKI-CALDI edited) (F ig- 
ure 3A) to ~24-fold genomic coverage. WT cells were pas- 
saged 48 times before the KR clone was generated and KR 
cells were passaged 24 times before the triple-edited clone 
was generated (Figure 3A). Genotypes that appear in both 
the KR clone and the KR-KSC clone and are different from 
the WT clone are likely to be due to mutations that oc- 
curred while DNA-PKcs WT was expressed, whereas geno- 
types that appear only in the KR-KSC clone are likely to be 
due to mutations that happened while DNA-PKcs KR was 
expressed. To find big deletions and duplications we com- 
pared genomic coverage per chromosome (Figure 3C) and 
in 1 Mb windows along the chromosomes (Supplementary 
Figure S3). The only difference found was a drop in cover- 
age in one window on chromosome 9 in both KR and KR- 
KSC clones compared to the WT indicating a heterozygous 
deletion. After filtering for high-confidence genotypes (see 
Methods) we looked for single nucleotide variants (SNVs) 
and indels among clones. Surprisingly, the telomeric 4 ]  Mb 
on the short arm of chromosome 5 are devoid of heterozy- 
gote positions in the KR and KR-KSC cells whereas it  con- 
tains 431 high-confidence heterozygous positions in the WT 
cells. This is not due to a heterozygous deletion since there 
is no drop in coverage and the karyotypes of chromosome 5 
are normal. We speculate that this is due to a break-induced 
repair event, which is described in yeast and has recently 
been proposed to occur also in mammalian cells (41). Ex- 
cluding the 41Mb on chromosome 5, we found 19 novel het- 
erozygous SNVs shared between the KR and KR-KSC cells 
and three novel heterozygous SNVs in the KR-KSC cells 
(Figure 3D). We found no indels that differed among the 
three cell lines, even though we find indels shared among 
them. Extrapolated to the whole genome, the rate of mu- 
tation fixation per passage is 21 in WT cells and 7 in KR 
cells. 

Transient inactivation of DNA-PKcs by small molecule 
M3814 
We note that the efficiency with which nucleotide substitu- 
tions can be introduced in KR cells makes it possible to re- 
store the normal DNA-PKcs function once desired changes 
have been introduced in the genome. We demonstrated this 
by editing the PRKDC gene back to its wildtype state and 
find that this ‘back mutation’ can be introduced in 74% of 
chromosomes (Figure 1B). An alternative way to increase 
HDR may be to transiently inhibit the kinase activity of 
DNA-PKcs Indeed, several small molecule inhibitors of 
DNA-PK have been described to moderately increase HDR 
(17,25). We tested this approach using M3814 (42), a novel 
more efficient DNA-PKcs inhibitor which has not previ- 
ously been used in genome editing. After a Cas9-induced 
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Figure 4. Effects of transient inactivation of DNA-PKcs by the small molecule M3814. (A) Resazurin assay for cell survival in K562 cells 3 days after 
editing of FRMD7 with Cas9 protein and treatment with different concentrations of M3814. (B) Genome editing efficiencies of FRMD7 with C2159 protein 
in K562 cells treated with different concentrations of M3814, and in 40932 hiPSCs with 2 uM M3814. M3814 was added for 3 days after editing. HDR, 
mix (HDR with indels), NHEJ, and MMEJ are indicated in green, light green, light blue and light purple, respectively. Error bars show the SEM of six 
replicates for A ,  three replicates for K562 cells for B, and two replicates for 409132 hiPSCs for B. 

DSB in K562 cells expressing wildtype DNA-PKcs M3814 
increased HDR from 18% to 81% while exhibiting moder- 
ate toxicity. A comparable increase of HDR is seen in 409B2 
hiPSCs (Figure 4A and B). The HDR increase when using 
M3814 is stronger than when using the previously described 
DNA-PK inhibitor NU7026 (4- versus 1.7-fold) (Supple- 
mentary Figure S4A). 

To explore if this apparent high editing efficiency might 
be due to induction of large deletions of the target DNA se- 
quences (43), we isolated cellular clones by single-cell print- 
ing after editing without and with M3814. By amplicon se- 
quencing, we find that 10% of clones have homozygously 
incorporated the desired nucleotide substitution in an ap- 
parent diploid state when M3814 is not used whereas 76% 
have done so when M3814 is used (Supplementary Figure 
SSA and B). By long-range and quantitative PCR we found 
CRISPR-induced deletions in 2% of clones and apparent 
gains of one copy of the target locus in 6% of clones. The lat- 
ter cases could be due to the duplication of the entire chro- 
mosome X, one of the most frequent aneuploidies in stem 
cells (44), or to erroneous repair of CRISPR-induced DSBs. 

M3814 similarly increased HDR in several other genes 
and allowed for simultaneous multiple editing (data not 
shown). Thus, inhibition of the kinase activity of DNA— 
PKcs either by the reversible K3753R mutation or by the 
kinase inhibitor M3814 substantially increases PGE and al- 
lows the introduction of multiple nucleotide substitutions in 
human cells. 

DISCUSSION 
The approach described here makes it possible to simulta- 
neously edit multiple target genes in a single cell much more 
efficiently than is currently possible. This will facilitate the 
testing and potentially the correction of multiple interact- 
ing disease-related genetic variants as well as the analyses 
of interacting variants of physiological or evolutionary in- 
terest. In fact, PGE as described here can presumably be 

made even more efficient by combining it with other ap- 
proaches that increase PGE, for example with combinations 
of small molecules (Supplementary Figure 843 and C) (l 7). 
It is likely to be applicable not only in humans but also other 
vertebrates because the lysine residue at position 3753 in 
DNA-PKcs is conserved among vertebrates (45). 

It is interesting that we find no evidence that the K3753R 
mutation decreases genome stability. In fact, we find fewer 
translocations after bleomycin treatment, and fewer muta- 
tions per passage, in the mutant cells than in the DNA-PKcs 
WT cells. Although this could be due to unknown differ- 
ences among the cell lines, it is tempting to speculate that the 
impairment of the error-prone NHEJ may cause the cells to 
more frequently repair DSBs by the less error-prone HDR. 
If this fails, cells may undergo apoptosis, resulting in that 
surviving cells maintain their genome in a more accurate 
form. 

The fact that the DNA-PKcs inhibitor M3814 is able to 
increase HDR to an extent comparable to what is achiev- 
able by the PRKDC mutation (Figure 4) is encouraging be- 
cause M3814 can be used to transiently inhibit NHEJ and 
thus make the modification of PRKDC unnecessary. It is 
also encouraging for work in whole organisms because per- 
manent DNA-PKcs inactivation results in severe combined 
immunodeficiency in mammals due to inability to carry out 
V(D)J recombination (24). Indeed, M3814 is in phase Ib/II 
clinical trials for treatment of various cancers, for exam- 
ple small cell lung cancer (NCT031 16971) and rectal cancer 
(NCT03770689). If safe in humans, M3814 could therefore 
find use in gene therapy applications where high HDR effi- 
ciencies may be needed to achieve therapeutic goals. 
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Supplementary Fig. 1. Frequency of genome editing in different DNA-PKcs K3753R cell lines using different 
CRISPR enzymes. (A) Genome editing of three genes with CasQn (iCRISPR) and with CasQ protein in 40982 
hiPSCs. (B) Patterns of deletions after editing with Cas9n and Cast) in the gene VCAN as an example. Both nicking 
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for CasQ (dark blue) and the bottom three for CasQn (light blue). Microhomologies are indicated in pink. (C) The 
genome editing frequencies in cells expressing the DNA-PKcs wildtype (WT) or DNA-PKcs KR mutant for different 
recombinant CRISPR enzymes in 409B2 hiPSCs, HEK293 cells, and K562 cells. HDR, HDR with indels, NHEJ, 
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Supplementary Fig. 2. Impact of bleomycin treatment on DNA-PKcs wildtype (WT) and DNA-PKcs KR cells. 
(A) Cell survival as measured by the resazurin assay after bleomycin treatment. Error bars show the SEM of two 
replicates. (B) Spectral karyotyping (SKY) of cells after treatment with 3ug/ml bleomycin. (C) The translocations 
observed for DNA-PKcs WT cells; and (D) DNA-PKcs KR cells. (E) An example of the majority of normal 
melaphases observed. 
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Supplementary Fig. 3. Base coverage along the chromosomes for the WT, KR, and KR-KSC hiPSC lines. 
Coverage was calculated for 1Mb windows, using unique genomic regions. WT, KR, and KR—KSC are indicated as 
a grey, red, and blue lines, respectively. A 1Mb region on chromosome 9 (arrow) carries a heterozygous deletion 
in the KR and KR—KSC lines. 
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Supplementary Fig. 4. Effect of small molecules and the CRISPY mix (17) on genome editing efficiency in 
40932 hiPSCs. (A) Effect of RAD51 inhibitor 302, RAD51 enhancer RS-1, disputed DNA ligase IV inhibitor SCR7, 
cell cycle inhibitor Nocodazole (removed after 16h to achieve cell cycle synchronization), and DNA-PK inhibitors 
NU7026 and M3814, on genome editing of FRMD7 with CasQ RNP. (B) Genome editing of KATNA 1, SLITRK1, and 
CALD1 in DNA-PKcs WI' and KR cells with or without CRISPY small molecule mix using doxycycline inducible 
Cas9n (iCRISPR). (C) Simultaneous editing of the three genes (framed) with and without the CRISPY mix. 
Histogram designations as in Suppl. Fig. 1. Error bars show the SEM of four replicates for A. three replicates for B 
and two replicates for C. 
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Supplementary Fig. 5 FRMD7 gene copy number analysis in 40932-hiPSCs edited with or without M3814. 
(A) Copy number ratio between FRMD7 and the control gene RNAse P based on a TaqMan quantitative PCR 
assay. Each circle represents a cellular clone. Closed circles represent clones where amplicon sequencing yields 
a single DNA sequence (HDR: green; indels: blue), open circles indicate two DNA sequences of similar read number 
(HDR/indel mix: green; indel/indel: blue; wildtype/indel: grey). Asterisks indicate clones where a heterozygous 
deletion identified by DNA sequencing is expected to interfere with binding of the TaqMan probe (min. 5nt 
mismatch), resulting in copy number ratios below the expectation of the diploid state. Error bars show the SEM of 
at least four technical replicates. (B) Long range PCR of the FRMD7 target locus for each clone. Arrows indicate 
two clones carrying heterozygous big deletions and the respective TaqMan assay copy number ratio is stated. The 
+M3814 clone 22 has a deletion and a copy number ratio of 0.98, suggesting a gain of one copy of the target locus 
in this clone as well. 
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Supplementary Table 1. Oligonucleotides used in this study. gRNA (gRNA 20mer target) and single stranded 
DNA donors (ssODNs) for editing, as well as primers for analysis are shown. Mutations are in bold letters and 
ancestral mutations are underlined. The gRNAs with an asterisk were used for CasQ cleavage. 

KATNA1 t1 AAATGATGACCCTI'CCAAAA 
KATNA1 t2 CAACACCTAAAATAAGGGTA 
SLCBA1 l1 GAGTCTCTTATITI'CCCATG 
SL08A1 l2 CAGATGAAATCCCATI'GAAA 
TTLL5 t1 CGTGGCAGGCCAGTAGGGCT 
TTLL5 t2 CGATCAGGAAGTCACACCAT 
sv2c t1 GCAGAGGTI’TAATGACATCA 
svzca TGCATTGCTAACCAGAAATG 
GPR132l1 CCATGAAGACAGACGTCACC 
GPR132t2 TTTCCACCCCTTATGGATTC 
PRDM10 t1 TCATCACCACCACCACCAAC 
PRDM10 t2 TCTGCTGTTGGCTGTTGGTC 
RB1CC1 t1 TGAGAAAGACAGACAAAAAT 
RB1CC1 t2 CTTCGTATTTCTCTTCTTGT 
SLITRK1 t1 GCTAACAGTTI'ACCCTGCCC 
SLITRK1 t2 ACCCGTCGCTATCGCTGCTG 

gRNAs SSH2l1 CAGATCCTCAGGAGGGCCCA 
SSH2i2 GTGGTCAAACTCCAGCACCT 
CSGALNA CT1 t1 CTCATCTI'A'I'I'I'CGACCA'I'I’ 
CSGALNACT1 t2 GCCGTTTGAA‘ITCGTGTITG 
CALD1 t1' TGGAGACTATTGCTGC‘ITGA 
CALD1 t2 GCAGTATACCAGTGCAATTG 
VCAN t1' G‘I'I'I'ACTGTTGCCTGATCAT 
VCANt2 CCCTGTGGAATTTAATACTG 
ITGB4 t1 GGGTCCTGGGGTGGGCAGAT 
ITGB4 t2‘ CCGCAGCTGGGCAGCCGTGC 
FRMDT t1 AGCCAGCTGAAAGAAGCCCA 
FRMD7 (2' GTGGGCTCTACATAGCTATG 
PRKDC t1 GGTCCTCGCCACCCTTCACC 
PRKDCt2 GCGCGTGGAGCAGCTCTTCC 
PRKDCt1back GGTCCTCGCCACCTCTCACC 
DNMT1 t1 (Cpf1) CTGATGGTCCATGTCTGTTAC 
HPRTt1 (Cpn) GGTTAAAGATGGTTAAATGAT 

CTCATCTATATCCCAGGGAAAATTAGTAGCTGCCAGAACCATAACCATITI'AGAAGGGTCA 
KATNA1 Casen TCA‘I'I'TTCAGAAGQACCTCCAACACCTAAAATAACGGTAAGGGGAGAGTGAAAAAGATATT 

AAGTTGGATTATACCAAATGAAGCT 
TTCATTTCCTTCTCCTTCCATTFCTGTCTCAGCAATTACATGGTCCACATGAGAAAATAAGA 

SLCBA1 Cas9n GACTCACAATAACTAACAGATGAAATCCCATAGAAAAGGTGGGTGAAAGACTI’AATCGCC 
GCATG‘I'I'GTACATGACAC'I'I'CCA 

nus c359" CTGCCAGTGC'I'I'CTCCCTGCCTACATCCCGGGGCACAGAACATCCCAAGCCCTQCTGGC 
CTGCCACGCTGTCGATCAGGAAGTCACACCAT‘I'GGTCCCTT‘I'I'CTTC 

ssODNs svzc Cass" ACAT'I‘I'CTTTGTCTTTGCAGGTACTATGGATTATCCGTTTGG‘ITCCCTGACGTCATFAAACA 
TCTGCAGTCCGATGAATATGCATTGCTAACCAGAAATGTGGAGAGAGATAAAT 
GCCACGGGCGACTGCAGCTCCTCGGTGTCCCTGCTGTGGGTGAGCCTGGTAACGTCTGT 

GPR132 Cas9n CTTCATGGACCACTQTI'TCCACCCC‘I'I'ATGAATTCTGGACACTTC‘I'I'GGCGGGAATGGTC 
CGTGGCCAGCACGTAGATAATG 

PRDM10 Cass" GGAGTcCAGGTCGAGcCACCTGCACACAGTGACTCCCTGGAccCCCAGAccCAGCCA 
ACAGCAGACCACACAGTACATCATCACCACCACCACCAACGGGAACGGAAGCAGC 
AAGC'lTCTGAATI'AACTGTl'CTCTGTC'I'I'GCTCCTGGCTGCTGACCAA'ITI'GTGTITGTCTI' 

RB1CC1 Cassn TCTCAAGGTI'CTGGATAATAGCTTCGTA‘I'I'I'CTC'I'I'C'I'I'GTI'GGGTAATI'I'I'I'I'CATC‘ITI'IT 
GTC'I'I'I'CAAGAGCACTCAA'I'I'CTGA 
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TCATCTTTAAACCCGACCCTGGGATGTGGTCGCAGCTGCAGCCCCCAGGGCATGGTAAA 
SUTRK1 CasQn CTGTTAGCTAAGGGTI'I'GTTCCTGGQGCTACCCGTCGCTATCGCAGCTGTGGGTCTGA‘I'I' 

'I'I'GATCTGCCAGTTGCCTGGGATC‘I'I’TGTACCTCCG 
SSH2 Cas9n ATCTGACCCTGGGCCCTCCTGAGGATCTGGCAAGTGGTCAAACTCCAGCACCITGGGAG 

CTGGAACAGTGGCATI'CTGCTCAGAATGGGACAGTGAGCCAGCCTCA 
C 56 A LN A CT1 C389" GTTGGCCATGTTGAGCTTTTCATTI'ITCACTTTCATGATGGGGCCGAATGGACGAAATAAG 

A_C_GAGCCGTITGAATTCGTGTTTGTGGTCCCCTTI'GAAGGTGAGCTCATACA 
'ITATATGTATGTGTTTAC‘I'I'TTTTAGCAGTGGTGTCAAATCGACCCATCAAGCTGCAQTAGT 

CALD1 Cassn CTCCAAGATI'GACAGCAGACTGGAGCAGTATACCAGTGCTATTGAGGTGAGAATTGTCCT 
CAGCGTI'ATGGTCCTGCTGAACAGAAATAGA 

CALD1 Cass GTATACTGCTCCAGTCTGCTGTCAATCTTGGAGACTACTGCTGCTTGATGGGTCGATTTGA 
CACCACTGCTAAAAAAGTAAACACATACA 

VC A N C a $9" GATAGCAGCATCAGAACAGCAAGTGGCAGCGAGAATFCTTGA‘I'FCCAATAATCAGGCAAC 
AGTAAACCCTGTGGAATTTAATACTGAGGTTGCAACACCAC 
CCTGAAACTCAAGCAGCTTTAATCAGAGGGCAGGATTCCACGATAGCAGCATCAGAACAG 

VCAN CasQ CAAGTGGCAGCGAGAATTCTTGATTCCAAT_AATCAGGCAACAGTAAACCCTGTGGAA‘I'I’TA 
ATACTG 

ITGB4 CasSn TGGTGATGCTGCTGTACTCGC‘I'I'TGCAGCGGGTGCTGGAAGAGCCCGGCAIGGCTGCCC 
AGCTGCGGGAAGGGTCCTGGGGTGGGCAGATAGGCCAGTCAGAGGG 
CTCACCCACTAGGAAGGGCTCGGTGGCGCTGGTGTGGGTGGTGGTGATGCTGCTGTACT 

ITGB4 Cass CGC1TTGCAGCGGGTGCTGGAAGAGCCCGGCAIGGCTGCCCAGCTGCGGGAAGGGTCC 
TGGGGTGGGC 

FRMDT CasQn AGGTGCCCAGATGGTCCCCAATTAGAGCAGAGGAAAGGACAAGTCCAQATAGCTATGTA 
GAGCCCACTGCAATGAAGCCAGCTGAAAGAAGCCCAAGGAATATCAGAATG 
TATGCCTCCCCAGGTCTTTTTTTATGTGGACAAGCCACCCCAGGTGCCCAGATGGTCCCC 

FRMD7 CasQ AATTAGAGCAGAGGAAAGGACAAGTCCAQATAGCTATGTAGAGCCCACTGCAATGAAGCC 
AGCTGAA 
GCGAAGGCCCAAGCGCATCATCATCCGTGGCCATGACGAGAGGGAACACCCTI’TCCTGG 

PRKDC CasQn TGAGAGGTGGCGAGGACCTGCGGCAGGACCAGCGCGTGGAGCAGCTCTTCCAGGTCAT 
GAATGGGATCCTGGCCCAAG 

PRKDC back mmafion GCGAAGGCCCAAGCGCATCATCATCCGTGGCCATGACGAGAGGGAACACCCTI'I'CCTGG 
Cass" TGAAGGGTGGCGAGGACCTGCGGCAGGACCAGCGCGTGGAGCAGCTCTTCCAGGTCAT 

GAATGGGATCCTGGCCCAAG 
DNMH op“ TTAACATCAGTACGTTAATG'ITTCCTGATCGTCCATGTCTGTTAGTCGCCTGTCAAGTGGC 

GTGACACCGGGCGTGTTCCCCAGAGTGAC 
HPRT op“ GCCA'ITTCACATAAAACTCTTTTAGGTTATAGATGGTTAAATGAATGACAAAAAAAGTAATT 

CACTTACAGTCTGGCTTATATCCAACAC 
KATNA1 forward CCTGACGGCAAAGGAATATAG 

KATNA1 reverse ACTGTGCTTCCTTGTATTG‘I'I'GT 

SLCBA1 forward AAGAAGGGTC'I'I'GGGGTTCC 

SLCBA1 reverse TGCCCTCTCCCCCATCTTAT 

TTLL5 forward CCTTGCCACCATTCTTCTTT 

TTLL5 reverse CTTTGCTGAAGAGGGACGAG 

svzc forward GGGAGTI'GCTCATTGCCTCT 

SV2C reverse ACCTGCCATTGTCGTATTCCA 

GPR132 fonuard GCCTGGAGAAGGTGTAGTGG 

GPR132 reverse CAGCCTCTGTGGTGWT'CTG 

PRDM10 fonNard ACAGACATGAGGTGGGTGCT 

PRDM10 reverse TCAGAATTGGAAGAAAAGCAAA 

RB1CC1 famard GGGCAGTCTGAATAGCTTCATC 
Primers 

RB1CC1 reverse TTI'GCATAACCAAGCATTTGA 

SUTRK1 forward GGGC‘I'I'CAAATCAGCCAAG 

SUTRK1 reverse TTTCAAGACAAATGGGCAAG 

SSH2 forward TCAGGACTCC‘TTCCTGCTGT 

SSH2 reverse GCACCAAAAGGGAAAAGTGA 

CSGALNACT1 forward GATGCTGTCAGTGGTCAGGA 

CSGALNACT1 reverse TCTTACCGTGCAAAGAAGGAG 

CALD1 fonuard GCTAATCAGCTAGCATATGTATGAGAA 

CALD1 reverse TTGGACTTGATTATTGTCCTAAGTG 

VCAN forward GGCAGGATTCCACGATAGCA 

VCAN reverse CGTGCCTTCCACTGACTCTT 

ITGB4 forward CCATAGAGTCCCAGGATGGA 

ITGB4 reverse GTGCTCACCCACTAGGAAGG 
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FRMD7 forward TGCTCCTACCGCTAGTCCTG 

FRMD7 reverse GGTATTATGCCTCCCCAGGT 

PRKDC forward CTAGCCTGTGCCCTGAGATG 

PRKDC reverse GCACAACGCTATAGGTCCTCA 

DNMT1 forward TGAACGTI'CCCTFAGCACTCTG 

DNMT1 reverse CCTTAGCAGCTTCCTCCTCC 

HPRT forward GGTGAAAAGGACCCCACGAA 

HPRT reverse TGGCAAATGTGCCTCTCTACAAAT 

Illumina adapter forward 5' ACACTCTITCCCTACACGACGCTCTI'CCGATCT 

Illumina adapter reverse 5' GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

FRMD7 for. (long range) AGGCCAGAACCAATCACTTC 

FRMD7 rev. (long range) GTrAGCTTCCTGGGGAGGTC 

FRMD7 for. TaqMan GGCTTCTTTCAGCTGGCTTCA 

FRMD7 rev TaqMan CCAATTAGAGCAGAGGAAAGGACAA 
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Supplementary Table 2. Overview of mutations introduced in KATNA1. SLITRK1, and CALD1 in 33 single 
cell-derived colonies (800s) after multiplexed editing. Integration of targeted nucleotide substitutions (left 
blocking mutation, ‘ancient’ missense mutation, and right blocking mutation) and insertion/deletions (indels) is 
labelled with ‘y’, while absence of these mutations is labelled with ‘n’. Homozygous (homo) or heterozygous (het) 
integration of the mutations is stated. Intended substitutions or indels are highlighted with green or gray, 
respectively. 880 2 has an additional unintended substitution in CALD1 and $80 29 has an additional unintended 
substitution in KATNA1. 
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Supplementary Table 3. Overview of mutations introduced in RB1CC1, PRDM10 and TTLL5 in 21 single cell- 
derived colonies (SCCs) after multiplexed precise genome editing. integration of targeted nucleotide 
substitutions (‘ancient’ missense mutation and left blocking mutation — dependent on the editing design of the 
respective gene) and insertion/deletions (indels) is labelled with ‘y', while absence of these mutations is labelled 
with ‘n'. Homozygous (homo) or heterozygous (het) integration of the mutations is stated. Intended substitutions or 
indels are highlighted with green or gray, respectively. SSC 15 has an additional unintended substitution in RB1CC1 
and TTLL5. 
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Supplementary Table 4. Overview of mutations introduced in TTLL5, SV20, and SL08A1 in 29 single cell- 
derived colonies (SCCs) after multiplexed precise genome editing. Integration of targeted nucleotide 
substitutions (‘ancient‘ missense mutation, left blocking mutation, and right blocking mutation - dependent on the 
editing design of the respective gene) and insertion/deletions (indels) is labelled with ‘y‘, while absence of these 
mutations is labelled with ‘n'. Homozygous (homo) or heterozygous (het) integration of the mutations is stated. 
Intended substitutions or indels are highlighted with green or gray, respectively. 380 3 has an additional unintended 
substitution in SLCBA1. 
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Supplementary Table 5. Overview of mutations introduced in TTLL5, sv2c, SLCBA1, and PRDM10 in 33 
single cell-derived colonies (SCOs) after multiplexed precise genome editing. Integration of targeted 
nucleotide substitutions (‘anclent’ missense mutation, left blocking mutation, and right blocking mutation — 
dependent on the editing design of the respective gene) and insertion/deletions (indels) is labelled with ‘y‘, while 
absence of these mutations is labelled with ‘n’. Homozygous (homo) or heterozygous (het) integration of the 
mutations is stated. Intended substitutions or indels are highlighted with green or gray, respectively. 
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